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Abstract:

Cellular solids or foams are a very important class of materials with diverse applications ranging from thermal
insulation and shock absorbing support cushions, to light-weight structural and floatation components, and constitute
crucial components in a large number of industries including automotive, aerospace, electronics, marine,
biomedical, packaging, and defense. In many of these applications the foam material is subjected to long periods of
continuous stress, which can, over time, lead to a permanent change in structure and a degradation in performance.
In this report we summarize our modeling efforts to date on polysiloxane foam materials that form an important
component in our systems. Aging of the materials was characterized by two measured quantities, i.e., compression
set and load retention. Results of accelerated aging experiments were analyzed by an automated time-temperature-
superposition (TTS) approach, which creates a master curve that can be used for long-term predictions (over
decades) under ambient conditions. When comparing such master curves for traditional (stochastic) foams with
those for recently 3D-printed (i.e., additively manufactured, or AM) foams, it became clear that AM foams have
superior aging behavior. To gain deeper understanding, we imaged the microstructure of both foams using X-ray
computed tomography, and performed finite-element analysis of the mechanical response within these
microstructures. This indicates a wider stress variation in the stochastic foam with points of more extreme local

stress as compared to the 3D printed material.

Compression Set and Load Retention

Two quantities that were used to characterize the aging of foams were compression set and load retention.
Compression set (S(¢)) is defined as the ratio of the decrease in sample thickness (after periodic removal of stress) at
time ¢ to the original engineering compression at time zero. In terms of the original specimen thickness 4 (before
aging), the compressed thickness 4., and the uncompressed thickness (at time t) %, it is given by:
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where ¢ is the engineering compressive strain (see Fig. Al in Appendix I). Load retention (R(¢)) is defined by the

ratio of the load at time # (F;) measured while the specimen is under the long-term compressive strain (during aging)



to the corresponding load at time zero (F;) at the beginning of the aging study, i.e.,
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The above definitions of S(f) and R(#) make them relatively insensitive to the level of long-term strain employed, and
thus make them comparable across all our experiments where the strain level varies between 25-35%. Note that both
definitions above are properly normalized, i.e., compression set S(¢) starts out with a value of 0% and increases
toward a theoretical maximum value of 100%, which indicates complete loss of functionality. It is exactly the
opposite for load retention, which starts out at an initial value of 100% and decreases monotonically toward a
theoretical minimum of 0%, which represents complete lack of mechanical response. Conditions and parameters for
the aging studies on different foams are summarized in Table Al in Appendix I. It is to be noted that compression
set and load retention are not completely uncorrelated quantities — higher compression set is usually associated with
lower load retention, given that the former implies less amount of load needed to get back to the original strain level.
Additionally, load retention also includes effects of evolution in mechanical modulus as a function of time. Thus,
together S(¢) and R(¢) provide a good description of the mechanical response state of the material and constitute good
indicators of performance as a function of time. As far as measurement errors in our experiments, we estimate errors
in thickness measurements to be less than 0.2% and errors in force measurements to be within 3%. Thus, all our

compression set and load retention results reported below are accurate to within a few percent.

Figure 1 (top left) displays the compression set of the stochastic foam M9763 measured over a period of two
years at four different temperatures: room temperature (i.e. ambient conditions), 35, 50, and 70°C. In order to predict
the long-time evolution of the compression set under ambient conditions, we performed a procedure called time-
temperature superposition (TTS) [1, 2], in which each isotherm is rigidly shifted along the logarithmic time axis so
as to generate a single “master” curve. In the literature one often encounters examples, especially on thermo-
rheological response of polymers and composites, where such curves are manually shifted “by eye”. Although such
manual shifting is acceptable for properties that can be accurately measured with little noise, in many cases such a
procedure often can be subjective [3, 4] and may lead to large errors in long-term prediction. Given that the present
work involves comparison of measurements on two different materials conducted over vastly different time-
durations, a more accurate and objective method was necessary. To this end, we employed a recently developed
geometry-based algorithm of TTS shifting [5, 6], in which the optimum master curve is defined as the one

corresponding to the minimum vertical arc-length, given by the formula:

d = {1 Gps1 — yk)2}1/2’ 3)

where {y,| k =1,2,.., N} represent all observations at all different temperatures that have been arranged in the
ascending order of shifted times. A schematic representation of the minimization procedure is provided in Fig. A3 in
Appendix II. More details are described in Appendix II and elsewhere [6]. Figure 1(top right) shows the optimized

master curve for the compression set data of Fig. 1(top left) obtained by following the above TTS procedure. For the



purpose of comparison between different foams, we also provide a smooth prediction curve defined by the three-

parameter function:
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where the parameters m, n, and 7are obtained by minimizing the mean-square vertical deviation of the data points in
the master curve from the prediction curve, and in the plot we multiply the function f;(t) by 100 and express as
percent (%). Fig. 1 (bottom left) displays the measured load retention of a M9763 foam with data taken over a
period of 8.5 years (measurements performed at NSC (formerly KCP)) at room temperature, 50, and 70°C, while
Fig. 1 (bottom right) shows the master curve formed by the TTS-shifted data along with a smooth prediction master

curve defined by the function:
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Figure 1. Compression set (top left) and load retention (bottom left) of legacy foam M9763. The left figures are actual
measurements taken as a function of time over a period of 2 years for compression set and 8.5 years for load retention. The right
figures are obtained by TTS-shifting the isotherms along the log-time axis to obtain a single master-curve with the minimum arc-
length [6]. The dashed curves (TTS Prediction) are smooth fits to the master curve, and used for prediction purposes.
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Data collection over a much longer time for load retention was necessitated by the requirement of property
prediction over a period of several decades, in line with extended service times in many applications involving

structural support foams.

Material: M97*, S5370, S5455, AM FCT

Similar compression set and load retention measurements were performed on a number of other relevant foam
materials including, M97*, S5370, S5455, and more recently on additively manufactured (AM) foams of the face-
centered tetragonal (FCT) structure. For the S5370 and S5455 foams only the compression set data were available.
All the aging data were analyzed with the automated TTS procedure as described above for M9763. Below in Fig. 2

we compare the 100-year predictions from the TTS master curves of all these foams.
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X-ray CT and Finite Element Modeling (M9763):

Background

Polymer foams serve as critical components in the stockpile and our goals are to understand the material
behavior and quantify the uncertainty in the mechanical properties of these components over the lifetimes of the
relevant systems. When compressed, foams exhibit a stress response determined by both the intrinsic properties of
the elastomer and the complex open-cell microstructure. At small strains, the elastic deformation of the structure
produces a nearly linear regime, followed by a plateau region indicative of the buckling of cell walls. Further

compression eliminates most of the void structure and the stress dramatically increases as the material densifies.

Initial efforts to elucidate the foam structure-property relationships focused on simple geometric unit cells using
analytical techniques [7]. More complex geometries assembled from arrays of unit cells are amenable to finite
element analysis, though for a given material it is difficult to construct a representative microstructure. The
development of X-ray computed tomography (CT) enabled non-destructive detailed characterization of foams and

the resulting voxel data can be processed to generate a surface representation for a finite element code [8].

Here, we report a concerted application of X-ray CT and finite element modeling to samples of M9763 foam
from a yearlong aging study. Our goals are to enhance our understanding of the complex morphology and
mechanical property relationship and to develop the most representative translation of the voxel data into a finite
element model. With finite element analysis, we can decouple the aging-related alterations to the porous structure
from chemical changes in the material microstructure, both of which contribute to changes in the material response.
By exploiting analytical aging models and experimental data we can explore the relative contributions of the aged

bulk material and porous architectures.

X-ray CT

Four samples of M9763 were placed between shims within a compression rig with an applied strain of 25% for
a 12-month aging study within a room temperature desiccated environment. Each sample was a 10 mm diameter
disk with a thickness of I mm. At the end of each month, the loaded samples were exposed to an x-ray source for
imaging, followed by the removal of the applied strain and a 24-hour relaxation period. The unloaded samples were
again imaged to study changes in microstructure and measure the amount of compression set before returning them
to a state of 25% compression for another month. Fig. 3 shows images of the reconstructed loaded and unloaded data

sliced at the mid-plane to reveal the internal foam structure.



Unloaded Loaded (25% strain)

Figure 3. CT volume renderings of the M9763 samples within the compression rig in the unloaded and loaded states.

Finite element modeling

The raw CT data consisted of a series of images representing consecutive slices of the compression rig and its
contents. These images were concatenated to a 3D rendering by the Simpleware visualization software, which also
smoothed and segmented the data to extract a voxel-based representation of the foam. With this voxel template,
Simpleware converted the data into a tetrahedral volume mesh, which was then translated into finite elements by a

custom script designed specifically for this work.

The finite element simulations were performed with Paradyn, a parallel version of the Dyna3D explicit solver,
developed at Lawrence Livermore National Laboratory [9]. The domains consisted of an 80 X 80 X 1 mm volume
extracted from one of the M9763 disks. Two thin plates of a stiff material bounded the upper and lower regions of
the domain and provided loading and additional constraints for the simulations; a linear displacement was applied to
the upper plate while the lower one remained fixed. The mesh for the foam contained approximately 7 million
elements with an average size of 24 microns. The progression from voxel data, to a meshed finite element model is

presented in Fig. 4.

To develop a materials model for the simulations, a series of uniaxial cyclic compression tests were conducted
of the pure elastomer M9787 from which the foam was produced. Cylindrical specimens with a diameter of 8 mm
and a 1.9 mm thickness were compressed in an Instron 5967 at a rate of 0.2 mm/min. A lubricant was applied to the
platens to minimize friction. Because of some initial compression set caused by the Mullins effect, the third loading

cycle was selected to approximate by the two-parameter Mooney-Rivlin constitutive model [10],

Oeng = (26, +22) (2-3), ©)

where 4 = 1 + &.,,4 and the subscript eng denotes engineering stress and strain. The model provided an excellent fit

to the experimental data (cycle 3 in Fig. 5) and was incorporated into the finite element simulations.
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Figure 4. Depiction of the workflow from the CT data to a finite element mesh.
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Figure S. Comparison of compression data of M9787 with the Mooney-Rivlin model for the finite element simulations.

The applied loading at the top plate was implemented as both a constant velocity and linear displacement.
Simulations with the displacement condition ran significantly faster by more than a factor of two. Measurement of

the reactive force on the lower fixed plate provided the stress response data.

Fig. 6 shows a representative foam domain at 0% and 40% compression during the finite element simulation.

With dynamic simulations we can achieve compressions that exceed 50% before elements deformation exceeds
reasonable bounds due to the large contact forces.

The mechanical response from compression is plotted in Fig. 7 for the lower (represented by the blue curves)

and upper (represented by the green curves) foam sample in the stack. The solid lines denote the pristine samples
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and the dashed curves show the response of the aged materials after nine months of desiccation. Some sample
variation is evident (difference between the green and blue solid curves) at compressive strains larger than 15%.
However this variability is small when compared to the change in the response after nine months. Both upper and
lower foams exhibited softening behavior due to changes in the porous architecture. (At the time of this publication
the simulation of the aged upper foam had only run to 6% compression.) Analysis of the CT images revealed the
surface to volume ratio of both foams increased after nine months from approximately 11 mm™ to 13 mm'. Our
hypothesis is the desiccated foam becomes more brittle and the repeated unloading and loading provides a damage
mechanism whereby new voids form, allowing more air pockets which would reduce the elastic modulus. The
formation of more void space is consistent with the increase in surface to volume ratio. A more thorough analysis of

the pore size distribution is required to confirm this change in the foam structure.

0% compression 40% compression

Figure 6. Finite element modeling of a CT foam sample under uniaxial compression.
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In summary, we have developed an approach to translate foam CT data into a finite element model in order to
investigate the mechanical properties of foams compressed under various aging conditions. With this approach we
can decouple the effects of chemical modification of the polymer network and the macroscopic changes in the
porous structure. We continue to explore the relationship between morphology and mechanical properties while also
quantifying the changes in pore size distribution. Age aware models of the elastomer will also be incorporated in the

finite element simulations to help validate constitutive foam models and identify high stress concentration regions.

Internal stress distribution (comparison between M9763 and AM FCT foams):

The geometries and meshes of the M9763 and AM FCT foams were generated using two different approaches.
For the stochastic M9763 foam, a solid region with a square cross section was first extracted from the X-ray CT data
using the cropping, segmentation, and smoothing capabilities in ScanIP from Simpleware [11]. A tetrahedral
conformal mesh was then produced from the voxel data based on a variant of the marching cube method. The
resulting mesh was verified to have the same known porosity of the M9763 foam. To match this porosity for the
FCT architectures, we created a domain consisting of 8 layers of D=250 um diameter filaments with a pitch of 605
pum and an interlayer center-to-center spacing of 0.85D. An automated scripting tool assembled the geometry and
tetrahedral mesh. Two thin stiff plates bounded the vertical extents of the two foams and provided a means of
compressing the upper surface through a linear displacement while constraining the lower surface. The materials
model for both structures was derived from experimental compression measurements of a cylindrical specimen of
the bulk rubber (SE 1700) used to synthesize the AM foam. The stress response curve was fit to a Mooney-Rivlin
constitutive equation [10] using a global optimization method to determine the coefficients. Quasi-static finite
element simulations using the NIKE implicit code [12, 13] produced the overall mechanical response and local

stress contours within the domains.

Figure 8 shows the von Mises stress magnitude [14] at representative lateral cross-sections of both architectures
at 15% strain. The FCT plane intersects the overlap region between layers so filaments in both directions are visible.
The direct ink write foam clearly exhibits uniform pore size and spacing whereas the M9763 foam contains a
distribution of pore sizes with several in close contact. This clustering and overlapping of pores produces thin walls
and highly concave topologies resulting in local stress concentrations indicated by the yellow and red regions in the
figure. These points of high stresses are possibly the driving force behind irreversible damage to the foam
microstructure, including strut fracture and pore collapse. On the other hand, consistent with its uniform architecture,
the AM FCT foam exhibits highly repeatable and more uniform stress contours in both filament orientations with

magnitudes less than a factor of two below the maximum stress in the M9763 [15].



Figure 8. Stress distribution in a typical slice of: (left) AM FCT foam; and (right) stochastic foam M9763, both under 15%
compressive strain. The presence of many high stress points is clearly evident in the stochastic foam. The presence of these high-
stress points over an extended period of time is likely responsible for higher compression set and lower load retention in the
stochastic foam as compared to the AM FCT foam. The stress scale bar is in units of 10° Pa.

Hyperelastic Foam Model (M9763)

Our past efforts on developing aging models for foams centered on predicting long-time evolution of
compression set and load retention. However, to integrate such knowledge into system performance, it is necessary
to tie in such quantities with mechanical stress-strain response models that ultimately feed into relevant physics-
based simulations. To this end, an engineering group in DTED is actively developing hyperelastic foam models.
Over the last few months we have been collaborating with this group in developing appropriate model parameters to

describe experimental stress-strain data on M9763. Below is a summary of progress so far.

Ogden model:
Strain Energy Function (for general strain) [14, 16]:
W(F) = T 2 (0 4 2,5 + 255 = 3) + 2 Fi = 1) %)

where, | = A,;4,45, u; can be thought of as effective shear moduli, and §; are related to Poisson’s ratio (in
particular $;=0 when Poisson’s ratio = 0)

Uniaxial response: (0;= engineering stress)
2 Ui : —a:iB;
01 = 3, Bl (W5 = J7h) ®)
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The above model (for N = 2) was fitted to the loading curve in the fourth cycle of the stress-strain response of a
M9763 specimen that was undergoing a uniaxial compression under lateral confinement (Fig. 9). As can be seen, the
experimental response is described quite well by the Ogden model up to compression very close to lock-up.
However, for a more effective model we would like to incorporate extensions that can quantitatively describe the
following effects:

1. There is some observed hysteresis in the experimental curve, i.e., the stress in the unloading part of the curve is
slightly below that of the loading curve.

2. There is observed aging in the form of load retention and compression set
3. There is interest in exploring foam response under joint uniaxial compression and shear

We are looking at various approaches, including introducing time-dependence in some of the Ogden parameters, and
adding viscoelastic effects in the response in the form of Prony series terms [17]. Another possibility is to adopt
more complex Materials models [18], e.g., Model 67, as developed by Zywicz [19].
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Figure 9. Fitting experimental uniaxial compression data for M9763 (i.e. compression under lateral confinement) with N =2
Ogden model. Here we use the loading curve on the 4% cycle (specimen #2), and fitting is done for stress levels below 3 MPa.
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APPENDIX I: Some Details of M9763/ M97*/ S5370 Aging Experiments

The M9763 material used in our study was an open-cell stochastic foam made by compounding a silica-reinforced
PDMS resin with urea particles and curing at 121°C for 2 hours in a mold. The urea was leached out with water and
the foam post-cured at 204°C for 18-24 hours, resulting in a stochastic foam 1.0 mm thick with ~ 63% porosity [20,
21].

Specimens were compressed in rigs comprised of two parallel steel plates bolted together with a given separation
to achieve the desired compressive aging strain (25-35%) (see Fig. A1). Compressed specimens were aged at four
different temperatures (room temperature, 35, 50, and 70°C). Uncompressed specimen thickness and load at the
aging strain were periodically measured using a load tester. Heated specimens were allowed to cool to room
temperature under compression prior to measurement. With the bolts removed, the compression rig containing the
specimen was positioned in the tester and load applied until the compression rig itself was under load, as indicated
by a sudden change in slope of the load deflection curve (Fig. A2). Some other experimental details are listed in

Table Al below.

Before aging Compressed Uncompressed
| Bolt (strain €) M |
7y
eh 3
Spacer h, ;—o “ht
V_I V_I
Figure Al. Schematic showing the various measured thicknesses used to define compression set: S(t) = %.
0

Figure A2. Schematic showing the measurement of force (load)
| under compression that is used to define load retention: R(t) =

Load

F;/Fy; Fy is the measured value of load at time zero, i.e. at the
beginning of aging, while F; is the measured value of load at time ¢.
— The force measurements are made at the bend in the load curve right
before the sharp upward increase due to the compression of the rig
— blocks (closed dot). The difference between the displacement at the
open dot (where the load begins to increase as the sample starts to
undergo compression) and closed dot added to the spacer thickness
gives the sample thickness used to calculate compression set.

Displacement
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Table Al: Conditions and parameters for accelerated aging studies on M9763 foam

M9763 Foam Studies

Values Measured

Compression set

Load retention

Study Duration 2 years 8.5 years

Aging Atmosphere Dry nitrogen Air (30-60% relative humidity)
Specimen Thickness 1.0 mm* 1.0 mm

Aging Strain 25% 35%

Aging Temperatures Room T, 35, 50, 70°C Room T, 50, 70°C

*Three specimens were stacked in each compression rig, separated by thin metal shims to prevent inter-digitation of
the foam surfaces; all calculations accounted for the metal shim thickness.

APPENDIX II: Some Details of the automated TTS procedure

Background

Time-temperature-superposition (TTS) is a standard technique for generating a “master” prediction curve by rigidly
shifting isotherms horizontally in the log-time axis. Previously, TTS shifting were performed “by eye”. This process
can be subjective, and can lead to significant error/ambiguity in long-term aging predictions. We have developed an

objective approach to the shifting procedure through the optimization of vertical “arc-length” in the appropriate
space (e.g., absolute difference in compression set or load retention of consecutive time-points in the TTS-shifted

data).

Method

The method consists of the following steps:

Suppose the property of interest y was measured at N + 1 temperatures, i.e., T,..r = Ty, and N elevated
temperatures {T,},a = 1,2, ..., N. At each temperature T,, let n, measurements be taken at times {t;,},i =
1,2, ..., n, with the measured values being y;, = f(t;s, Ty). The total number of measurements,
therefore, is Nypr = X N—0 Ng.

We arrange all the n;,; times {t;, } in the ascending order. Let’s call these sorted times {t }, k =
1,2, ...,n, and indicate the corresponding y-values as {yk}.

- 1
The total arc length d is defined in the form: d = {¥ ! 16V 1, Vi) ™} m
6 (Vk+1, Vi) 1s a “distance function”, which could be taken as linear or log
We have mostly played with linear d and quadratic d (n = 2).

We apply time-shifts {a,} to the elevated-T data: t;, = aytiq (@ = 1,2,...,N),i.e., all
observation times at each elevated temperature {T,} is horizontally shifted along the logarithmic
time axis by an amount log(a,). The arc length d is then re-computed using the procedure
outlined above.

The optimized TTS shifts {a;} correspond to the ones that minimize d.

13



START: Input all measurements at all T and
arrange in the ascending order of time: {y;}

Shift all observation times
appropriately t' — art

](_

Arrange all t" in the
ascending order {t';}

Compute arc-length d
CHECK: Is this d minimum?

NO!

J

YES!

/

Got our Master Curve! Note

[ down shift factors {ar}

]

Try a different set of
shift factors {ar}

Ngor—1
d= { E |5(}’k+1r}’k)|n}
k=1

1/n

6(Vr+1, Yr) is a “distance
function”, which could be taken
as linear or log

Figure A3. schematic description of the minimum arc-length method to perform automated TTS procedure for accurate aging

predictions. More details are available in ref. [6].
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APPENDIX III: Fitting parameters for various materials

Table 1. Parameters for the evolution of compression set (S(t)) of a few legacy foams. Also shown are the
activation barriers (AE) from the slope of In(shift factor) vs. 1/T plots

Foam In(7) m n® AE (kJ/mol)
M97* 3.92 0.704 2.59 66.1
M9763 (LLNL) 5.69 0.423 50 82.8
S5455 5.48 0.509 50 ox
S5370 7.14 0.472 50 97.1
SE1700 (AM FCT) 12.24 0.261 50 ox

YForn = 50 or larger, S(t) = 1 — exp{—(t/7)™}
** Did not follow Arrhenius behavior

Table 2. Parameters for the evolution of load retention (R(t)) of a few legacy foams, along with activation barriers

(AE) from TTS shifts.

Foam In(7) m n® AE (kJ/mol)
M97* 8.329 0.350 50 93.1
M9763 (KCP) 9.840 0.247 50 67.5
M9760 (KCP) 11.182 0.164 50 75.9
SE1700 (AM FCT) 13.80 0.157 0.329 220.1

SFor n = 50 or larger, R(t) = exp{—(t/7)™}

In many cases, we see that n is large (a value of larger than 50 does not make any difference), in which case:

mL—"N
{1 + % (%) } = exp{—(t/7)™}, which is a simpler, two-parameter function. However, the three-parameter form
is a more generalized function that describes the S(t) and R(t) behavior for all Foams studied so far, including all

legacy and AM foams.
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APPENDIX IV: TTS-shifted data for various materials

Compression Set:

100 100
@ ¢ RoomT M97* @ : gg%mT M9I763
s 80 = 35C £=30% < 80 A 50C £=25% ¢ ’
- A 50C = e 70C
5 [} 5 - & L7
y=3 60 | e 70C AA“’I (2 60 — = TTS Prediction :., -
S - - TTS Prediction ;¢ |2 7
g | B0 "y
p ) A7 St
o A (=P
£ 20 4 £ 20 » _Eﬁf
A
© — © ool
0 o= =@ A~ 2 0 l====3"¢ ‘ ‘
0.0 0.1 1.0 10.0 100 0.01 0.1 1 10 100 1000
Time (years) Time (years)
100 100
¢ RoomT P ¢ RoomT
I §5455 S L §5370
s A 50C £=30% e A 50C £=30%
S ® 70C 2 ® 70C
960 | - —TTS Prediction sl g 60 ~TTS Prediction )
= ’ o ’
S 7 = ©-
2 40 R 2 40 , 7
— o
2. » = A
E 20 o € 2 P
S 2-°° o o
0 LY . PRI
0.01 0.1 1 10 100 0.01 0.1 1 10 100 1000
Time (years) Time (years)
25

_ ¢ Room T SE1700 AM FCT

S m 35C

d 20 - 0

~ A 50C &=30%

)5 e 70C ..’:

@R |5 | ~TTS Prediction /

= Q

.% y

[7/] 10 ,.,

2 rs

g Aﬂfém -

§ S

o 87 LS
0.01 0.1 1 10 100 1000

Time (years)

16



Load retention:
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