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ABSTRACT

The Nuclear Spectroscopic Telescope Array (NuSTAR) is a NASA Small Explorer (SMEX) mission which employs two
focusing optics. The optics are composed of stacks of thin mirror shells and spacers. Epoxy is used to bond the mirror
shells to the spacers and is a crucial component in determining the structural and optical performance of the telescopes.
We describe the epoxy selection for NuSTAR optics, emphasizing those epoxy characteristics essential to obtaining good
optical performance.
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1. INTRODUCTION
Composite structures utilizing epoxy are employed in a wide variety of applications. However their application as a
major structural component in space X-ray optics is novel. The use of epoxy in the optics being built for the NuSTAR
experiment is the subject of this paper. In particular we focus on the properties, testing and selection of epoxies relevant
to obtaining nominal X-ray optics performance from the scientific standpoint. This means ensuring that the epoxy
employed in the composite optics does not degrade the angular resolution and effective area. This paper does not discuss
the separate (and vitally important) engineering issue of the epoxy’s contribution to the structural integrity of the optic. A
brief description of the NuSTAR experiment follows, along with details of how the NuSTAR optics are fabricated. This
will provide a basis for understanding the desirable properties of candidate epoxies for NuSTAR. Indeed the method of
evaluation of epoxies described below forms a general framework for evaluating epoxies for future space missions. The
challenges of such development are also discussed.
NuSTAR is a NASA Small Explorer experiment
(SMEX). It will be the first hard X-ray focusing mission,
with an energy bandwidth of 6-79 keV and optics with
on-orbit performance of ~ 50 arcseconds. The two X-ray
optics of NuSTAR are situated on an optical bench that is
deployed in orbit by an extendible mast. The mast
provides a 10 meter focal separation between the optics
and the focal plane bench (fig. 1). This is the first use of
the extendible mast in a high energy astrophysics
mission. NuSTAR has a number of major science goals
including a survey of active galactic nuclei (and thus
Figure 1: NuSTAR telescopes
black holes on all mass scales), a survey of the galactic
44
center, the spectral and spatial mapping of Ti in young
supernova remnants and correlated observations of ultra-high energy sources. The mission uses a near equatorial orbit
for low background. NuSTAR is scheduled to launch in the latter part of 2011.
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2. OPTICS FABRICATION DETAILS
The optics form a glass-graphite-epoxy composite structure. The optics are a conical approximation to the Wolter-I
geometry and employ segmented glass to build up the shells (Serlemitsos et al1.). Several aspects are novel including the
formation of the glass shells via thermal slumping (Hailey et al2., Zhang et al3.) and the process used to mount the glass
(Hailey et al4.). The latter aspect is important for understanding the epoxy selection, so some elementary details of the
fabrication are considered here.
The glass shells are built up on a Titanium mandrel (fig.
2). Thin graphite spacers (1.2 mm wide x 1.6 mm deep x
22.5 mm long) are epoxied to the mandrel. The spacers
are machined so that their figure corresponds to the exact
radius of the conic section of glass to be laid down.
Epoxy is then applied to the spacers and the glass affixed
to the spacer. Another layer of spacers is then epoxied in
place and a fixture provides positive pressure for the
curing process. Once the epoxy is cured (over night), the
next layer of spacers is machined to the proper conic
figure and the entire process repeated. With this approach
one layer of glass can be laid per day. A significant
Figure 2: Mounting spacers and glass on a Titanium mandrel
advantage of this approach is that fabrication and
alignment have been incorporated into a single step. In
addition, there is no stack up error in the assembly; the spacer machining always ensures that the next glass layer has the
proper position. The above approach has been employed to produce the NuSTAR prototype (Koglin et al5.) and
demonstrated in flight on the HEFT experiment (Harrison et al6.).

3. EPOXY AND OPTICS PERFORMANCE
Epoxy is a crucial component that determines the structural and optical performance of the optic. In the former case, the
bonding strength is the crucial parameter, since the epoxy joints are subject to substantial shear, tensile and peel stresses
in a rocket launch. We do not consider this parameter
further. The epoxy also drives the optics performance.
Firstly the epoxy may develop a non-uniform bondline that
can distort the glass where it attaches to the spacer. This
degrades the figure of the glass and thus the angular
resolution of the optic (fig. 3). Secondly a NuSTAR optic
employs a large amount of epoxy (~ 0.7 kg) and thus XFigure 3: Non-uniform bondline
ray absorption and scattering can degrade optics
performance unless particular attention is paid to epoxy
outgassing. And thirdly, viscoelastic creep can degrade the
glass figure and angular resolution. For an epoxy cured
under conditions of stress (due in this case to the distortion
of a cylindrical glass shell to a conic section on the
spacers) viscoelastic creep is the irreversible relaxation of
the epoxy back to the zero stress state. The magnitude of
the creep increases with time and with temperature.
The main properties of the epoxy which affect optical
performance are the viscosity, outgassing rate and glass
transition temperature (fig. 4). The viscosity is related to

Figure 4: Properties of epoxy and optical performance
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the flow properties of the epoxy with time and temperature, and will define the bondline thickness (and thus uniformity).
Also as a practical matter it is difficult to apply a highly viscous epoxy to the narrow spacers. Outgassing is clearly
important, as mentioned above. The glass transition temperature (Tg ) is the temperature at which the glass changes from
the higher temperature rubber-like phase to the glass phase. The epoxy is basically a super-cooled fluid, and at T < Tg the
glass vitrifies. All the fundamental properties of optical performance that we are interested in are interconnected by Tg. A
high Tg generally means a lower outgassing rate and high viscosity and a low Tg means a high outgassing rate and low
viscosity. The Tg is also connected to viscoelastic distortions (creep) since the (cured) epoxy’s resistance to flow at a
given temperature is directly related to (Tg-T)/Tg. The farther the temperature is below Tg, the more difficult it is for
creep to occur. The search for an “ideal” epoxy is thus reduced, to a first approximation, to a high Tg epoxy whose
viscosity is not so high as to render it infeasible to apply to the spacers. Also some care must be taken since a high Tg
epoxy is generally more brittle, and fracture toughness is an important engineering consideration.

4. EPOXY CANDIDATES
The epoxies we investigated were all two component systems containing
Table 1: Epoxy candidates
a resin and a hardener. One can mix and match resin and hardeners from
TRABOND-2113
various manufacturers in an attempt to tailor desirable performance. For
instance, a given manufacturer’s epoxy (resin and hardener) might give
TRABOND-F131
unacceptable outgassing, which can be reduced by using a different
MasterBond EP 30-2
hardener (usually the culprit in outgassing). One can also change
STYCAST 2651
resin/hardener mixing ratios. Working with adhesives researchers at
Lehigh University, we generated a candidate list of epoxies for
TRACAST-3103
investigation (table 1). The first seven are commercial formulations with
TRABOND-2116
compatible resin and hardener. The rest involved interchanging resins
and hardeners among epoxy systems. Nanosilica loaded epoxies are
TRABOND-216L01
designed to improve almost all properties at minimal viscosity penalty.
Nanosilica loaded epoxies(5)
Reducing the candidates to a workable number requires examining the
relevant parameters. In addition to the fundamental parameters discussed
above (outgassing, Tg, viscosity, strength) there are additional practical requirements. These include an overnight room
temperature cure, sufficient pot life so that epoxy can be applied to glass and graphite before it hardens, ease of mixing
and application and good bondline uniformity. In addition, the epoxy must be environmentally robust – it must cure
reproducibly and with consistent strength to accommodate the ~50,000 epoxy bonds in NuSTAR. The epoxy must do so
in a sensible range of the relevant conditions (eg. temperature, humidity, cleanliness). The latter is particularly important
on a SMEX mission, since heroic (read costly) measures cannot be employed to ensure environmental stability. This is
challenging, since epoxies are notoriously sensitive to
Table 2: requirement for the candidates
all the above conditions. In table 2, for completeness, is
Description
Ideal Requirement
listed a set of “ideal” technical requirements for a
Low outgassing
TML < 1.0%, CVCM < 0.1%
NuSTAR epoxy. Below we describe the procedures we
used to reduce this list of epoxies down to several viable
Low viscosity
< 5000 cps
candidates.
Interfacial strength
Gc > 15.0 J/m2
with glass and SiC
The epoxy used for the HEFT balloon optics, Tracon
Lap shear strength
3000 psi
2113, is almost unique among epoxies due to an
Tensile strength
5000 psi
incredibly low viscosity (~ 300 cps), making it very easy
to apply, combined with a room temperature cure cycle
Low shrinkage
< 0.5%
and other desirable properties. However this epoxy has
Cure temperature
25 C
a very low Tg, and high outgassing. It was acceptable for
Glass transition
77 C
the HEFT optics because of the atmospheric cutoff of
temperature
~15 keV. Despite the high outgassing of Tracon 2113,
X-ray scattering scales like E-2, and thus this epoxy is
CTE
< 60.0 ppm/C
acceptable at 15 keV, but much less so at 8 keV (section
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6.2). Since the NuSTAR energy band extends down to 6 kev, development of alternative epoxies was desirable to avoid
compromising performance. More desirable high Tg, low outgassing epoxies are higher viscosity, and thus it was
necessary to develop techniques to mix and apply epoxies of almost an order of magnitude higher viscosity than Tracon
2113. Our discussion below will concentrate on Trabond F131 and MasterBond EP30-2. All the other candidates were
eliminated (table 4) by the screening process described below.

5. EPOXY PREPARATION

Figure 5: Mixed/Degassed epoxy
samples

Figure 6: Mixing blade

Figure 7: Vacuum mixing

The performance of the bondline is affected by the mixing and degassing. If the epoxy is not well mixed, or is mixed at
an incorrect mixing ratio, the unreacted resin and hardener will lead to a weak bondline, and the unreacted components
will outgas more. Also if the epoxy is not well degassed, it will have air bubbles inside (fig. 5), which will also decrease
the bondline strength. We have tried several different ways of mixing/degassing such as roller mixing, centrifuge mixing,
mixing tubes and mechanical agitation. The following describes
our preferred mixing approach.
Some of the epoxies (Tracon F131, 2113) come as bipax (a plastic
pouch that has a separator between the hardener and resin), which
have the correct mixing ratio prepared by the manufacturer. We
premix the epoxy in the bipax by hand kneading and pour it into a
mixing syringe. For other epoxies (eg. EP30-2), the resin and
hardener are stored in separate containers, and the proper mixng
ratio must be weighed out. The resin is extracted from the mother
pot by a clean, lubricant free syringe and dispensed into a preweighed mixing syringe. The mixing syringe and the dispensed
resin are weighed by a precision balance accurate to 0.1 mg. Thus
the resin mass in the mixing syringe is known. Using a separate
clean syringe, the hardener is transferred from its mother pot and
is slowly added to the mixing syringe with reweighing, until the
proper mass ratio is obtained. The final mixing ratio can be
controlled to (an acceptable) 2% in this fashion. We take extra
care when we pour the epoxy into a syringe so that there is no dust
contamination. These steps and those that follow will all be done
in a clean room on NuSTAR.
At this point the process becomes identical for the epoxies that
Figure 8: Curing fixtures
come in bipax and in separate mother pots. The mixing syringe,
which now contains the proper resin and hardener amounts, is
centrifuged to ensure that any material along the wall is collected in the bottom of the syringe. We put the mixing syringe
into a vacuum chamber, insert a rotating mixing blade (fig. 6) and mix the epoxy thoroughly for 3 minutes. Since the
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epoxy is mixed in vacuum (fig. 7), it degasses as it mixes. We still have adequate time to apply the epoxy since the pot
lives of our candidates are all about 30 minutes. After mixing and degassing the epoxy, we dispense the epoxy on the
graphite spacers with a pneumatic dispenser (We will use a positive displacement dispenser for flight optics to control
the linear mass density of the epoxy very well), lay down glass and cure the samples under constant pressure in a curing
fixture (fig. 8). The geometry of the curing fixture depends on whether the telescopes are flat or conic (section 6).

6. TEST PROCEDURES AND RESULTS

6.1 Bondline Characterization

Figure 9: Flat stack

Figure 10: LVDT scanning

Figure 11: Bondline uniformity

Epoxy bondline thickness uniformity is vital to obtaining proper control of glass figure and thus good X-ray imaging.
Testing the epoxy bondline uniformity for a large number of epoxies using conic-approximation Wolter-I prototypes for
each test would be both slow and expensive. Consequently a method was developed for rapidly evaluating epoxy
bondlines in the laboratory. It should be noted that bondline uniformity tests do not require X-ray testing of the optic.
Using mechanical probes, described below, the back surface of the glass mounted in prototypes can be interrogated to
assess how well the epoxy is controlling the glass figure along the bondline. This exploits the high degree of parallelism
between the front and back surface of the glass. It is a much more rapid means to assess optics performance than doing
X-ray tests. The bondline affects the long wave surface figure of the glass, not the X-ray scattering properties.
As an alternative to conic prototype geometries, we
utilize a “flat stack” geometry. The flat stacks
consist of planar pieces of the D263 (0.21 mm thick)
which will be used for NuSTAR. Flat, rectangular
pieces of glass are built up into multi-layer “flat
telescopes” using flight representative spacers,
mounting fixtures and epoxy preparation techniques.
An example of such a flat stack is shown in figure 9.
Sufficient fixtures are available to prepare up to 5
flat stacks per day. This permits rapid epoxy process
development and characterization.
The bondline thickness is measured by micrometer
Figure 12a
Figure 12b
and microscope and the bondline uniformity is
Figure 12: Bond thickness and uniformity measurement
measured by LVDT (Linear Variable Differential
Transformer), which is a high resolution (~15nm),
low force(~1g) mechanical probe (fig. 10). The probe contacts with the surface, scans it and measures the surface height
profile (fig. 11). For the measurements, we clean glass and spacers and measure the thickness (not the thickness
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variation) of the thin flat glass before we start building the test
samples. We epoxy down spacers on a substrate and grind and
polish the spacers to have flat and smooth surface to ~10 - 20”.
Then we measure the thickness and the height profile with a
micrometer and LVDT (fig. 12a). After the measurements, we
epoxy down thin glass, cure the sample and measure the
thickness and the height profile again (fig. 12b). To extract the
bondline thickness only, the thickness of the sample in figure 12a
and thin glass is subtracted from the thickness of the sample in
figure 12b. By doing this, we actually measure the uniformity of
the bondline together with the thickness variation of the thin
glass. Finally, we cut the sample and look at the cross section
Figure 13: microscope image of bondline
with a microscope (fig. 13). The microscope image and the
micrometer independently provide measures of the bondline thickness. For the uniformity, we subtract the height profile
in figure 12a from that in figure 12b. So the uniformity measurement is limited by the small thickness variation of the
glass and the uncertainty of the metrology.
The measured bondline thickness is less than 2μm and the
uniformity is less than 0.2μm (< 25”) for the low viscosity
epoxies. In the case of the low viscosity epoxies, the bondline
is so thin compared to the measurement uncertainties and the
thin glass thickness variation that we set upper limits only. For
high viscosity epoxies, the bondline thickness is ~30-40μm
and the uniformity is ~2-3μm. Since bondline uniformity
scales with thickness, the thicker bondline epoxies proved
unacceptable. A summary of measurements is shown in table 3
for 5 epoxies. We also investigated bondline thickness
analytically. We used the Navier-Stokes equation for our
viscosities, bondline geometry and curing conditions (fixture
pressure, hardening time etc.). For our simple spacer geometry
an analytic solution can be found. The low viscosity epoxies
are predicted to have bondlines ~ 1μm, just below our
measured upper limits.

Table 3: Bondline thickness and uniformity
EPOXY

THICKNESS (μm)

UNIFORMITY (μm)

TRACON
2113

<2

<0.2

TRACON
F131

<2

<0.2

EP30-2

<2

<0.2

TRACAST
3103

26

2

STYCAST
2651-40

42

3

The contribution of non-uniformity of the bondline to the angular resolution of the optic will be much less than the 25”
upper limit. The bondline non-uniformity deforms the glass near the bondline, but this distortion attenuates rapidly away
from the region of the spacer. Simulation shows that the contribution of ~ 20” of non-uniformity in the bondlines to the
distortion of a 30” substrate is estimated to be ~3”. Conic approximation Wolter prototypes confirmed that sub-60”
optics could be built with thin bondline epoxies, but not with thick bondline epoxies.

6.2 Epoxy Outgassing Studies
NuSTAR optics use a large amount of epoxy (~ 0.7 kg out of a
total optic mass of 37 kg). This unusually large amount of
epoxy is directly attributable to the fact that the epoxy is a
major component of the composite structure. Consequently an
exceptionally low outgassing epoxy is required. Tests were
performed on candidate epoxies F131 and EP30-2, along with
the HEFT optic epoxy 2113. The latter was meant to serve as a
benchmark since its properties pre- and post-flight were well
understood at 8 keV and at higher energies. Initial tests have

Figure 14: X-ray testing sample
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employed a special flat stack geometry as indicated in figure 14. The flat stack consists of a thin piece of glass (~ 8 cm2)
coated with 0.4 g of epoxy. A few millimeters away an optical flat supported by graphite spacers is positioned. Epoxy
will outgas onto the optical flat. X-ray scattering studies of the optical flat at 8 keV were done using the Danish
Technical University double-crystal monochromator (Hussain et al7.). Higher energy X-ray scattering studies (30, 35, 66
keV) were performed using the Spring-8 synchrotron in Japan and the Brookhaven synchrotron. Data taken at the higher
energies showed nominal X-ray scattering performance – no scattering was detected at the resolution of the measurement
(~5”) in the F131 and EP30-2 samples. This is not surprising since the X-ray scattering is greatly suppressed at higher
energies. The 8 keV data for 2113, F131 and EP30-2 is presented in figure 15. This data is taken very near the lowest
energy of the NuSTAR energy band, and thus represents the severest test of the epoxy with regards outgassing and X-ray
scattering. Figure 15a shows an overlay of the F131, EP30-2 and the 2113 one month after the flat stack build. The 2113
already shows scattering of ~ 100” in dramatic contrast to the other epoxies. The inferior performance of the 2113 at low
energy is not unexpected. The 2113 has anomalously low Tg, and thus high outgassing. It should be noted here and in
what follows, that these flat stack samples are not at all representative in terms of the amount of epoxy utilized. In these
early tests we have utilized areal densities of epoxy some 40-80 times higher (depending on shell radius) than in a
NuSTAR bondline. These were preliminary tests with enough epoxy to ensure a measurable result. The intention is to
revisit the outgassing question with more flight-like flat stacks with the proper amount of epoxy (~2.5 mg/cm). Indeed
such flat stacks have already been prepared, have been aged for one year, and will soon be analyzed.
Nevertheless the current “epoxy thick” flat stacks yield a wealth of data. In particular in figure 15b the EP30-2 flat stack
shows virtually no scattering (~ 8” – near the measurement error) at one and 8 months after preparation. It should be
noted that these epoxy samples are fully cured. Even in a thin NuSTAR bondline, differential scattering calorimetry
(DSC) measurements at Lehigh University show that the F131 and EP30-2 bondlines in flight-like geometry are cured on
Black – 2113
Blue – F131
Pink – EP30-2

Figure 15a: X-ray scattering results 1
month after build

Blue – 1 month
Green – 8 months

Figure 15b: EP30-2 scattering result

Blue – 1 month
Green – 8 months

Figure 15c: F131 scattering result

timescales of days (F131) to a week (EP30-2). Note that machining on such a partially cured bondline (the spacer on top
of the glass will be machined the day after the epoxy is applied) is not a problem. The tool forces in machining are
extremely low, and the epoxy bondline need not have obtained its full strength. The F131 samples shows noticeable
scattering (~88”) after 8 months, compared with ~10” at one month. A separate scattering model predicts that the rms
scatter of the surface should scale like σ ~ d1/2 where d is the thickness (or area density) of the epoxy. For EP30-2 this
would predict scatter from a NuSTAR-like bondline less than the measurement uncertainty at 8 months. For F131 the 8
kev data would predict ~14” scattering at 8 months. These are very crude, worst case estimates and more detailed
calculations are underway to account for areal density as a function of radius and the weighted effect of energy
dependent effective area (which also depends on shell radius).
Of course one wants to estimate the effects of outgassing at much longer times. In particular for a 2 year mission life, the
relevant timescale is, at a bare minimum, ~4 years, the time from beginning of build to the end of mission. Such a
projection inevitably requires a model of outgassing, and work to develop such a model is currently ongoing. However it
is highly desirable to have a near model independent way to estimate long term performance, and we have attempted to
do so. In particular for the F131, which shows noticeably more outgassing than the EP30-2, the question is “Is the
outgassing over at 8 months?” To answer this question separate flight-like samples of epoxy were well-cured (~ few
weeks) for subsequent outgassing tests. A standard ASTM E595 outgassing test was done on F131 samples. Part of this
test involves heating these samples in vacuum to a temperature of 125 C for 24 hours. This test should effectively drive
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most of the volatiles out of the sample, especially since most of the volatiles will tend to leech to the surface during
curing. The ASTM test measures the total condensable volatile material (CVCM) at 25 C. Using the CVCM of 0.07%
and assuming an initially clean surface of ~ 20 A, one predicts ~88” of scattering if one assumes all the volatiles have
been driven from the F131. Thus it appears likely that by 8 months the sample is nearly depleted of volatiles. Scaling to
the NuSTAR case, one would predict ~ 15” of scattering. This should be a worst case for several reasons. Firstly the 125
C test data is a temperature well above the glass transition temperature of F131 (Tg = 78 C). The epoxy has entered a
rubber-like phase where it is easier to devolve material out of the epoxy matrix, potentially overestimating outgassing at
on-orbit temperature. It is worth noting parenthetically that it is crucial to measure Tg for the relevant curing conditions.
For instance, the manufacturer’s value for Tg of F131 is 20 C higher than the value we quote here. This is also a worst
case because the areal density used corresponds to those of the smallest area between NuSTAR spacers, and the
scattering measurements were done for the smallest NuSTAR graze angle. The EP30-2, with more than an order of
magnitude better outgassing properties, is clearly acceptable. We conclude tentatively that either of these epoxies is
acceptable for NuSTAR, although there will be a slight degradation in optics performance in the 6-8 keV energy band
(worst case) due to F131 outgassing. [Note on preliminary work done since the talk: testing of F131 flat stack bondlines
with NuSTAR bondline density of ~2.5 mg/cm sitting for 13 months shows scattering of ~ 5” (two-reflection
equivalent), consistent with the measurement uncertainty. This suggests F131 should have no degradation at low
energies, although more analysis is underway].

6.3 Viscoelastic Creep Studies

Figure 16: Time and temperature that correspond to 4 years of
viscoelastic aging at 25C

Figure 17: Thermal test chamber design. The general system is
illustrated to the left. The pictures to the right show
temperature probes attached to a prototype optic, which was
subsequently wrapped in aluminum foil and placed in the
thermal test chamber.

Possible long term changes in the position of glass shells due to epoxy creep is a major concern for optics employing
large amounts of epoxy. Changes in figure of glass shells at the micron level, due to creep, can affect performance.
Worse, the effects of creep can take place over long
timescales. For polymorphous polymers, such as epoxy, it
has been empirically observed that fundamental quantities
such as creep compliance and dynamic shear and
extensional modulus follow the principle of timetemperature superposition. Curves of these and other
quantities obtained at different temperatures can be shifted
in time or frequency to form a superposed timetemperature curve for the quantity of interest. Thus
measurements of creep or shear taken at a fixed time but
multiple temperatures can be converted to curves of the
long term time behavior of the epoxy at its operating
temperature. As a practical matter for NuSTAR, these
curves can directly yield the viscoelastic “age” of the
Figure 18: Four LVDT traces overlaid
epoxy, and thus a measurement of glass figure in an optic
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can be generated for any future time (by means of elevated temperature measurements). Lehigh University provided
time-temperature superposition curves for F131, EP30-2 and 2113. An example of such a curve is shown in figure 16.
This particular curve shows the time-temperature characteristic for a viscoelastic aging of 4 years. By simply reading off
the temperature, and the corresponding time, this curve provides the amount of exposure time required at the elevated
temperature in order to simulate 4 years of aging (creep) in the epoxy. Once these curves have been obtained by
laboratory measurements, it is a simple matter to perform an accelerated aging test on a prototype optic. A simple setup
provided the necessary data on a prototype optics. Figure 17 shows a homemade oven with temperature control and
automatic logging of time and temperature. The optic is wrapped in a thermal blanket and placed in the oven for the
requisite amount of time. Using an LVDT the glass surface figure can be probed before and after the baking cycle. An
example of data acquired with this setup is shown in figure 18. There is a close correlation between the before and after
baking glass figure. From data like this we estimate a shift in glass surface figure at the level of our measurement error,
yielding an upper limit at 4 years of 0.15 micron or 5”.
6.4 Other Considerations in Epoxy Selection
Other considerations, not the focus of this paper, influence the selection. In particular strength studies are underway.
F131 has a factor ~ 2.5 higher fracture toughness than EP30-2, and this may prove an important engineering
consideration. Another issue is environmental robustness. F131 does appear to be more robust to variations in humidity,
producing acceptable strength even with relative humidity during cure beyond 50%. EP30-2 requires relative humidity <
35% to obtain acceptable strength. Both epoxies must be cured at temperatures of 23 C or higher. These worst case
requirements have been incorporated into the design of the clean room where the NuSTAR optics will be fabricated,
since a final epoxy selection has not been made.

7. SUMMARY AND CONCLUSIONS
Table 4 summarizes a partial performance
matrix used to select the final candidate
Table 4: Summary
epoxies. Epoxy is utilized as a structural
uniformity outgassing creep
strength
component in the glass-graphite-epoxy
composite NuSTAR optics. Elementary
TRABOND-2113
considerations have been discussed relevant
TRABOND-F131
to epoxy selection and evaluation. Using our
MasterBond EP 30-2
optics fabrication approach, the current
epoxy candidates are adequate to obtain
STYCAST 2651
performance much better than the ~50” level
TRACAST-3103
for a NuSTAR optic. The bondline thickness
TRABOND-2116
and uniformity are commensurate with subTRABOND-216L01
20” performance. In order to better
understand the ultimate limitations the epoxy
Nanosolica loaded
epoxies(5)
bondline uniformity imposes on a high
performance optic, much better measurement
methodologies will have to be developed
than have been employed on NuSTAR.
Similarly higher quality measurements of
viscoelastic creep will be required, since
major missions with high angular resolution
demands will necessitate demonstrating long term stability over time (temperature). Measuring surface figure changes
and bondline uniformity to much better than the current 0.15 microns will be required. Outgassing is likely to be less of
an issue, especially since our demonstration of the ability to handle and apply high viscosity epoxies opens up a whole
new phase space of high Tg epoxies. These epoxies can have ultra-low outgassing.
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