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ABSTRACT 

The low areal weight requirements of telescopes in aerospace applications has 

driven the study on composite mirrors for several years. For example, the primary 

parabolic mirror in a balloon-borne, Cassegrain telescope required an optical quality better 

than 30 microns in figure RMS error. A parametric study on composite sandwich mirrors 

was conducted by using finite element analysis as well as optical analysis. The factors 

covered the cell sizes, core materials, core thicknesses, face layups, and support 

configurations. Based on theoretical calculations, many high quality spherical composite 

sandwich mirrors were generated by using a non-heat curing process. The CFRP faces and 

Nomex core were chosen as the baseline materials for mirror fabrication due to their high 

strength and low weight. The proposed replication method applied an interface layer 

between face and surface coat to eliminate print-through problems. Many important goals 

have been realized in those mirror samples with optical laser interferometer testing. These 

include the figure RMS error less than 2 microns and the surface RMS error less than 

0.05 micron. The areal weights of the mirror samples are less than 7 kglm2
• The thermal 

stability of these mirrors was observed from the optical results with thermal cycling tests. 

The proposed 2-meter parabolic composite sandwich mirror, with an areal weight of less 

than 10 kglm2
, would consist of either [0/90/45/-45]5 layup faces with an optimal 3" core 

or [QC] layup faces with a total core thickness of 5 inches. Both a ring support arolJnd 

the equator and the I8-point Hindle-type support would lead to the best optical quality 

under both self weight and thermal loading. 
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1. INTRODUCTION 

The study and development of large lightweight mirrors has frequently been 

important in exploring space. These mirrors could be used as space antennas, solar 

concentrators, and telescopes. Telescope applications will require high precision on both 

the surface roughness and the figure shape. Due to the interference from clouds, air 

currents, and pollution, many telescopes are usually carried to high altitudes by aircraft, 

balloons, rockets, and/or satellites. Depending on the type of transportation, they are 

referred to as airborne telescopes, balloon-borne telescopes, and space telescopes. In 

general, the balloon-borne telescopes will be used to operate in the wavelength range of 

1 micron to several millimeters. 

The areal weight of the mirror, which is defined as the ratio of the weight with 

respect to the surface area of the mirror, has been the dominate factor for lightweight 

mirror development. The relationship between the areal weight and the mirror diameter 

for different materials and technologies have been discussed by Hoffmann et al. [1] and 

is shown in Figure 1-1. The state-of-the-art glass/metal mirrors weigh 100 kg/m2
• 

Advanced glass/metal mirrors seem to reach a lower limit of 20 kg/m2 as deduced from 

years of research reports (see figure). Most composites, especially the graphite/epoxy 

composites which have a low coefficient of thermal expansion (CfE), have the potential 

to achieve an areal weight of around 15 kg/m2
• 

The proposed spherical composite sandwich mirror samples, which consist of 

carboll fiber-reinforced plastic (CFRP) face sheets and Nomex honeycomb core, could 



&\ole 
'-
!DO -CI: .... 

a:: 
~ 
t-:::z: 
C) 

W 
3= 

200 0 

I !:I 0 

100 

!:IO 

CAST BOROSILICATE 

"ST~ 

WELDED 
BOROSILICATE 

o 

~O~ 
~~e::; 

,~~,"Q 
-:;.-e.> .. 

~Q~Q 
.o."~ fQO + BALLOON 
~~ DESIGN 

SPECIFICATION 

MACHINED ULE __ - G~Eo \iCE -
o -l-\GH'T '\NE\ 

o 
COMPOSITE 0 GRAPH ITE EPOXY 

O~ ______ ~~ ____ ~~ ______ ~~ ______ -L ____ ~ 

1.0 2.0 3.0 4.0 
SEGMENT DIAMETER (meters) 

Figure 1-1: Relationships of areal weight w.r.t. mirror diameters [1]. 

14 

reach an areal weight of below 7 kg/m2
• One of the spherical mirror samples is shown in 

Figure 1-2 with high specular reflectivity. This 14-inch spherical mirror consists of 

T300!Epoxy with [0/90/45/-45] layup for both face sheets, which are symmetric with 

respect to the Nomex honeycomb core with 1/4" core thickness and 3/16" cell size. The 

total weight of the mirror sample is 0.649 kg with a surface area of 0.1 m2
• Both surface 

roughness and the overall figure of the composite mirrors :lave reached the requirements 

of the balloon-borne telescope applications. Several firsts were achieved in this work; 

surface RMS (root-mean-square) roughness less than 0.05 microns, overall figure RMS 

error less than 2 microns, avoidance of surface print-through, and the ability to maintain 

accuracy even after thermal cycling. 



Figure 1-2: One example of the spherical CFRP sandwich mirrors with 
high specular reflectivity and low areal weight of 7 kg/m2

• 

1.1 Background 

15 

Yoder, Jr. [2] discussed different kinds of technologies to reduce the areal weight 
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of the glass mirrors. The Mirror Lab at The University of Arizona uses spin-casting 

technology to generate a lightweight glass mirror. The core is formed with water soluble 

ceramic molds. Bulk glass blocks are placed on top of the ceramic molds. The entire 

assembly is inside a rotating furnace. As the glass melts and flows around the molds, the 

assembly is spun to the correct RPM to form the desired concave surface. The furnace 

is huge and very expensive. The spin-cast mirrors are light compared to solid glass 

mirrors, but the final cost is still high. The best areal weight from this mirror technique 

is greater than 200 kg/m2
• 

Hoffmann et al. [3] conducted the mirror development program for large-scale 

composite sandwich mirrors. By using composite face sheets and honeycomb core, several 

mirror panels had been fabricated and tested. Here are the summarized results: 

1) The Dornier 0.5 meter octagonal mirrors showed a surface replication accuracy 

factor of two and reached 2.5 microns in figure shape. 

2) The Hexcel/JPL 0.4 meter square mirrors had very low replication accuracy. 

3) The Pyrex face sheet composite mirrors had excessive deformations at low 

temperature. 

4) The United Technologies graphite/glass mirrors had deformation problems due to 

material non-uniformity. 

The Steward Observatory at The University of Arizona had improved the figure shape and 

surface roughness by optically polishing epoxy rich front surfaces on Dornier's CFRP 

mirrors. This was a breakthrough point by using an epoxy rich front surface instead of 

a thin epoxy surface for composite mirrors which caused print-through problems. Print-
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through is the imprinted image of the underlying fiber next to the surface coat, showing 

through the surface coat. 

Juneau et al. [4] fabricated one non-heat cured 2-meter composite reflector for a 

space antenna application. The composite reflector was of sandwich construction which 

consisted of two thin CFRP face sheets and one flexcore honeycomb core. Each face 

sheet was made of two layers of carbon fiber plain weave, with quasi-isotropic layup. One 

set of the face sheet, which became the first surface of the reflector, was placed on a 

parabolic epoxy mold and cured for 18 hours. The flexcore honeycomb core was then 

placed on the first face sheet and cured for another 18 hours. The other face sheet was 

placed in a symmetrical orientation with respect to the first face sheet and also cured for 

another 18 hours. The overall layup of the sandwich reflector became [O/90/45/-45/core ]s. 

The curing process occurred at room temperature, in a vacuum bag, and under 12-15 psi 

(1 atm) pressure. The reflector was left for another 5 days at room temperature before it 

was removed from the mold. The reflector had 89 microns (3.5 mils) in figure RMS error 

while the figure RMS error of the epoxy mold was 69 microns (2.7 mils). 

Rodini, Jr. and Quinn [5] addressed the importance of the mesh angle of woven 

fabric serving as face sheets for parabolic reflector applications. The relationship of the 

mesh angle distortion and the CTE of the fabric was determined analytically. The results 

showed that the mesh angle distortion varied from apex to base, and along the equator of 

the parabolic reflector. This distortion would be more serious for a reflector with small 

f-number (ratio of focal length of a parabolic mirror with respect to its aperture diameter) 

than with a larger f-number. Due to the variation in CTE caused by mesh angle, the 
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unidirectional weave would generate the most nonuniform phenomena on the parabolic 

reflector. They recommended the use of multiple fabric layers arranged in quasi-isotropic 

lay-ups, such as [0/90/45/-45] and [0/90/60/-30/30/-60]. From theoretical calculations in 

this work, it was also found that the symmetrical layup for the face sheets of composite 

sandwich mirrors was important for thermal loading. This will be discussed later. 

Freund [6] expounded three possible methods to generate flat precision composite 

panels for space applications. The results are listed as follows: 

1) Bonding of glass sheet onto composite: The flatness of two panels bonded with 

0.125 mm and 0.6 mm glass face plates was 1 wavelength and 0.25 wavelength 

respectively. One wavelength is 0.633 micron. 

2) Surface replication from an optical mold: The flatness of one mirror was 0.75 

wavelength after 72-hour curing at room temperature. That result was superior to 

the mirror with heat curing for 24 hours. The flatness of the latter mirror was 1.25 

wavelengths. It also had print-through problems. 

3) Direct polishing of a replication: Due to the soft nature of the epoxy resin, 

scratches were introduced during the optical polishing. The flatness was 3.5 

wavelengths. 

The bonded glass sheet method seemed to be the best one among those three methods for 

flat precision panels. For curved shape mirrors, such as spherical and/or parabolic mirrors, 

this method might not be the best choice. The wrinkling around the equator of the 

spherical and/or parabolic mirrors would show up if the glass sheet was bonded on. This 

leads to the decision to use the surface replication method for composite mirror 
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fabrications. 

Ho [7] explored various available technologies for lightweight antennas. His report 

summarizes the principal technical features of seven different lightweight antenna 

concepts, as presented by seven vendors. Six of the seven are from sources outside the 

U.S.A. The most accurate assessment appears to be, "the state-of-the-art technology is 

unable to reach surface quality better than 2 microns, and a figure accuracy in the 2-5 

micron range". 

1.2 Current Approach 

To have a concise feel for where this work began, and the specific advance made 

by this thesis, Figure 1-3 is presented. This composite chart gives a quick summary of the 

background and the progress. 

One typical balloon-borne Cassegrain telescope is shown in Figure 1-4. The 

primary is a 2-meter parabolic concave mirror with focal length of 2 meters. The detailed 

design of the 2-meter parabolic concave mirror has been discussed by Hoffmann [3]. 

Several composite mirror panels have been generated and tested to achieve the 

requirements on the 2-meter parabolic mirror. That is, the maximum allowable areal 

weight is 10 kg/m2
, the overall figure error is less than 30 microns, and the surface 

roughness is within 1 micron. The environmental temperature is assumed to change from 

300 OK on earth to 200 OK at altitude during the launching process. The service life is two 

years. Unfortunately, none of the proposed CFRP panels as mentioned in the previous 
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• LIGHT-WEIGHT OPTICS ALWAYS IN DEMAND 
- 1970"s: plans for LOR .•• 
- survey of antenna concepts (Freeland) 
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- Asilomar conferences Identified key technologies 
- unavailability of technologies deplored 

• MORE RECENT DEVELOPMENTS 
- 2m (3m) balloon-borne telescopes 
- SIRTF 
- SOFIA 
- ground based radio telescopes (CfA) 

• REPORT BY PROFESSOR PAUL HO 
- Identified seven technologies 
- none completely satisfactory 

(a) 

SPECIFIC HIGHLIGHTS 
(original research results) 

• OVERALL STRATEGY 
Interactlve-Computatlon-Fabrlcatlon-Teatlng 

o ANALYSES 
Demonstration of adequacy of linear analyses 
through direct comparlona with geometrical 
nonlinear computations 

• EXPERIMENTS 
Innovation of a buffer layer which Is scientifically 
evolved to match CTE. 80 that state-of-the-art 
print-through Is completely eliminated even 
after repeated thermal cycling testa 

(b) 

Figure 1-3: Current approach: (a) motivation for Ph.D., and (b) original research results. 
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Figure 1-4: One example of a current need in lightweight precision reflectors [3]. 

section has met the criteria. 
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To take the challenge of the optical requirements, it was planed to analyze both 

a spherical mirror and a parabolic mirror with the finite element method and fabricate 

many small-scale spherical mirrors. The theoretical calculations would address the factors 

that may affect the optical performance on composite sandwich mirrors, such as the 
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geometrical dimensions and material properties of the constituents, layup and number of 

plies on the face sheets, and the support configurations. The material properties of the 

constituents of the composite sandwich mirrors were researched and compared in a 

theoretical approach from Chamis [8], handbooks [9,10], and manufacturer's data sheets. 

The results on the parametric study have driven the mirror sample fabrications. For 

example, both [0/90/45/-45] layup and [0/90]5 layup with a 0.25" core thickness was the 

best assembly to generate a 4-inch spherical mirror under self weight and thermal loading. 

Both structural analysis and optical analysis are implemented in the theoretical 

calculations. The ANSYS finite element program [11] is chosen in structural analysis 

because its element library includes composite elements to deal with composite structures. 

The simplified finite element models for both a 4-inch spherical mirror and a 2-meter 

parabolic mirror consist of layered brick elements with calculated equivalent material 

properties of the honeycomb core. The PCFRINGE optical analysis program [12] is us-ed 

to transform the structural deformation into optical path difference (OPD). Besides the 

OPD contour mapping, the output also covers the figure RMS errors from three types of 

calculations, peak-to-valley errors, third-order aberrations, spot diagram, and encircled 

energy distribution (EED) diagram. 

The variations of parameters that might affect the optical performance includes 

core material, core thickness, cell wall thickness, cell size, face material, number of layers 

in the face sheet, the layup orientation, and resin systems. There are many restrictions to 

the use of the detailed finite element model for honeycomb core on the sandwich 

construction, such as the complex modeling technique, the computing time, and the 
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limitation on the problem size due to the instructional version of the ANSYS program. 

Instead, the equivalent material properties for honeycomb core were computed. By doing 

this, the plate element can be replaced by the brick element with equivalent material 

properties for honeycomb core. A similar calculation had been discussed by Chamis et 

al. [13], however, the calculated stiffness matrix for honeycomb core was not symmetric 

in that paper. This constitutive-relation matrix should be symmetric and independent of 

the material properties. This fact is based on the principle of minimum potential energy. 

Several finite element models have been created to justify this point and the associated 

results have been compared with Hexcel's data sheet [14]. 

One easy, economical, and effective process to generate surface quality composite 

sandwich mirrors is developed through mirror replication. The method includes a room 

temperature and no vacuum curing process. There are at least two methods to fabricate 

a lightweight structure as shown in Figure 1-5. The first method is to cut a thick block 

of honeycomb core. The expense of the tooling design and machining can be ten times 

higher than the cost of the core material itself. The benefit of this method is the parallel 

distribution on the cell arrays of the honeycomb core will remain intact and no buckling 

considerations will be involved during the curing process. The second method is to cocure 

a thin layer of honeycomb core with face sheets under some minor weight loading around 

the equator of the sandwich mirror. The radial distribution on the cell arrays of the 

honeycomb core will increase both the strength and the stiffness of the sandwich 

construction due to the elimination of the force component which is tangential to the mold 

surface. The second method was adopted to produce spherical composite sandwich 
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Mo1d 

mach~n~ honeycomb cox. 

(a) 

.. ace 

Ho1d 

Th~n, bent honeycomb cox. 

(b) 

Figure 1-5: Comparisons of generation methods for curved structures: (a) thick, 
machined honeycomb core block, and (b) thin, bent honeycomb core layer. 

mirrors. 

More than 30 pieces of remarkably good spherical mirror samples have been 

successfully generated through this experimental approach. They preserve high specular 

reflectiviy and low areal weight. These small-scale mirrors are fabricated from glass 

convex molds with aperture diameters of 4 inches, 8 inches, and 14 inches. Based on 

theoretical calculations, TIOO/Epoxy faces from 8-harness satin woven fabric with 
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[0/90/45-45] layup and Nomex core of 0.25" core thickness were used to generate the 

spherical mirrors. The satisfactory optical results from these spherical mirrors provide an 

overshooting prediction to generate large-scale mirrors such as the 2-meter parabolic 

mirror in Figure 1-4. Most samples have uniform quality surface behaviors as found 

through optical testing. The qualitative check is observed with a Ronchi optical tester. The 

quantitative analysis on spherical mirrors is carried out by using a WYKO 6000 Fizeau 

laser interferometer [15]. The spherical composite sandwich mirrors show their superior 

fringe patterns even under a laser beam with a wavelength of 0.633 micron. All mirror 

samples have figure RMS error of less than 2 microns. This optical quality would allow 

them to be qualified in submillimeter astronomy applications. 

To be useful in a space environment, a series of thermal cycling tests were 

implemented on the mirror samples. The mirrors are coated with 0.075 micron of 

aluminum but without the protection of a SiO coating. Both coatings are usually done by 

vacuum evaporation with a pressure of less than 10-4 mmHg. The mirror sample is set 

inside the test chamber, where the temperature can be dropped from room temperature to 

-80°C within 5 minutes. Liquid CO2 serves as the cooling medium. The recorded 

temperatures on thermal cycling are from 25°C (room temperature) to -80°C, from -80 

°e to 25°C, from 25 °e to 50°C, and then from 50 °e to 25°C. The qualitative 

pictures, which are taken through a Ronchi's grating, show the major figure errors on the 

composite sandwich mirrors are defocus and tilt aberrations, which could be adjusted by 

an active or passive control system. There are also some minor spherical aberration and 

astigmatism problems on the surface figure. These undesired phenomena might be caused 
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by the nonunifonn thickness and voids on the interface layer, which was developed in this 

work to eliminate print-through problems on composite mirrors. Most cold mirror samples 

return to their original shape after the temperature climbs back to room temperature. 

Based on theoretical calculation, the single-side interface layer on the composite sandwich 

mirrors would maintain the figure better than the mirrors with either no interface layer 

or a double-sided interface layer. Superior results from composite mirrors with an 

interface layer are obtained through thennal cycling tests. Without the interface layer, 

there are print-through problems and the mirror can not return to its initial state at room 

temperature after either a cooling or heating test. 

In summary, the fish-eye and print-through problems have been solved with an 

experimental approach. Those problems have been the main drawbacks on previous 

composite mirrors. The proposed replication method to generate composite sandwich 

mirrors is cocured under room-temperature and no vacuum drawdown. The replication 

factor of the composite mirrors is less than five. The fabrication procedure is simple and 

reliable. The developed interface layer between the optical surface coat and the backup 

substrate of the composite sandwich plays an important role to eliminate the print-through 

problems and increase the shear rigidity. The results from theoretical calculations would 

point out the following: 

I) The choice on the core thickness of the honeycomb core of the composite 

sandwich mirrors depends on the size of the mirror, the external loadings, the 

material properties of constituents, the number of plies, and the layup of layers for 

the face sheets. Under self-weight loading, the thicker the core the better the 
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optical perfonnance for any type of layups, such as unidirectional-ply, cross-ply, 

and quasi-isotropic layup. 

2) In general, the thicker the core the better the optical perfonnances under thermal 

loading for alilayups except unidirectional-ply. The higher value of erE of the 

Nomex honeycomb core compared to T300/Epoxy faces might generate negative 

effects on the optical performance, if the face sheets could not provide enough 

strength and stiffness to overcome the drawbacks due to the core. This lead to an 

optimal core thickness for some qualified layups, such as symmetrical cross-ply 

layup, [0/90ls, double symmetrical cross-ply layup, [0/90]2S' quasi-isotropic layup, 

[0/90/45/-45] or [0/90/60/-30/30/-60], and symmetrical quasi-isotropic layup, 

[0/90/45/-45b· 

3) For unidirectional-ply layup, [0]4 and/or [O]g, the thicker the core the worse the 

optical perfonnances under thermal loading. The aluminum core would cause more 

negative effect on optical perfonnances than the Nomex core even though the 

latter has a higher erE than the fonner. 

4) The best assembly to generate small-scale spherical mirrors (4 inches up to 14 

inches in aperture size) is either [0/90/45/-45] or [0/9O]s layup for face sheets and 

a core thickness of 0.25 inch. With this sandwich construction, the effect on the 

optical perfonnance due to self weight would be negligible. 

5) The best as!:embly to generate large-scale parabolic mirrors (up to 2-3 meters in 

aperture size) is either [0/90/45/-45]s or [O/90b layup for face sheets and a core 

thickness of 3 inches. The figure RMS error under the combined effect from self 
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weight and thennal loading would be much less than 10 microns no matter what 

type of support configurations is chosen. 

6) The [QC] layup with 5" core has very close optical perfonnance to the optimal 

[0/90/45/-45]s layup with 3" core. From the experimental point of view, the use 

of [QC] layup faces to generate large-scale parabolic mirrors will be more 

attractive and economical than the other layups. 

7) The ring support around the equator is the best mount configuration for composite 

sandwich ririrrors. The I8-point support is ranked second. Both the ring support 

at the optimal radius and the 9-point support offer the equivalent results. The 9-

point support, which could be converted to a 3-point support, would be the choice 

for space applications where the ring support might be too massive. 
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2. THEORETICAL CALCULATIONS 

The composite sandwich mirrors consisted of two main parts: optical surface coat 

and backup substrate. Between those two parts, one interface layer was introduced to 

serve as the buffer to eliminate the print-through problems. The epoxy resin was used as 

the optical surface coat. The backup substrate was made of composite face sheets and 

honeycomb cores. The ANSYS [11] finite element program and the PCFRINGE [12] 

optical program was implemented to study both the structural behavior and the optical 

perfonnance of the composite sandwich mirrors. The factors relating to the variances in 

the mirror structure are the material properties of the constituents, the geometrical 

dimensions of the constituents, and the support configurations. 

The material properties of the constituents included face sheets, resins, honeycomb 

core, and the interface layer. The geometrical dimensions of honeycomb core were cell 

size, cell wall thickness, and overall core thickness. The geometrical dimensions of the 

face sheets were the number and orientation of the layup. The thicknesses of the resin 

surface coat and the interface layer were also considered as the geometric dimension 

factors. To reduce the computing time as well as cost by finite element analysis, the 

equivalent material properties were calculated for honeycomb core. By doing this, brick 

elements could be used with calculated equivalent material properties of core to replace 

shell elements for the honeycomb core. The results showed the cell size and the cell wall 

thickness of the core changed their status in sandwich construction from geometric 

dimensions to material properties if the calculated equivalent material properties were 
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used. 

The simplest mount configuration of the mirror was three equally-spaced point 

supports around the equator. Under this support configuration, the mirror could have a 

large deformation due to a very large temperature change. Both linear and geometric 

nonlinear analysis were carried out but showed only a little difference with each other. 

This was due to the sandwich construction being very rigid and maintaining its shape 

under thermal loading. Thereafter, only the linear analysis would be studied. Besides the 

basic three-point support, some other discrete Hindle-type multipoint support 

configurations, as addressed by Yoder [2], were included. The results showed the best 

support configuration for composite sandwich mirrors was the ring support. This was due 

to the orthotropic characteristics on the CTE of composite substrate mirrors. The locations 

of a ring support on the composite mirror, however, were not as sensitive to the optical 

performance as the glass mirror. 

2.1 Ply Material Properties 

The classical sandwich construction consists of the following in order: face, 

adhesive, core, adhesive and face as shown in Figure 2-1. Honeycomb cores have been 

frequently used in the aerospace field due to their high specific transverse shear 

resistance. They would provide the most uniform separation between face sheets than any 

other types of cores. The face sheets would provide membrane stress resistance and the 

adhesive would keep the relative location between the face and the core. Plantema [16] 
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Face Sheet 

Honeycomb 

Face Sheet 

Figure 2-1: Classical honeycomb sandwich constructions [14]. 

has analyzed the bending and buckling of sandwich beams, plates, and shells by assuming 

the transverse normal stiffness of the core to be infinitely large. Several buckling loads 

of hexgonal cell honeycomb core have been established with respect to experimental 

verifications. One simple formula of the buckling load, which is within 8 percent error 

as compared to the experimental data, is available for isotropic faces and honeycomb core 

is listed here: 

Ocr -

where E f is the Young's modulus of the faces, t is the face thickness, and d is the cell 

size. In a telescope application, the above formula produces a value for the buckling load 
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from CFRP faces which is so high as to not effect the telescope structure. 

The structures of the composite sandwich mirrors consisted of optical surface coat, 

interface, face, core, and face as show in Figure 1-5(b). Most of the polymer-based resins 

could serve as the surface coat. Those candidates in our composite laboratory included 

epoxy, polyester, and acrylic. These had been tried to produce composite sandwich 

mirrors. The best surface coat is obtained from epoxy resin. It is easy to use, is low in 

cost, gives a room-temperature cure, and has high material stability. The face sheets are 

then limited to some epoxy-based plies for our theoretical calculations. The interface layer 

is another kind of epoxy-based ply that is currently in the process of US patent 

application. The materials that are used for honeycomb core range from lightweight metal, 

such as aluminum, to composites, such as aramidlphenolic (Nome x paper), glass-

fiber/phenolic, and graphite-fiber/phenolic. 

Table 2-1: Fiber material properties [8,9,10]. 

Properties Units T300 AS Kevl.r Boron E·G S·G Al 

PI Iblin' 0.064 0.064 0.053 0.095 0.092 0.090 0.097 

En. msi 33.500 33.500 22000 66.000 10.600 12400 10.000 

E", msi 2.000 2.000 0.600 66.000 10.600 12400 10.000 

Gn, = Go. msi 2.000 1.300 0.420 27.500 4.344 5.167 3.846 

Go. mn 0.800 0.700 0.220 27.500 4.344 5.167 3.846 

vnt = vo, 0.200 0.200 0.350 0.200 0.220 0.200 0.300 

v", 0.250 0.250 0.350 0.200 0.220 0.200 0.300 

Cln. ppmrF ·0.550 ·0.550 ·2200 2800 2800 1.600 13.200 

Om. &II aO ) ppmrF 5.600 5.600 23.000 2.800 2.800 1.600 13.200 

where both T300 and AS are carbon (graphite) fibers; E-G and S-G SLand for E-type and S-typc of glass 
fiber respectively; AI is aluminum. 
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One set of empirical equations for the material properties of the plies out of fiber 

and matrix was introduced by Chamis [8]. These equations are based on the rule of 

mixture and have been compared with experimental results. They have showed good 

consistency with respect to some other sources in that paper. Without the facilities for 

testing material properties, these equations would provide us the necessary material 

properties of the constituents of the composite mirrors. 

Table 2·2: Matrix material properties [8,9,10]. 

Properties Unit! EP PE LM IMLS IMHS lIM PI 

P. Ib/in' 0.044 0.052 0.046 0.046 0.044 0.045 0.044 

E. rnsi 0.500 0.600 0.320 0.500 0.500 0.750 0.500 

G. rnsi 0.185 0.222 0.112 0.177 0.185 0.278 0.185 

v. 0.350 0.350 0.430 0.410 0.350 0.350 0.350 

a,. ppmf'F 30.000 45.000 57.000 57.000 36.000 40.000 20.000 

where EP stands for epoxy resin; PE stands for polyester resin; LM stands for low modulus resins; IMLS 
stands for intermediate modulus with low strength resins; IMHS stands for intermediate modulus with high 
strength resins; HM stands for high modulus resins; PI stands for polyimide resins. 

Table 2-1 and 2-2 list material properties of some typical fibers and resins. Since 

the material properties of fibers and resins are not unified from different resources, the 

data from Chamis [8], Composites [9], and Engineering Plastics [10] were researched, 

compared, and adopted. The last two volumes are the industrial standard handbooks. The 

equations used to calculate the material properties of some epoxy-based plies are listed 

in Appendix A. The calculations were based on 0.6 volume ratio of fiber and 0.4 volume 

ratio of epoxy. Table 2-3 listed the results. A [0/90] layup, as suggested by Tsai [17], was 

used to simulate the woven fabric which were used to generate mirror samples. 
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Table 2·3: Material properties of some epoxy-based plies. 

Propcrtiea Unill T300JEp ASIf9 KvJEp Br/Ep E-GJEp S-GJEp 

v, 0.600 0.600 0.600 0.600 0.600 0.600 

v. 0.400 0.400 0.400 0.400 0.400 0.400 

P Ib/in' 0.056 0.057 0.053 0.075 0.074 0.072 

E,. tnBi 20.300 20.300 13.400 39.800 6.560 7.640 

En tnBi 1.193 1.193 0.574 2.162 1.909 1.948 

Eu tnBi 1.193 1.193 0.574 2.162 1.909 1.948 

G .. rnsi 0.623 0.551 0.327 0.802 0.716 0.731 

0., rnsi 0.457 0.430 0.211 0.802 0.716 0.731 

Gu msi 0.623 0.551 0.327 0.802 0.716 0.731 

v" 0.260 0.260 0.350 0.260 0.272 0.260 

Vu 0.305 0.387 0.360 0.348 0.333 0.333 

Vu 0.260 0.260 0.350 0.260 0.272 0.260 
" 

a.. ppmrF -0.249 -0.249 -1.719 2.937 3.629 2.343 

On ppmrF 13.443 13.443 26.909 11.286 11.226 10.306 

a" ppmrF 13.443 13.443 26.909 11.286 11.226 10.306 

2.2 Honeycomb Core Characterizations 

The cell sizes of most composite sandwich mirrors are between 1/8" and 3/8". For 

example, Nomex honeycomb core with a cell size of 3/16" was used to produce spherical 

composite sandwich mirrors. The orthotropic characteristics on the face sheets required 

the use of only the full model in finite element analysis. Besides the wavefront size 

limitation, the cost of computer time on both modeling and calculation for the full model 

2-meter parabolic mirror, as shown in Figure 1-4, would be extremely high. As stated 

previously, honeycomb core equivalent material properties were calculated to reduce cost. 
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A simplified model was made of layered brick elements to replace the detailed model 

made of plate elements for each cell wall of the honeycomb core. 

l 

[I] 111111111111111111 

Figure 2-2: Basic finite element model of honeycomb core for equivalent material 
properties. 

Chamis et al. [13] had introduced an approach to compute the equivalent material 

properties for aluminum honeycomb core. He applied uniform displacements at each edge 

one at a time, to the finite element model as shown in Figure 2-2. The associated Young's 

modulus and Poisson's ratios were calculated by using simple relations in the scope of 

the strength of materials. The calculated stiffness matrix, which consisted of 9 

independent constants for orthotropic materials, was not symmetric by using the model 
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&111 " " " 1111111111 " 11111111111 

Figure 2·3: Enhanced finite element model of honeycomb core for equivalent material 
properties. 

in Figure 2-2. The nearly symmetric pairs, Ou-Ozx and Oyz-Ozy, however, were very close 

to Hexcel's data sheet [14]. The constitutive relation matrix should be symmetric based 

on the principle of minimum potential energy and should be independent of the material 

itself. The unsymmetric stiffness matrix on that model was due to an imposed 

displacement at one specified edge which did not induce a strain-free state at the rest 
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edges. 

Force boundary conditions were applied along each edge, one at a time, to the 

same model as Figure 2-2 and the associated entries were calculated in the compliance 

matrix. The 3 by 3 submatrix of the compliance matrix, which consists of 3 Young's 

moduli and 3 Poisson's ratios, was not symmetric. After several models with increasing 

number of the honeycomb core cell were created, the symmetric results were stilllirnited. 

That is, both Vxz and Vyz were not convergent The enhanced finite element model is 

shown in Figure 2-3. Instead of creating more complex models, it was decided to use both 

reciprocal relations and the Hexcel data sheet [14] to calculate the engineering constants. 

The calculation of the compliance matrix was based on lamina constitutive 

relations for orthotropic materials. (Even though honeycomb core is monoclinic because 

of only one symmetric plane, honeycomb core is assumed to be orthotropic.) By using 

the compliance matrix, [S], the lamina constitutive relations for orthotropic materials can 

be written as: 

E: -;a E:l S11 S12 S13 S14 SIS S16 0 1 - 0;a 

e -yy E:Z S21 S22 S23 S24 Szs S26 O2 - 0yy 

E: -u E:3 S31 S32 S33 S34 S3S S36 °3 - °u 

E: -)'% €4 S41 S42 S43 S44 S4S S46 °4 .. 0)'% 

E: -rx E:S SSI SS2 SS3 SS4 SSS SS(, Os - °rx 

e -.l)' €6 S61 S62 S63 S64 S6S S66 °6 - 0.l)' 

where the compliance matrix is symmetric and of rank of 6 by 6. The contracted notations 

were used for simplification and clarity. If the engineering constants are used, which 
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consist of 3 Young's moduli, 3 Poisson's ratios, and 3 shear moduli, then the lamina 

constitutive relations become: 

eu lIEu -vJEu -vx/Eu 0 0 0 °u 

e", -v,JE", lIE" -v.,JEyy 0 0 0 0", 

ea -vJEa -vJEa IlEa 0 0 0 °a 

Yyr. 0 0 0 I/G11- 0 0 'tyr. 

Yu 0 0 0 0 I/Gu 0 'tu 

Yxy 0 0 0 0 0 I/Gxy 'txy 

where the Poisson's ratios are defined as classified row nonnalization. That is, the first 

index represents the direction of the stress applied, and the second index represents the 

direction of the strain induced. Based on the reciprocal relationship of the Young's 

modulus and the Poisson's ratio, the above relations can be rewritten as: 

lIEu 

-vJEu 

-vx/E;a 

o 
o 
o 

-vJEa 

IlEa 

o 
o 
o 

o 
o 
o 

I/Gyr. 

·0 

o 

o 
o 
o 
o 

I/Gu 
o 

o 
o 
o 
o 
o 

I/Gxy 

Theoretically, by generating the following stress state, all entries of the compliance matrix 

should be obtained. 

which is unidirectional nonnal stress state in the x-direction (see Figure 2-4), this is 
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Figure 2·4: Defonned and undefonned shapes of honeycomb core under unidirectional 
loading in the x-direction. 
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Figure 2·5: Defonned and undefonned shapes of honeycomb core under unidirectional 
loading in the y-direction. 
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Figure 2-6: Defonned and undefonned shapes of honeycomb core under unidirectional 
loading in the z-direction. 
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obtained: 

which is unidirectional nonnal stress state in the y-direction (see Figure 2-5), this is 

obtained: 

which is unidirectional nonnal stress state in the z-direction (see Figure 2-6), this is 

obtained: 

As long as the 3 by 3 submatrix of the compliance matrix is established, the engineering 

constants can be obtained by comparing the entry in equation (1) and (2). The alternative 

calculations for Poisson's ratios are based on the symmetric property of the compliance 

matrix. That is, 

E -xx E -yy 
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Another 3 by 3 submatrix of the compliance matrix, which consists of 3 shear 

moduli in three planes, is calculated by the following procedures: 

which is pure shear state in the yz-plane, this is obtained: 

and 

which is pure shear state in the xz-plane, this is obtained: 

8 55 -

'\I (5) 
, zx 

't'zx 
and 
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which is pure shear state in the xy-plane, this is obtained: 

and 

Depending on the location of the constrained edge, there are two defonned shapes 

under each pure shear loading. Theoretically, no matter where one puts the constraints, 

the shear moduli should be the same to each other. For example, the inplane shear moduli 

in the xy-plane, Gxy and GyX ' were symmetric to each other and are shown in Figure 2-7 

and 2-8. The other two pairs of transverse shear moduli, Gu-Gu and Gyz-GZY ' were not 

symmetric to each other. One reason might be due to too few elements along the 

transverse (thickness) direction. The model in Figure 2-3 had taken more than 3000 

seconds on CPU time and occupied more than 10 MB in disk space. The nearly-

symmetric pairs, Gu-Gzx and Gyz-GZY' which were obtained from the model in Figure 2-2 

with specified displacements, encouraged the carrying out of the transverse shear moduli 

under different cell size and the comparing of them with Hexcel's data sheet [14]. The 

values of the Gyz-GZy pair are symmetric, while there are some variations in the values of 

the Gu-Gn pair. The effect on the transverse moduli due to different value of Poisson's 

ratio is also shown in Table 2-4. The calculated transverse shear moduli vary less than 

ten percent due to the change in Poisson's ratio. The defonned shapes are shown in 

Figure 2-9 for transverse shear moduli: Gw Gw Gyz, and GZY' 

The calculation procedure for Gu is based on the following equations, where Fz 

(or Fx) is the reaction force of the nodes at the edge x = 0 (or z = 0), Ax (or Al,) is the 
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Figure 2-7: Deformed and undeformed shapes of honeycomb core under inplane shear 
loading in the xy-plane with constraints at edge x=O. 
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Figure 2-8: Defonned and undefonned shapes of honeycomb core under inplane shear 
loading in the xy-plane with constraints at edge y=O. 



UllillllllMI 

(c) Gyz 

47 

r II II Ii II Ii II Ii II Ii II Ii II II I) Ii II )I II II iri 
HI",I",I,/I",I,/I",I,/I",I HI '/ 
Hili 1111 I1I1 I1II 1111 1111 IIII IIlf If If If If 
" .LL ...L1. ...L1. ...L1. ...L1. ...L1. ...L1. ...L1. ...L1. ..LJ 

Figure 2-9: Defonned and undefonned shapes of honeycomb core under specified 
transverse shear displacements for (a) Gw (b) Gw (c) Gyz • and (d) Gzy• 
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area of the face with normal along the z-direction, Oz (or ox) is the specified displacement 

at the edge of x = Ix (or Iz), and Ix (or 4) is the length of the finite element model along 

Table 2·4: Effects on transverse shear moduli due to different Poisson's ratio by using 
finite element analysis. 

Properties v = 0.3 v = 0.4 v = 0.45 

On 15.903 ksi 14.802 ksi 14.307 ksi 

On 19.606 ksi 18.338 ksi 17.589 ksi 

O~ 10.717 ksi 9.956 ksi 9.614 ksi 

Ozy 10.713 ksi 9.952 ksi 9.610 ksi 

the x-direction (or z-direction). The results from four cell sizes (1/8", 3/16", 1/4", and 

3/8 ") are shown in Table 2-5. The inconsistency in En is obviously a manifestation of the 

computational procedure. The similar inconsistency also occurs from experimental 

approach as indicated in references [14] and [18]. The Ezz value for any specific material 

must be equal for any cell size and any cell wall thickness. 

Only two types of material for the honeycomb core were used in the calculation 

of the equivalent material properties. One is aluminum film and the other is Nomex paper. 
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Table 2-5: Comparisons of calculated equivalent material properties with Hexcel's data 
sheet [14] for 5052-aluminum alloy-O.()OO7"-2 lb/fr honeycomb core of different cell 
size. 

Properties 1/8" cell 3/16" cell 1/4" cell 3/8" cell 

Eu 16.31 psi 5.% psi 2.94 psi 1.07 psi 

Eyy 15.91 psi 5.82 psi 2.87 psi 1.05 psi 

~ 160.59 ksi 107.05 ksi 80.28 ksi 53.53 ksi 

v.y 1.0106 1.0104 1.0101 1.0100 

v .. _10'5 _10'5 _10,5 _10,5 

Vyx 0.9927 0.9934 0.9937 0.9944 

Vyx _10'5 _10'5 _10'6 _10,6 

v .. 0.3241 0.3253 0.3255 0.3257 

Vzy 0.3151 0.3126 0.3110 0.3088 

G.y 9.78 psi 3.51 psi 1.74 psi 0.64 psi 

Gyx 9.90 psi 3.63 psi 1.79 psi 0.66 psi 

G .. 32.677 ksi 21.484 ksi 15.903 ksi 10.347 ksi 

G ... 39.354 ksi 26.183 ksi 19.606 ksi 13.029 ksi 

GyZ 21.502 ksi 14.313 ksi 10.717 ksi 7.116 ksi 

Gzy 21.496 ksi 14.307 ksi 10.713 ksi 7.112 ksi 

Eu [14] 75.0 ksi 34.0 ksi 22.0 ksi 10.0 ksi 

G .. [14] 45.0 ksi 27.0 ksi 22.0 ksi 12.0 ksi 

Gyz [14] 22.0 ksi 14.3 ksi 11.0 ksi 7.0 ksi 

The aluminum film has been extensively used for lightweight structures. However, the 

print-through phenomenon and the capability of the adhesive were the main sources of 

concern as described by Hoffmann, et al. [3]. The Nomex paper, on the other hand, has 

shown superior properties over the aluminum core through these mirror fabrications. The 

problems occurring on aluminum film have been eliminated. One drawback on using the 
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Nomex core is the CTE of Nomex paper is higher than the CfE of aluminum film. This 

fact might be good because the composite sandwich mirrors would represent conservative 

results if other types of honeycomb core were chosen. Another benefit of using Nomex 

papers is their high flexibility which will allow them to conform to curved structures 

without causing buckling problems. 

Table 2·6: Correlated three-dimensional material properties of aluminum core and 
Nomex core. 

Properties Al-l/41-0.OOO7" Nomex-3/16"-O.OO2" 

p 2 lb/ft3 2lb/fe 

Exx 2.94 psi 5.96 psi 

Eyy 2.87 psi 5.82 psi 

Ezz [14] 20.0 ksi 11.0 ksi 

VXy 1.0101 1.0104 

Vyx 0.9937 0.9934 

vzx 0.3255 0.3253 

v zy 0.3151 0.3126 

Vxz 0.000048 0.000018 

Vyz 0.000045 0.000016 

G XY 1.74 psi 3.51 psi 

Gxz [14] 21.0 ksi 4.50 ksi 

Gyz [14] 11.0 ksi 2.70 ksi 

a zz [14] 13.2 ppmf'F 19.4 ppmf'F 

In summary, the Poisson's ratios were independent of both cell size and cell wall 

thickness. Besides that, there was no significant change in the calculated equivalent 
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Poisson's ratios due to different values of the Poisson's ratio of the bulk materials used 

for honeycomb core. Without detailed data for Nomex paper, one would use the same set 

of Poisson's ratios and the minor material properties (Eu, Eyy, and Gxy) as that from 

aluminum core for Nomex core. The appropriate three-dimensional material properties for 

Nomex core and aluminum core could then be obtained through the following steps: 

1) Use the same values of aluminum for calculated Eu, E yy, and Gxy and Poisson's 

ratios (VXy , vyx , vzx, VZy) from finite element analysis. 

2) Obtain Ell' Ow and GyZ of Nomex core from Hexcel's data sheet [14]. 

3) Solve for Vxz and vyz from the reciprocal relations by using: 

and 

The complete set of three-dimensional material of both aluminum core and Nomex core 

is listed in Table 2-6, where the erE was obtained through the technical information 

support from the Hexcel Company. 

2.3 Structural Analysis 

Both mechanical loading (self weight) and thermal loading (temperature 

difference) were applied to the composite sandwich mirrors using finite element method. 

The maximum and minimum temperature difference were assumed to be -100 °C and + 

25°C, respectively. The structural deflections were transferred to PCFRINGE for optical 
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analysis. The root-mean-square (RMS) wavefront errors, spot radius, and encircled energy 

distribution (EED) were used as the criteria on the optical performance of the composite 

mirrors. All of them were calculated from optical path difference (OPD) contour mapping. 

The figure RMS errors could be obtained through (a) nodal points, (b) linear interpolation, 

and (c) Zernike polynomial fit. The consistency among those three RMS values would 

indicate the finite element model was good enough to be analyzed optically. 

(A) Material Properties: 

The constituents of the composite sandwich mirrors were epoxy resin (optical 

surface coat), epoxy-based plies (interface layer and face sheets), and honeycomb core. 

Both epoxy resin and the interface layer were assumed to be isotropic. The face sheets 

and the honeycomb core were assumed to be orthotropic. The T300/Epoxy with cross-ply 

layup would replace the woven fabric face sheets. Such replacement would provide the 

upper bound of material properties for woven fabric as addressed by Tsai [17]. The 

calculated equivalent material properties in the previous section were used for aluminum 

core and Nomex core. Because the ANSYS program used column normalized Poisson's 

ratios, the calculated row normalized Poisson's ratios were converted accordingly with 

reciprocal relation. Due to the high value of the inplane Poisson ratios of the core, vxy and 

vyx• the ANSYS program was halted. A smaller value was used for the inplane Poisson's 

ratio by dividing it by a factor of two. Both structural analysis and optical analysis would 

be in the metric system (SI). The complete set of material properties of the constituents 

is listed in Table 2-7, where the associated names for material properties are consistent 
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Table 2·7: Material properties of the constituents of the composite sandwich mirrors 
used in structural analysis. 

Face Sheets and Honeycomb Cores 

Properties T300/Epoxy face Aluminum core Nomex core 

DENS 1.550E-9 N-sec2/mm4 3.204E-l1 N-sec2/mm4 3.204E-ll N_sec2/mm4 

EX 139.969E3 MPa 0.0203 MPa 0.0411 MPa 

EY 8.227E3 MPa 0.0197 MPa 0.0401 MPa 

EZ 8.227E3 MPa 137.88 MPa 75.845 MPa 

NUXY 0.0153 0.9937"'0.5 0.9934"'0.5 

NUXZ 0.0153 0.3255 0.3253 

NUYZ 0.305 0.3151 0.3126 

GXY 4.294E3 MPa 0.0120 MPa 0.0242 MPa 

GXZ 4.294E3 MPa 144.795 MPa 31.028 MPa 

GYZ 3.153E3 MPa 75.845 MPa 18.616 MPa 

ALPX -0.44SE-6 fK 23.76E-6 fK 34.92E-6 fK 

ALPY=ALPZ 24.l9SE-6 fK 23.76E-6 fK 34.92E-6 fK 

Surface Coat and Interface Layer 

Properties Epoxy resin Epoxy-based flake 

DENS 1.21SE-9 N_sec2/mm4 0.7E-9 N-sec2/mm4 

EX 3.448E3 MPa 5.000E3 MPa 

NU 0.35 0.33 

ALPX 54E-6 fK 5E-6 fK 

with the ANSYS program. The unit for the mass densities has been changed from g/cm3 

to N-sec2/mm4 by mUltiplying it by a factor of 10-9• 

(B) Geometrical Dimensions: 
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The schematic diagram and the dimensions of the small-scale spherical sandwich 

mirrors are shown in Figure 2-10 and listed in Table 2-8, respectively, where the f

number, cone angle, and surface area are calculated by the following formulas. 

Table 2·8: Dimensions of small-scale spherical composite mirrors. 

Properties 4-inch mirror 8-inch mirror 14-inch mirror 

D (aperture diameter) 98 mm (4") 203 mm (8") 356 mm (14") 

R (radius of curvature) 150 mm (6") 254 mm (10") 416 mm (16.4") 

F (focal length) 75 mm (3") 127 mm (5") 208 mm (8.2") 

a (cone angle) 190 23.50 24.50 

f-number 1.53 1.25 1.17 

Area (cm2
) 77.02 336.21 1017.04 

Figure 2·10: Schematic diagram for small-scale spherical sandwich mirrors. 



Finite element analysis was perfonned for 

the 4-inch spherical mirror in Figure 2-10 

and the 2-meter parabolic mirror in Figure 
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the constituents. Each layer of the face sheet was 10 mils thick and must be in cross-ply 

layup, [0/90] and/or [45/-45], due to the simulation of the woven fabric. The core 

thickness of the 4-inch spherical mirror was varied from 0.125" to 1" while thickness was 

from 1" to 5" for the 2-meter parabolic mirror. The thicknesses of the surface coat and 

the interface layer for both mirrors were 10 mils and 30 mils, respectively. 

(C) Layup Options: 

Based on the simulation of cross-ply with respect to woven fabric, several types 

of layup were chosen for each side of the face sheets between the honeycomb core. They 

are listed here: 

(1) Cross-ply layup: [0/90]5 and [0/90]2S' 

(2) Quasi-isotropic layup: [0/90/45/-45] ([Q4]), [Q4]s, and [0/90/60/-30/30/-60] ([Q6]). 

(3) Unidirectional-ply layup: [0]4 and [Ols. 

From the experimental point of view, the woven fabric should be used for its 

stability and workability. The unidirectional-ply layup was included for comparison 

purposes. Each woven layer has two unidirectional plies under cross-ply orientation. Two 

baseline quasi-isotropic layups for the face sheets were [Q4] and [Q6] as defmed above. 

Due to the high cost for the tooling and machining of the curved shape from a thick core 
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Figure 2-11: Possible quasi-isotropic laminates for composite sandwich mirrors: (a) 
[Q4/coreJs, (b) [Q6/core]s, and (c) [QC/core]s' 

as shown in Figure 1-5, a thin core layer was used to generate the composite sandwich 

mirrors under the cocuring process. The honeycomb core is monoclinic because there is 

only one plane of symmetry. For simplification, the honeycomb core was assumed to be 

orthotropic. Under this assumption, another possible quasi-isotropic layup on both face 

sheets and thin honeycomb layers would be investigated. This layup was [O/90/core(-

60)/60/-30/core(60)/30/-60/core(O)] ([QCD. The schematic diagram of three quasi-isotropic 
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(A) 

Figure 2-12: Hindle-type support configurations for a plane disk mirror: (a) 3-point, 
(b) 9-point, and (c) I8-point [2]. 

layups is shown in Figure 2-11, where [Q6] and [QC] were kept at the same total core 

thickness. 

(D) Support Configurations: 

There are two critical mount positions that would affect the optical performance 

of the conventional glass mirrors under their self weights. One is a vertical mount, where 

the optical axis is parallel to the direction of gravity. The other is a horizontal mount, 



58 

Table 2·9: Optimal locations of Hindle-type supports for a plane disk mirror [2]. 

Locations 3-point Support 9-point Support I8-point Support 

Rs 0.70710 R.nu 0.57736 R..- 0.57736 R.nu 

.R. 0.40824 R..- 0.42266 R.nu 

Ro 0.81650 R..- 0.81650 R.nu 

Rs 0.60748 R..- 0.66666 R..-

where the optical axis is perpendicular to the direction of gravity. The vertical mount with 

either multipoint or ring support would be used for the lightweight composite sandwich 

mirrors. The support locations could be either at the equator or at 0.707 radius of the 

mirror. The latter is one of the Hindle-type support configurations for a flat disk mirror. 

Some other optimal locations of Hindle-type supports are listed in Table 2-9 and 

illustrated in Figure 2-12 derived from reference [2]. For the flat disk mirror, the 

difference between the locations of 9-point support and the locations of I8-point support 

is less than 5 percent. For a spherical and/or parabolic mirror, approximate locations 

associated with the Hindle-type supports should not cause significant effect based on the 

above. Thus, the 0.7 radius was chosen for the 3-point support while the 0.4 radius and 

0.8 radius were for the locations of the 9-point and the I8-point support. 

(E) Finite Element Models: 

Due to the wavefront size limitation on the university version of the ANSYS 

program, the detailed finite element model in Figure 2-13 could not be implemented. A 

partial model for composite sandwich mirrors can not be used because of the directional 
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Figure 2-13: Detailed finite element model for a 4-inch spherical sandwich mirror with 
1/4" core thickness and 1/4" cell size. 

Figure 2-14: Simplified finite element model for a 4-inch spherical sandwich mirror 
with layered brick elements. 
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priority on the fibers. The detailed model was created based on the 4-inch spherical mirror 

with 1/4" cell size. It consisted of STIF63 (3-D membrane element with bending 

capability) for the core and STIF99 (3-D shell composite element) for the face sheets. 

Ideally, this model would be used as the reference model for comparison with the 

simplified model in Figure 2-14, which consisted of layered element STIF46 (3-D brick 

composite element) with calculated equivalent material properties. The material coordinate 

system of each element in Figure 2-15 is shown to represent the continuity of the fiber 

on the face sheets. Some other models similar to the simplified model had been created 

by increasing the elements either around the equator or along the radius. The results 

showed the current simplified model was the most economic one without loss of 

significance among the others. 
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Figure 2-15: Simplified finite element model for a 4-inch spherical sandwich mirror 
with indicated material coordinate system for each element. 

2.4 Optical Analysis 

The PCFRINGE program was used to analyze the optical quality of the sandwich 

mirror from its finite element model. This program is a modified version of FRINGE, 
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which has been used and revised by the Optical Science Center of The University of 

Arizona since the early 1970s. The same program was modified to fit personal computers 

(PC) by Cho and Richard [12]. The structural deflections from finite element analysis can 

be converted into OPD contour mapping through either linear interpolation or Zernike 

polynomials. Both Gaussian optics and Seidel aberrations can be obtained through the 

analysis options. Three figure RMS wavefront errors, in units of wavelength, are 

computed from the OPD mapping. The calculations were based on the following: 1) data 

point of the finite element model, 2) linear fit interpolation, and 3) Zernike fit 

polynomials. The least variance among those three wavefront errors indicates a good finite 

element model of the sandwich mirror. 

The linear fit uses 701 equally spaced points in a rectangular grid over the circular 

aperture as shown in Figure 2-16. Each of the grid points is served as the origin of a local 

coordinate system. A search is made to find the nearest four nodal points from the finite 

element model with respect to the grid point, one in each quadrant of the local coordinate 

system. The equations of the normal displacements of the four straight lines through these 

four nodal points are used to determine the displacements at the local axes intercepts of 

these lines. Two straight lines through these intercepts are then used to determine two 

normal surface displacements at the grid point which are then averaged. This process is 

done for all 701 grid points which provide the data for the construction of the optical 

contour mapping for the optical surface. 

The Zernike polynomial fit uses all the displacement data with equal weight which 

results in a significant smoothing effect. There are a total of 36 polynomials in the 



r-

" 

11 ........... 11 
15 ............... 15 

17 ................. 17 
21 ..................... 21 

23 ....•.............•.... 23 
25 .............••...•...•.. 25 
25 ...........•....•........ 25 

27 ................•.......... 27 
27 •...........•.•..••........ 27 

29 ..•...•........••...•.......• 29 
29 ...•...•......•••...•..•••... 29 
29 ...............•••..••....... 29 
29 •....•.••.•...••........•.... 29 
29 ..•...•......•.•..•.......... 29 

center 29 •.........•••..••••.••..••••. 29 center 

62 

Figure 2·16: Unit circle and 701 uniform grids used for PCFRINGE optical program with 
linear interpolation fit and Zemike polynomial fit options. 
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Zemike fit. This represents a set of polynomials in tenns of two functions; the radial 

function and the angular function. Both functions are orthogonal, continuous, and possess 

rotational symmetry over the interior of a unit circle. The frrst three terms represent the 

Gaussian of paraxial properties of the wavefront. The frrst eight terms relate to the 

classical Seidel aberrations and are the most interesting parts in our optical analysis. Term 

o is constant and called the "piston". Terms 1 and 2 are tilts in two orthogonal directions. 

Term 3 represents focus. Terms 4 and 5 are astigmatism plus defocus. Terms 6 and 7 

represent coma and tilt. Term 8 represents the third-order spherical aberration and 

defocus. 

Once the Zemike fit, which is the default analysis, has been performed, the 

analysis of the wavefront is made through the manipulation of the coefficients. For 

example, the third-order Seidel aberrations can be calculated as well as Strehl ratio. Both 

asymmetric test optic errors and any alignment-generated wavefront error can be 

determined and removed. A contour mapping of the surface of the wavefront can be 

generated and displayed in a number of ways, such as a two-dimensional profile and a 

three-dimensional OPD. The spot diagram and EED diagram can also be made. The linear 

fit, however, generally provides a more accurate displacement contour map than the 

Zemike fit, if the nodal points from the finite element model are not uniformly spaced 

over the optical surface. This is due to the orthogonality of the Zemike polynomials. The 

linear fit will be used for all figure RMS errors with respect to core thickness, layup 

options, and support configurations. 

The results of the optical analysis are displayed in numerical and graphical forms. 
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The numerical fonns include the nodal points in the evaluation, the 36 coefficients of the 

Zernike fit, the RMS residual variation, the maximum and minimum values of the 

residuals, as well as the difference between them called the span or peak-to-valley error. 

The line printer map for OPD contour uses characters for the different contour levels with 

respect to the perfect wavefront or zero-OPD, whose symbol is "0" but would never be 

printed. The consecutive letters from "0" to "Z" depict increasing increments of OPD 

while the consecutive letters from "0" to "A" show levels of decreasing OPD. The option 

step with a default value of 0.1 wavelength stands for contour interval. For example, the 

interval between N and P is a single contour step which means that N and P lie only half 

a contour interval below and above the 0 level. 

The contours have a width associated with them that defines the fraction of the 

contour step in which the characters will be printed. A small width will show only the 

edges of the contour. A larger width will print characters in a wider range of values 

within the contour step. The width also provides infonnation about the slope between 

contour intervals. A slowly varying wavefront will have large regions fl1led with the same 

character. Inversely, there will be few characters in a region whenever the changes are 

large. Thus" by looking at the map with a large width, the information about the 

smoothness of the optical surface will be apparent. The two limits for the width are zero 

and one. The fonner will print characters only when they are identical to the contour 

value which means the mapping will be nearly blank. The latter will print characters at 

every position which means the mapping will be filled with letters. We will use a width 

of one to represent the optical characteristics of composite sandwich mirrors. 
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2.5 Results 

The baseline support configuration was a 3-point support around the equator of 

the mirror. The deformations of the 4-inch spherical mirror under self weight was so little 

that it can be ignored. However, the deformations of the 2-meter parabolic mirror under 

self weight had an equivalent quantity as from thermal loading. The effect due to the core 

thickness, the layup options, and the core material of the 4-inch spherical mirror will be 

discussed in the next section. The different support configuration on the 2-meter parabolic 

mirror will be compared in detail in the further section. 

2.5.1 Four-inch Spherical Mirror 

The general deformed shapes under self weight, cooling change of -100 °C, and 

heating change of 25°C are shown in Figure 2-17. The surface coat did not have obvious 

deformations even though the deformed shape had been magnified 100 times (self weight) 

and 10 times (thermal loading). This was due to the high strength and high stiffness 

characteristics on the backup-substrate of the sandwich construction. The effect due to the 

self-weight loading was negligible. Under linear analysis, the thermal loading of -100 °C 

would lead to the deformations four times than the thermal loading of 25°C but with 

opposite directions. The former would be used for all comparisons thereafter. Three layup 

options for each face sheet were used: (a) [Q4], (b) [0/90]s. and (c) [0]4. Both Nomex 

core and aluminum core were used under the same situations. 
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Figure 2·17: Comparisons of defonned shapes under (a) self weight, (b) cooling -100°C, 
(c) heating 25°C, with respect to (d) undefonned shape. 
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Figure 2-18: Variations of figure RMS errors w.r.t. core thickness and core material 
with three layups for 4-inch spherical mirrors under thermal loading. 

The variations on the figure RMS errors due to the core thickness are shown in 

Figure 2-18. Each wave is 0.633 micron. Regardless of core material, both [Q4] and 

[0/90]5 had very close figure RMS errors under thermal loading. The unidirectional-ply 

layup, [0]4' had the worst response when the core thickness was increased from 0.125" 

to 1 ". Without the honeycomb core, the mirror behaved badly under thermal loading for 

all layups. In general, the thicker the core the larger the absolute deformations and the 

worse the optical performances. The above statement is true only for unidirectional-ply 

layup. For [Q4] and [0/90ls layup, the larger structural deformations would not lead to 

the worse figure RMS error as the core thickness increased from Oil to 0.25". The optimal 

core thickness was 0.25 inch for both layups. 
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Figure 2·19: Variations of figure RMS errors w.r.t. core thickness and core material 
of two layups for 4-inch spherical mirrors under thennal loading. 

For unidirectional-ply layup, the Nomex core had a better figure RMS error than 

the aluminum core. The strength of the [0]4 layup was not sufficient to withstand the 

defonnations caused by the aluminum core, even though the aluminum core had higher 

values of transverse shear rigidities than the Nomex core. A similar reason was applied 

to the thick core, which had higher transverse shear rigidities in the thickness direction 

than the thin core, but had bad figure RMS error for [0]4 layup. For the other two layups, 

[Q4] and [0/90]s, the aluminum core was superior to the Nomex core, as shown in Figure 

2-19. It also shows that [Q4] layup behaves better than [0/90]s layup with the same 0.25" 

core thickness. 

The responses due to the interface layer are shown in Figure 2-20. The interface 
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Figure 2-20: Variations of figure RMS errors w.r.t. core thickness and interface layer 
for 4-inch spherical mirrors under thennal loading. 

layer was used to eliminate print-through problems on the composite mirrors. Based on 

[0/90]s layup, three types of interface layers were compared. They were (a) single-sided 

interface layer, (b) no interface layer, and (c) double-sided interface layer. The single-

sided interface layer, which would be used to generate mirror samples, turned out to be 

the best choice among the three options. It also had the least figure RMS error at the core 

thickness of 0.25 inch. Without the interface layer, the mirror behaved unifonnly over the 

core thickness. This was due to the strength and the stiffness from the face sheet, which 

consisted of 4 plies (2 plies of woven fabric) of carbon fiber sheets, which would take 

care of most of the thennal loading for the 4-inch spherical mirrors. The strength and 

stiffness contributions from symmetrical layup of either the core or the interface layer (no 
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interface layer and double-sided interface layer) became immaterial. 

2.5.2 Two-meter Parabolic Mirror 

To keep the areal weight less than 10 kg/m2
, a maximum of 8 plies of 

unidirectional layer or 4 plies of woven fabric layer for each face sheet would be used 

on the 2-meter parabolic composite sandwich mirror (PCSM) in Figure 1-4. The core 

Table 2-10: Areal weights of different assemblies of faces and cores for 2-meter 
PCSM. 

Core thickness [0/90)25' [Q4ls. [0)8 [Q6). [QCl [O/9°ls 

1" 7.72 kg/m2 6.19 kg/m2 4.66 kg/m2 

2" 8.S1 kg/m2 6.98 kg/m2 S.4S kg/ml 

3" 9.30 kg/m2 7.77 kg/m2 6.24 kg/m2 

4" 10.08 kg/m2 8.56 kg/m2 7.03 kg/ml 

S" 10.87 kg/m1 9.3S kg/m2 7.82 kg/ml 

w/o core 6.93 kg/m2 S.4O kg/rn2 3.87 kg/m2 

thickness may be changed from 1 inch to 5 inches. The areal weights of each assembly 

of the layup, as well as the core thickness, are listed in Table 2-10, where the [Q6] and 

[QC] layup are also included. 

The core material was limited to the Nomex paper which provided the lower-end 

results because of its highest CTE among other core materials. A cooling temperature 

change of -100 °C was used for thermal loading. A vertical mount of 3-point support 

around the ring was used for the following discussion. The figure RMS errors of the 2-
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meter PCSM under self weight decreased when the core thickness increased, as shown 

in Figure 2-21. The same tendency also occurred under thermal loading as shown in 

Figure 2-22. For both [Q4]s and [0/90]25 layups, there was an optimal core thickness of 

3 inches under thermal loading. The unidirectional-ply layup, [0]8' was excluded from 

both Figure 2-21 and Figure 2-22. Under both loadings, the figure RMS errors decreased 

as the core thickness increased. 
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Figure 2-21: Variations of figure RMS errors w.r.t. core thickness and five layup 
options for 2-meter PCSM under self weight. 

Figure 2·23 shows the best OPD contours for the 2-meter PCSM under self weight 

for six different types of face sheet layups. There was no axial-symmetrical mapping for 

a 3-point support around the equator under self weight. The associated spot diagrams are 

shown in Figure 2-24. The best OPD contours from the 2-meter PCSM under thermal 
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Figure 2·22: Variations of figure RMS errors w.r.t core thickness and five layup 
options for 2-meter PCSM under thermal loading. 

loading of -100 °C from each group of six layup options are shown in Figure 2-25. Both 

[Q4]s and [O/90b; layups with 3" core had the best OPD contour among their own group. 

The [Q6] layup with 4" core had the best OPD contour under thermal loading in its 

group. The [O]g layup with 1" core had the best OPD contour under thermal loading in 

its group. The associated spot diagrams of Figure 2-25 is shown in Figure 2-26. The 

tendency shows the smaller the figure RMS error the smaller the spot size. 

The relationships between the figure RMS errors and the core thickness for [O]g 

layup under self weight and thermal loading is shown in Figure 2-27. With one inch core 

thickness, the [O]g layup had the worst figure RMS error under self weight, while it had 

the best figure RMS error under thermal loading. The result from the case without any 



"'._ 11/."n.'~I· _______ .1 , ....... -_ ... . ~I"_.U, ... ,. .... ,., 

(3) 

-0- '., ... "----.1 
...- ___ '''lltt 

I .... I ....... .. 

(c) 

(e) 

.. ~ ... I." 

'..:1---'.' 
...... '"- .. 11 .... U.N,., .... , .. \ .. -"'. . •• I.'" 

,-.. __ '.1., 
_,...,,"_aoon •• 11.11., ",..,,,, 

.... I .... 

_._ , ....... __ ..----.1 

(b) 

_._ ,_,.1'-.. --.1 

(d) 

_ ••• _,.,·. _____ .1 

(f) 

73 

, ... ---., . ."","1" __ -
11,."U •••• ,., 

.• , I.'. 

.-.._-- .. . ._lIft ........ . 
1"1'1,11 1'.-1.' .......... , .... 

_r. __ ..... ' __ I,ft .. _I,... 
I.M,n •• .. ·' .. 1 

••• I.'M 

Figure 2-23: OPD contours of 2-meter PCSM under self weight with layup options of 
(a) [0/90]25' (b) [Q4]s, (c) [0]8' (d) [Q6], (e) [0/90]s, and (f) [QC]. 
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Figure 2·24: Spot diagrams of 2-meter PCSM under self weight with layup options of 
(a) [0/90hs. (b) [Q4]s. (c) [0]8' (d) [Q6], (e) [0/90]s. and (f) [QC], 
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Figure 2-25: OPD contours of 2-meter PCSM under cooling with layup options of (a) 
[0/90]25' (b) [Q4]s. (c) [Ols. (d) [Q6]. (e) [0/90]s. and (0 [QC]. 
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Figure 2-26: Spot diagrams of 2-meter PCSM under cooling with layup options of (a) 
[0/90b, (b) [Q4]s, (c) [0]8' (d) [Q6], (e) [0/90ls, and (f) [QC]. 
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Figure 2·27: Variations of figure RMS errors w.r.t. core thickness for 2-meter PCSM 
with [0]8 layup face sheets under self weight and thermal loading. 

core between faces for [O}g layup was the worst no matter whether the self-weight loading 

or thermal loading was applied. Whatever the core thickness, the unidirectional-ply layup 

will not compete with other types of layup. 

Figure 2-28 shows both OPD contours and the spot diagrams for the symmetric 

quasi-isotropic layup, [Q4Js, with core thickness of 2", 3", and 4" under thermal loading. 

The [Q4]s layup had results very close to the best layup, [0/90b, regardless of the core 

thickness, support configurations, and the loadings. As was expected, the 3" core had the 

best performance with respect to the [Q4]s layup under thermal loading. 

Up to now, all comparisons were based on 3-point, equally spaced supports around 

the equator. The [0/90ls layup was chosen as the basic layup and was evaluated with six 
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Figure 2-28: OPD contours and spot diagrams of 2-meter PCSM with [Q41s layup under 
cooling with core thickness of (a) 2", (b) 2", (c) 3", (d) 3", (e) 4", and (f) 4", 
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lR, (b) Rg lR, (c) Rg O.7R, (d) 3P O.7R, (e) 9P, and (f) 18P. 
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Figure 2·30: Variations of figure RMS errors w.r.t. core thickness and six types of 
supports for 2-meter PCSM with [0/90]s layup face sheets under self weight. 

types of support configurations. All six types of support configurations on the 2-meter 

parabolic mirror are shown in Figure 2-29. These support systems were shown in Figure 

2-12. The results shown in Figure 2-30 and Figure 2-31, are the responses under self 

weight and under thermal loading, respectively. Both mechanical and thermal loading had 

the similar tendency, the thicker the core the better the figure RMS error of the 2-meter 

PCSM with the [0/90]s layup for the face sheets, no matter what type of supports was 

chosen. The data also show the ring supports, no matter where the location, would lead 

to better OPD than other supports for [0/90ls layup under self weight. The data was not 

obvious under thermal loading for this layup. Both a ring support around the equator and 

the 18-point Hindle support would lead to similar results under thermal loading. For 
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Figure 2·31: Variations of figure RMS errors w.r.t. core thickness and six types of 
supports for 2-meter PCSM with [0/90]s layup face sheets under thermal loading. 

[0/90]s layup, there was no optimal core thickness under the six types of support 

configuration. One possible reason was due to the face sheets themselves did not provide 

enough strength and stiffness to support the whole mirror sandwich structure. The 

transverse shear resistance in the thickness direction from the honeycomb core would 

dominate the strength and the stiffness of the sandwich mirror. That is, the thicker the 

core the better the figure RMS error with respect to any type of support configuration. 

Another interesting result shows the 18-point support behaved even better than the ring 

support around the equator under self weight loading for this layup. However, this was 

not always true if some other types of layup were used. 

The [0/90hs layup with 3" core was compared with six types of support 
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Table 2·11: Comparisons of figure RMS errors w.r.t. six types of support for 2-meter 
PCSM with [0/90]25 layup face sheets and 3 inch honeycomb core under self weight 
and thermal loading. 

Support Configurations Self Weight Cooling -100 °C Both Loadings 

3-Point @ equator (3P lR) 30.04 1.08 31.12 

Ring @ equator (Rg lR) 0.32 0.58 0.90 

Ring @ 0.7 radius (Rg 0.7R) 3.29 0.58 3.87 

3-Point @ 0.7 radius (3P 0.7R) 16.66 1.08 17.74 

9-Point @ 0.4 & 0.8 radius (9P) 3.61 1.05 4.66 

I8-Point @ 0.4 & 0.8 radius (18P) 1.39 1.12 2.51 

configurations. The results are listed in Table 2-11. The combined effect of both self 

weight and thermal loading is also included. The combination of loading the ring support 

around the equator and the 18-point support seemed to be qualified if the allowable RMS 

error was less than two microns. The unit of figure RMS errors was in waves which was 

0.633 micron. Both 3-point support configurations were not suitable for composite 

sandwich mirrors. For space applications, if the ring support were not available, the 3-

point support around the optimal radius (0.707 radius) seemed to be better than the other 

3-point support around the equator. 

The OPD contours, spot diagrams, and encircled energy distribution (EED) 

diagrams of the best constituents for the 2-meter parabolic mirror with six types of 

supports under self weight loading are shown in Figure 2-32, 2-33, and 2-34, respectively. 

For self-weight loading, the ring support around the equator behaved the best compared 

to the other supports. It would lead to the smallest spot radius in the spot diagram and 
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the sharpest slope in the EED diagram. 

The GPO contours, spot diagrams, and EED diagrams for the same mirror under 

thermal loading of -100 °C in temperature change are shown in Figure 2-35, 2-36, and 

2-37, respectively. All six support configurations had very close results under thermal 

loading. There was no significant change in spot size or the slope in the EED diagrams. 

The same tendency has occurred on the [0/90]5 layup with 5" core. The more rigid the 

sandwich structure, the less variance in the support configurations using either self-weight 

or thermal loading. 
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Figure 2-32: OPD contours of 2-meter PCSM under self weight with supports of (a) 3P 
lR, (b) Rg lR, (c) Rg O.7R, (d) 3P O.7R, (e) 9P, and (f) 18P. 
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3. MIRROR FABRICATIONS 

Three resin systems (polyester, epoxy, and acrylic) and two kinds of fiber weave 

(glass fiber and carbon fiber) were tested to generate composite sandwich mirrors. The 

room-temperature-curing process was chosen to reduce the residual stresses that would 

cause undesired deformations after a heat-curing process. A similar curing process was 

used by Juneau et al. [4], where the faces and core were cured under different time 

periods at room temperature. Instead, both face sheets and core were cocured at the same 

time after being laid up on the glass convex mold. A quality surface could not be 

obtained from acrylic resin under the room-temperature-curing process. Both the polyester 

and epoxy resin systems were able to generate a quality surface with the replication 

method. The polyester surface, however, was much weaker than the epoxy surface. The 

epoxy resin system was the choice to obtain a tough and hard quality surface. 

Based on theoretical calculations, the unidirectional-ply laminated face sheets 

would cause the worst tigure RMS errors than other types of layups, such as symmetrical 

cross-ply and quasi-isotropic layup. This statement was also true from the point of view 

of the experimental approach. When the first spherical mirror sample was made, 

unidirectional carbon fiber cloth was used. Conceptually, the unidirectional cloth would 

cause less print-through problems than the woven cloth. However, a separation 

phenomena around the equator of the mirror occurred when excess epoxy was squeezed 

out of the mold. One analytical calculation of the effect on the thermal distortion due to 

the angular separation of fiber cloth had been discussed by Rodini, Jr. and Quinn [5]. The 
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orthogonal mesh angle would be distorted around the outer edge of the mirror. This 

distortion phenomenon is more serious for the mirror with small f-number than with large 

f-number as shown in Figure 3-1. The relationship between the mesh distortion anglee 

and the focal length f is: 

e - cos-1 xy 
.j (x 2+4f2) (y2+4f2) 

where x and y are the associated coordinates. 

Glass fiber plain woven cloth and carbon fiber (T300) 8-harness satin woven cloth 

were used for the face sheets of the composite sandwich mirrors. Some typical 

characteristics of plain weave and 8-harness satin weave cloth are listed below: 

A) Plain Weave 

1) Firmest and most stable weave. 

2) Biaxial uniform strength. 

3) Air is easily removed. 

B) 8-Harness Satin Weave 

1) Most f1exible weave. 

2) Higher strength. 

3) Highest density. 

4) Air is difficult to remove. 

Three sizes of spherical glass lenses were used as the master molds to generate 

small-scale mirrors in the experimental approach. The dimensions are listed in Table 2-8. 
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Figure 3·1: Relationship between the mesh angle of the woven fabric and the f-number 
of the parabolic mirrors [5]. 

Each spherical mirror sample was checked by using the Ronchi optical tester for initial 

test immediately after the mirror was popped out of the mold. Some mirrors were coated 

with a thin aluminum reflective surface before the thermal cycling tests were performed. 

Only qualitative results were obtained during a thermal cycling test. The quantitative 

results of the optical test were obtained either by using a Fizeau laser interferometer or 
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a Tymann-Green laser interferometer. The former was supplied by WYKO Corporation 

and used a Helium-Neon laser beam with a wavelength of 0.633 micron. The latter was 

available in the Steward Observatory at The University of Arizona and used a COz laser 

beam with a wavelength of 10.6 microns. 

3.1 Typical Manufacturing Procedure 

The following procedure will address roughly how to produce spherical composite 

sandwich mirrors from convex glass molds by using a polyester resin system. 

1) Clean glass mold with soap and water. 

2) Apply release agent on the glass mold. 

3) Mix polyester for the multiple optical surface coats. 

a) coat 1: Add one teaspoon of Cab-O-Sil to 1.5 oz of polyester resin and 

mix for at least two minutes. Pour over the surface of the glass and allow 

mixture to spill over the edge of the glass. Let it cure. The recommended 

prescription for the compound is 12 drops hardener per oz of polyester. 

b) coat 2: Follow the same procedure as coat 1 with the exception of 

doubling the hardener to 24 drops per oz of polyester. 

c) coat 3: Follow the same procedure (b). 

4) Allow all three coats to cure sufficiently before laying up fiber cloth. 

5) Lay up the fiber cloth in quasi-isotropic layup, [0/90/45/-45/corels, as shown in 

Figure 3-2. 
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6) Trim all excess fiber cloth and resin and remove glass mold after the composite 

mirror has cured sufficiently. 

Figure 3·2: Cocuring process of composite sandwich mirror under some minor weights 
around the equator. 

3.2 Optical Test 

A Roncld optical tester was used for the preliminary optical test on the spherical 

mirror samples. The setup of the Ronchi optical tester is shown in Figure 3-3. The light 

source was a white light tungsten lamp illuminating a pinhole or a slit parallel to the 

ruling lines. When the mirror was illuminated through a grating which is set near the 

focal plane F, one would see a number of dark lines which appeared localized on the 

mirrors. If the grating was behind the focal plane, then all rays passing through the 
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grating image would be blocked by the opaque parts of the grating. As a result, a pattern 

of light and dark lines would be seen. If the spherical mirror was well made, the shadows 

(fringes) should be straight, parallel, and equidistance. The Ronchi test is very useful for 

testing both spherical and aspheric surfaces. For better interpretation of the fringe from 

the Ronchi optical tester, one should adjust the mounting of the test specimen at the 

location where there are a few lines (less than ten lines) on the focal plane. 

Figure 3-3: Setup of Ronchi optical tester to test the spherical mirror [19]. 

For quantitative description of the fringes, a Fizeau laser interferometer was used. 

The WYKO 6000 laser interferometer had the ability to test a surface of maximum 

aperture size up to 6 inches. The maximum aperture size on the tested convex surface was 

less than 6 inches. It would be dependent of the f-number of the specimen. There was no 

size limit for testing the concave surface as long as the mounting was not the problem. 

The setup of the laser interferometer is shown in Figure 3-4. The Helium-Neon gas laser 

beam of about 2 mW power with a 0.633 micron in wavelength in the single model was 

used. As long as the test sample was mounted correctly at the location where its center 

of curvature is close to the focus of the reference lens, there would be three spots on the 
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video monitor. Here, the 'focus' of the reference lens is the center of the curvature instead 

of the theoretical focal point, which is half of the radius of the curvature of the lens. The 

big central spot was associated with the reference lens while the other two small spots 

were associated with the test sample. Fine adjusting screws were needed to align the test 

sample such that all three spots would coincide to each other. Fringes should be obtained 

due to interference of the two beams for the spherical mirror. 

.. TERITRO"[ TER 
POv.{R SUPPLY 

VlBRAlU)N 
ISOI. A liON TAIllE 

II1D[O .,0.1100 

- lASER POv.{R SUPPl Y 

Figure 3·4: Setup of WYKO 6000 Fizeau laser interferometer [15]. 

Two possible mounting configurations to test the convex surface and the concave 

surface are shown in Figure 3-5, where the intersection point from the rays was the 

common center of curvature (focus) of both the reference lens and the test sample. With 
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Figure 3-5: Possible mount configurations for testing (a) concave surface and (b) 
convex surface [15]. 

the WYKO 6000 Fizeau interferometer, the OPD contour can be as large as two meters 

if the laser beam is used as the point source. The three-dimensional OPD contour 

mapping with wavefront error, spot diagram with spot radius, and the EED diagram were 

calculated through the FRINGE program which was built into the machine. 

The nature of Fizeau's fringes from the laser interferometer is similar to that of 



S.No. Surfoc:. type Appearance of the Nt_ton', 'rlna" 

Without tilt With tilt 

Plane 

2 Almost plane 

3 Sphtrlcal 

4 Conical 

5 Cylindrical 

6 A'tlgmatlc 
(curvatures of 
lOme ,Ign) 

7 Astigmatic 
(curvature, 0' 
opposite sign) 

8 Highly Irregular 

Figure 3·6: Nature of Newton's fringes for different surface w.r.t. a standard plane lens 
[20]. 

Newton's fringes, which are obtained by attaching the test specimen to a reference plane 

lens. Some typical fringe patterns on different types of surface are shown in Figure 3-6. 

These fringe patterns are divided into two g:'JUps: one with tilt and the other without tilt. 

The fringe from a perfect spherical surface with defocus is similar to that from a plane 

surface with tilt. The same rule of thumb for Ronchi's fringes can be applied to the 
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Fizeau's fringes. That is, one should always adjust the mount of the test mirror such that 

only a few fringe patterns occur. Both tilt and defocus of the test sample would not affect 

the overall figure RMS error. 

Steward Observatory 
10.59 micron 
Interferometric 
Test System. 
Functlollal Dlsgmlll. 
p.wolda 1991 

PZ'I' 

PYROBLBCnUc VIDICON 

PCCOMPt.m!R~~!!~r--------..1 

Figure 3-7: Setup of Steward Observatory Tymann-Green laser interferometer. 

Another experimental apparatus to measure the figure shape of the spherical mirror 

samples is a Tymann-Green laser interferometer. Figure 3-7 shows the setup of a CO2 

laser interferometer, which is currently used by Steward Observatory at The University 

of Arizona. The interferometer used a 10.6 micron CO2 laser beam with a pyroelectric 

vidicon (PEV) for a sensor. The reference mirror is mounted to a piezoelectric transducer 

(PZT) to provide phase modulation. The system was used in a synchronous, phase-shifting 



100 

mode driven by a personal computer (PC) with interface electronics and a video frame 

grabber. Data could be digitally recorded in sample sets of 4 interferograms with 90 

degree relative phase shifts. 

Because the CO2 laser interferometer operates at a wavelength of 10.6 microns, 

the mirror under test would appear to have contour lines spaced evenly by 5.3 microns. 

The contour lines represent the difference between the mirror surface and the referencf" 

sphere of the interferometer. The center of the curvature of the reference sphere was set 

at the focus of the interferometer. The exact patterns of the contour lines depends on the 

relative position of the center of the curvature of the mirror and the focus of the 

interferometer. Donier, as addressed by Hoffmann et al. [3], had also used FRINGE to 

find the best fitting spherical reference and establish the absolute radius of curvature of 

the mirror. 

3.3 Thermal Cycling Test 

A series of themal cycling tests were carried out on the spherical mirrors. All the 

tested mirrors had an aluminum coating deposited before the themal test. Both aluminum 

and silver are frequently used as coatings to generate primary surface mirrors in optical 

applications. The coatings create high reflectivity. Silver has a higher reflectivity but a 

greater cost than aluminum coated mirrors. Unfortunately, the silver coated mirrors 

rapidly deteriorate on exposure to sulphur contaminated atmospheres. The aluminum 

coated mirrors survive all environments with a layer of evaporated silicon monoxide 
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(SiO). The SiO coating would protect the mirror from scratch, increase the heat resistance, 

protect from corrosion, but lower the reflectivity. The usual thickness of SiO coating is 

about 0.15 micron. Unfortunately, the SiO coating was not evaporated onto the composite 

sandwich Inirrors because the facilities did not work properly. 

An aluminum coating was deposited on the spherical composite mirrors. The 

coating was evaporated at a pressure of 10'5 mmHg in a vacuum chamber exhausted by 

a silicon oil diffusion pump. The experiments showed the reflectivity of an evaporated 

aluminum coating on glass mirrors was decreased by two factors during deposition. One 

was to lower the evaporation rate and the other was to raise the substrate temperature 

during the coating process. With the advantage of low temperature coating the composite 

sandwich mirrors become more attractive than ever. The measured thickness of the 

aluminum coating on the composite mirrors was 0.075 micron. 

The dimensions of the testing chamber for the thermal cycling test are 16" by 16" 

by 16". The temperature of the chamber was controlled through a heating coil and liquid 

CO2 for cooling, We increased the dimensions of the chamber by removing the front door 

and replacing it with a 1/4" thick glass plate and two stacked one inch foam insulation 

plates. We mounted the 4" and 8" spherical mirrors by setting them on the seat at the 

front of the chamber. The 14" mirrors were mounted by hanging a belt around the circular 

edge. The 1/4" thick glass was sealed with duct tape and worked as the access area for 

the chamber. The temperature of the mirrors was measured by a thermocouple (with a 

meter having a scale of -10 °C to 100 0c) which was attached on the back structure of 

the mirror. The setting temperature scale of the chamber was used for low temperature 
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reading. Both temperature readings matched to each other under the range from -10 °C 

to 50°C. 

The setup of the thermal cycling test for a 14-inch spherical mirror is shown in 

Figure 3-8. A Ronchi ruling with 100 lines per inch was attached to the front surface of 

the lens of a camera. The single lens reflex type camera was mounted on a tripod which 

allowed us to adjust the camera back and forth. A small light bulb was installed between 

the ruling and the lens and acted as the light source. The wide-angle lens had a focal 

length of 28 mm with the smallest aperture scale (f-number) of 2.8, which was chosen 

for 4-inch and 8-inch spherical mirrors. The aperture scale was set to 4 for the 14-inch 

spherical mirrors. 

Figure 3-8: Setup of thermal cycling test for spherical composite sandwich mirrors. 
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3.4 Mold Generation 

The glass convex molds had been successfully used to generate optical quality 

composite mirrors by using the replication method. However, the cost to make a large-

Figure 3-9: 1.2-meter parabolic composite mold. 

scale parabolic glass mold is very high. For example, the cost to generate one 1.2-meter 

spherical glass mold was more than $50,000. The cost would be more than $250,000 to 

generate a parabolic glass mold under the same aperture diameter. To reduce the cost, a 
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1.2-meter parabolic mold was constructed out of composites. The uncompleted parabolic 

mold is shown in Figure 3-9. 

The mold was made of polyurethane foam, fiberglass cloth, and epoxy resin. Two 

parabolic templates were generated by using an AutoCAD program and CNC machine. 

One was made of wood and the other was made of steel plate. The wood template was 

driven by hand and was first used to generate the initial parabolic surface. The machined 

foam mold was then laid up using 8 plies of fiberglass plain weave fabric with [0/90]4S 

layup. After cutting the circular edge, the edge was reinforced and a channel ring was 

created to support the mold. Both intermediate and final surface would be epoxy mixtures 

flowed onto the surface by using the steel template, which was motor driven to obtain a 

smooth surface. 

3.5 Results 

Due to the setup problem and the fast reference lens limitation, only one full 

figure of the 8-inch spherical mirror was obtained from the Steward Observatory CO2 

laser interferometer. This will be discussed in Chapter 4. Even though one test sample 

could not represent the overall quality of the spherical mirror samples, the associated 

figure RMS error was less than 6 microns, which was an unusual achievement over the 

requirement of 30 microns in balloon-borne telescope applications. The 14-inch spherical 

mirror had a 1.06 micron RMS error, which was better than the 8-inch spherical mirror 

with a 1.46 micron RMS error. Both of these values were obtained from the WYKO 
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optical laser interferometer. The impressive results show the meausured area of the 14-

inch mirror was three times larger than that of the 8-inch mirror. This would support the 

evidence the overall quality of the spherical composite sandwich mirrors would be far 

above the criterion of 30 microns. 

3.5.1 WYKO's Output 

The same setup was used as in Figure 3-5(b) to test the 8-inch glass convex mold, 

which ~as used to generate 8-inch spherical mirrors. The master piece had a f-number 

of 1.25 that would limit the maximum aperture size to 4.5 inches. The central area of the 

lens mold behaved well after both tilt and defocus were removed. The figure RMS error 

was 0.445 waves (0.28 micron). The spherical aberration was 1.255 waves (0.8 micron). 

Both color contour and 3-D plot for OPD are shown in Figure 3-10. A cylindrical portion 

occurred on the master piece. The symmetrical fringes on the master piece allowed the 

generation of a composite sandwich mirror. 

The similar output on the 8-inch spherical mirror is shown in Figure 3-11, which 

was obtained by using the same setup as in Figure 3-5(a). The figure RMS error was 

dropped to 2.30 waves (1.46 microns). The overall figure was very close to the master 

piece, as in Figure 3-10. Instead of 4.5 inches in diameter, the central area covered 5 

inches in diameter. Under such measured area, the replication ratio of the spherical mirror 

was less than five. 

Another similar output on the 14-inch spherical mirror is shown in Figure 3-12. 
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Figure 3-10: OPD contour for the 8-inch spherical lens mold: (a) color contour, and (b) 
3-D plot. 
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Figure 3-11: OPD contour for an 8-inch spherical mirror: (a) color contour, and (b) 3-D 
plot. 
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Figure 3-12: OPD contour for a 14-inch spherical mirror: (a) color contour, and (b) 3-D 
plot. 
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Two sets of wood stands were used to raise the interferometer so enough height was 

available to detect the whole figure from the 14-inch spherical mirror. Besides that 

modification, the setup configuration was very similar to that in Figure 3-5(a). The 

measured central area was expanded to 8.75 inch in diameter. That area was 45 percent 

of the total aperture surface. The tigure RMS error was 1.68 waves (1.06 microns). Both 

8-inch and 14-inch glass lens molds had almost the same f-number. The optical test for 

the 14-inch lens ~old was not performed due to the limitations of the test equipment. The 

14-inch master piece should be very close in quality to the 8-inch mold. 

3.5.2 Ronchi's Fringes 

It took three and one half hours to complete one thermal cycling test. The time 

history of the chamber temperature is shown in Figure 3-13. The cooling test took three 

hours while the heating test only took half an hour. Since a suitable lens was not available 

for the SLR camera, the Ronchi's fringes from the 8-inch and 14-inch spherical mirrors 

were limited to a small portion of the mirror surface. Those fringes would not be large 

enough to represent the optical performance of the overall figure shape of the composite 

sandwich mirrors. A set of pictures of one 4-inch spherical mirror was taken during the 

thermal cycling test and is shown in Figure 3-14 through 3-25. This mirror sample was 

fabricated during our initial development on the advanced composite mirrors. The optical 

performance of this sample was not good enough to be tested with WYKO's optical laser 

interferometer. 



0-

~ 
~ e 
I) 
0. 
E 
I) 
I-

... 
I) 
.c 
E 
0 
.l: 
0 

60 

40 

20 

0 

-20 

-40 

-60 

-80 

1-. 

1\ 
----__ -------__ --__ ---__ 1- __ \ ___________ .. ___________ _ 

J It._._. __ .. _._ .. __ ._._._._ .... _. 

\ ! 

\ ./'/ \. 
\ I 

\.... / 
.. l 

'\. / 
... I 

."' ......... J 

-100~~~TM~~nT~~~TM~~nTMT~~TM~~~nT~~ 
o 30 60 90 120 150 180 210 240 270 .300 330 36e 

Time (minutes) 

110 

Figure 3·13: Time history of chamber temperature during thermal cycling test. 

Here, the Ronchi' s fringes are briefly described for the 4-inch spherical mirror 

sample during the thermal cycling test. 

Figure 3-14: The equally-spaced Ronchi's fringes were observed at room temperature 

(22.5 cC). There were some irregular branch lines over the mirror surface 

which one could also see with the Ronchi optical tester. One of the reasons 

was due to the improper handling when the epoxy resin was poured to 

generate the first surface coat. 

Figure 3-15: Besides tilt and defocus, some spherical aberrations occurred around the 

edge at a temperature of 0 cc. 

Figure 3-16: The spherical aberrations became more serious at -20 cC than that at 0 cC. 
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Figure 3-17: More spherical aberrations occurred at -40°C, however, the equally-spaced 

fringes at the central area still remained. 

Figure 3-18: The frozen ice started to cover the plate glass door at -40 °C. It was more 

difficult to take the picture at a lower temperature than -40°C because the 

residual ices could not be cleaned off completely before the next picture 

was taken. This picture was taken at -70 °C. The discontinuous fringes 

near the central area were due to the residuals on the plate glass door 

instead of the bad optical quality on the mirror. 

Figure 3-19: The same problem as in Figure 3-18 occurred as the chamber reached the 

temperature of -80°C. The two big black parts were occupied by the ices 

instead of the fringes themselves. 

Figure 3-20: This picture was taken half an hour after the chamber temperature was 

kept to -80 °C. The left portion of the fringes has disappeared. That might 

be due to bad distortions on the mirror. 

Figure 3-21: The fringes recovered to their initial patterns when the chamber 

temperature was raised to room temperature (25°C). The spherical 

aberrations completely disappeared at the end of the cooling test. The 

fringes in this picture are more condensed than that in Figure 3-14. This 

was due to the difference between those two camera positions. 

Figure 3-22: The fringes became very unstable as we raised the chamber temperature 

from 25°C to 40 °C. Those branch lines shown in Figure 3-14 seem to be 

magnified and became worse than at room temperature. 
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Figure 3-23: There were no fringes as the temperature reached 50°C. This temperature 

was the highest level for the composite mirrors. 

Figure 3-24: Most of the fringes came back as they were at room temperature. 

Figure 3-25: This picture was taken at room temperature (22.5 0c) after 20 hours from 

the end of the heating test. Unlike the case in the cooling test, the 

spherical aberrations were still present after the temperature had returned 

to room temperature from 50°C. 

The overall figure of the mirror retained its shape at a temperature of -70°C. The 

serious spherical aberrations around the outer edges occurred at -80 °C. The overall figure 

of the mirror would recover to its original shape when the temperature was raised back 

to room temperature. The deformations would be permanent when the mirror returned to 

room temperature from 50°C. 

Another interesting discovery was obtained when the results were compared from 

two mirror samples, one without the interface layer and the other with interface layer. The 

print-through problems occurred permanently on the mirror without the interface layer 

during the cooling test. A minor print-through phenomena occurred on the mirror with the 

interface layer but disappeared at the end of the cooling test. The relation between the 

presence and thickness of the interface layer with respect to the print-through problems 

was not implemented. 
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Figure 3-16: Ronchi's fringes of a 4-inch spherical mirror at -20°C. 

Figure 3-17: Ronchi's fringes of a 4-inch spherical mirror at -40°C. 
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Figure 3-20: Ronchi's fringes of a 4-inch spherical mirror at -80 °e 
(balanced temperature). 

Figure 3-21: Ronchi's fringes of a 4-inch spherical mirror at 26 °e. 
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Figure 3-24: Ronchi's fringes of a 4-inch spherical mirror at 22.5 °e. 

Figure 3-25: Ronchi's fringes of a 4-inch spherical mirror at 21 °e 
(balanced temperature). 
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4. DISCUSSION 

These composite sandwich mirrors could be used for submillimeter astronomy 

applications. The descriptive proof can be obtained from the characteristics of the fringes. 

Figure 4-1(a) shows the Fizeau's fringes of an 8-inch spherical mirror which was tested 

with an optical laser interferometer. The figure RMS error was out of a central region 

within 5.5 inches diameter and had a value of 1.5 microns under the modified FRINGE 

optical program from WYKO Corporation. The same mirror was tested with a CO2 laser 

interferometer and the associated Tymann's fringes are shown in Figure 4-1(b). The figure 

RMS error was out of a central region of 8 inches diameter and had a value of 5.9 

microns under another optical program from Breault Research Organization, Inc. Even 

though a difference existed between both RMS values, the optical quality performance 

was better than the 30 microns criterion in a balloon-borne telescope. Another set of 

Fizeau's fringes with figure RMS error of 1.1 microns from a central region of 8.75 

inches diameter out of a 14-inch spherical mirror also support the qualified assumption. 

The composite sandwich mirror increased its optical quality even though the area 

increased by three times. 

The parametrial study on both spherical and parabolic mirrors was based on 

assumed material properties. Even though the calculated equivalent material properties 

was verified for honeycomb core by using a simply supported sandwich beam problem, 

it would be more reliable than comparing the optical performance from the simplified 

model in Figure 2-14 with respect to the detailed model in Figure 2-13. The latter model 
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Figure 4-1: Fringes of an 8-inch spherical mirror: (a) Fizeau's, and (b) Tymann's. 
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would avoid the restriction on the unity value of calculated inplane Poisson's ratio (VXy) 

by the ANSYS program. That value was reduced by a factor of two to accomplish 

theoretical calculations in this work. Another problem involved defining the structural 

relationship of the associated material matrices of the laminates used to form the face 

sheets. The matrices consist of stretching stiffness matrix, coupling stiffness matrix, 

bending stiffness matrix, and some other material matrices due to temperature change. 

The nonlinear material behavior on the constituents of the composite sandwich mirrors 

should be studied to echo the responses from the thermal cycling tests. 

Besides material properties of constituents in composite mirrors, the overall 

composite structural characteristics would be affected by the environmental humidity and 

ambient temperature during the curing process in the mirror replication. The experimental 

results could not be interpreted with the theoretical calculations, however, the highlights 

were used from the theoretical calculations to generate high quality small-scale spherical 

mirrors. The optimal constituents for small-scale mirrors were [0/90/45/-45] layup with 

0.25" core. The unusual results from the types of interface layer, which were between the 

surface coat and the face sheet, should be investigated in more detail. Three types of 

interface layer were compared with each other. The first was a single-sided interface 

layer. The second was a double-sided interface layer. That is, both face sheets had an 

interface layer which was symmetric to each other with respect to the honeycomb core. 

The third was no interface layer involved. The result from finite element analysis showed 

the single-side interface layer behaved the best under thermal loading among the others. 

The verification of theoretical prediction was not carried out from experimental approach. 
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Another unexpected result showed the unidirectional-ply layup on face sheets was 

the worst layup among the others, no matter what type of loading was applied. The 

unidirectional-ply layup should be the optimal choice over woven fabrics from the 

viewpoint of a flat panel. The flat panel samples with the unidirectional-ply layup, 

however, did generate more serious print-through problems than woven cloth through the 

initial experimental approach. Even though the interface layer was included, the 

unidirectional-ply layup still showed mesh angle distortion problems when they were used 

for the spherical mirrors. The theoretical analyses on both small-scale and large-scale 

composite mirrors also supported such tendency, even though the evaluations were based 

on assumed material properties as well as calculated equivalent material properties for 

honeycomb core. 

The honeycomb core is nearly orthotropic or "quasi-orthotropic" because there is 

only one plane of symmetry. The quasi-orthotropic behavior for the core was observed 

from calculations of equivalent material properties. Both of the Poisson's ratios, vzx and 

vzy • had a very close value to each other. The data from the thermal cycling tests also 

support this characteristic due to distortions on the face sheet along the 45-degree 

direction during the thermal test. This had required the use of a quasi-isotropic layup, 

[QC], on both face sheets and thin honeycomb core layers for an axial symmetrical 

sandwich structure. Based on theoretical calculations, the output from the [QC] layup with 

5" core had the same optical performance as the [Q6] layup under self weight and thermal 

loading. The experimental approach to build a [QC] structure for sandwich mirrors would 

be very attractive because the thin layer of honeycomb core was so easily laid up to 
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accomplish a thick sandwich construction for large-scale mirrors. 

Further work should also determine the optimal core thickness for other types of 

core material with respect to the size of composite mirrors. The baseline honeycomb core 

was made of Nomex paper, which had the highest erE than other cores such as 

aluminum core, fiberglass core, and graphite core. The buckling analysis of the 

honeycomb cores should be carried out when they are used to generate curved structures 

with small f-number. Both the coefficient of thermal expansion (erE) and the coefficient 

of swelling expansion (CSE) should be determined through experimental approach. They 

would play a dominant role in the thermal cycling tests and cocuring process during 

mirror fabrication. The analytical interpretation for the output from a thermal cycling test 

would be implemented. The current replication ratio was about five from the mirror 

fabrication. This replication ratio could be lowered by using the improved techniques 

gained from experience. The fabrication of the 2-meter parabolic mirror is in process 

based on the excellent results from the spherical test mirrors. The 2-meter mold will use 

the master piece of a 6O-degree segment glass mold from the Optical Science Center at 

The University of Arizona. 
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5. CONCLUSIONS 

Following a thorough finite element analysis of an accurate problem fonnulation, 

a new fabrication method was developed to generate the most lightweight composite 

sandwich mirrors, which consisted of CFRP face sheets and Nomex honeycomb core. The 

areal weight of the spherical mirror samples was less than 7 kg/m2
• The surface RMS 

roughness was less than 0.05 micron. The overall figure RMS error was less than 2 

microns. The replication ratio of the mirror and the lens mold was less then five. These 

state-of-the-art composite sandwich mirrors were free of surface print-through and could 

maintain accuracy even after undergoing a thennal cycling test. The T300/Epoxy with 

either [0/90hs layup or [0/90/45/-45ls layup for face sheets and a three inch thick Nomex 

core would meet the criteria on the 2-meter parabolic mirror for a balloon-borne telescope 

system. The unidirectional-ply, [O]g layup, for face sheets would lead to the worst figure 

RMS error compared to other layups. The optimal core thickness depended on the number 

layers in a face sheet as well as the type of layups. The calculations of equivalent material 

properties for honeycomb core were based on both finite element analysis and the 

manufacture's data sheet. Some detailed results, theoretical calculations, and mirror 

fabrications in this work are summarized as follows: 

1) The macromechanical geometrical dimensions of honeycomb core, such as cell 

size and cell thickness, were transfonned to the equivalent mechanical material 

properties of the constituents of the composite sandwich mirrors. The overall 

optical and structural perfonnance of the sandwich mirrors would be dominated 
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by the number and the type of layup of fiber weave for face sheets and the core 

thickness of honeycomb core. 

2) Based on theoretical calculations, there existed an optimal core thickness for the 

composite sandwich mirrors, if the strength and the stiffness from face sheets was 

enough for external loadings. The optimal core thickness for a 4-inch spherical 

mirror was 0.25 inch with [0/90/45/-45] layup, while the thickness was 3 inches 

for a 2-meter parabolic mirror with [0/90/45/-45ls layup. Within the 10 kg/m2 

limitation for the areal weight, the [QC] layup with 5" core offered another 

opportunity to generate a 2-meter parabolic mirror. 

3) The ring support around the equator and the I8-point Hindle-type support would 

improve greatly on the optical performance of sandwich mirrors. The weaker the 

face sheets the more effective the optical performance due to those supports. Both 

ring support at the optimal radius and the 9-point support had the equivalent 

results. If either the ring support or the I8-point support was not available, the 9-

point support, which could be deduced from a 3-point support, would offer an 

intermediate solution. 

4) For strong face sheets, such as [0/90/45/-45]5 and [0/90b layup, there was no 

significant change in the figure RMS error due to the support configurations under 

thermal loading. The maximum variance between the ring support (best support) 

and three-point support (worst support) was less than two based on the case of a 

2-meter parabolic meter with [0/90b for each face sheet with a 3" core. For weak 

faces, such as [0/90]5' the effect due to the support configurations was obvious 
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under either self-weight or thennal loading. The maximum variance between the 

best support and the worst support was more than 100 for [0/90]5 layup with 1" 

core under self weight. 

5) There was a large amount of fish-eye problems when the epoxy was first poured 

on the glass mold to generate the surface coat of the composite sandwich mirrors. 

These voids were due to the interaction between the epoxy resin and the 

environmental humidity during the mixing process. A manufacturing procedure 

was developed to eliminate those problems and obtain an optical quality surface. 

The procedure consisted of two steps to pour the epoxy. A thin coat was poured 

to cover the glass convex mold followed by another thick coat within the pot life 

of the epoxy. Most bubbles in the mixture of epoxy resin and associated hardener 

would escape within one hour. The surface tension on the first coat would help 

to stretch the second coat. 

6) The print-through problems had been the main drawbacks on developing the 

composite mirrors. Our new developed replication method covered an interface 

layer between the surface coat and the face sheet of the composite mirrors and 

eliminated those problems with a slight weight increase. Fortunately, the increase 

of weight still allowed the small-scale spherical composite sandwich mirrors to be 

less than an areal weight of 7 kg/m2
• 
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APPENDIX A 

EQUATIONS OF PLY MATERIAL PROPERTIES 

The following empirical equations were used to calculate the material properties 

of plies which consist of fiber and matrix. The equations are based on the rule of mixture 

and referred to Chamis' paper [8]. The subscripts _f is for fiber and _m is for matrix. 

Ell - V t Etll + V ~m longitudinal modulus (A3) 

E33 -E
22 

transverse modulus (AS) 

G13 -G
12 

transverse shear (A8) 



E 
v ·-E--l 

23 2G 
23 
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Poisson's ratio (AIO) 

Poisson's ratio (All) 

CTE (AI2) 

CTE (AI3) 

CTE (AI4) 
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