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ABSTRACT

Various materials are being investigated for use as
diffraction limited mirror substrates. Included are di-
electrics, such as fused silica, low expansion glasses
and glass ceramics, and beryllium (Be) based materials.
Material and processing specifications for Be optical
components are developed and recommended. Sectioned
Be mirrors were brazed and diffusion bonded and success-
fully polished and tested. Low reflectivity and very
low scatter are reported for an anodized optically polised
bare Be surface. Results of test programs of Precision
Surface Interferometer are presented and discussed. Most
dielectrics are temporally and thermally stable to approx-
imately the limit of detectability. Hydrostatically pre-
pared Be is more stable than the commercial counterparts
and the reattzitioning process has provided further im-
provement. The role of residual stress in thermal and
temporal instabilities is presented. Data from Linear
Dimensional Interferometer and Vacuum Dilatometer are pre-
sented. Details of brazing and diffusion bonding experi-
ments for Be are included.
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S, rCIT Ico f. I . "I

Requirements of high acuity optical mirror systems

nucessitate the use of optical components of extremely high

dlimensional stability. This stability must he maintained over the

d,,sign mirrot,r lifetime and over a range of service environments.

The choice of mirr-jr substrate materials is limited

•1u. t,, stritngent oretical surfaca .:eometry and stability requirements.

Tj date no single substanri, has proven entirely sutttable )ver the

,'omplete spectrum of service environments.

Mirror stability and optical performance are closely

controlled and limited by several factors. These include material

type, muthod of manufactur,! and optical processina, expected

service lifetime, and the influence of environmental effects.

The Optical Materials Study Program As a research

arid developement project desi.ned to determine whether nelected

,•itirials have, or can be made to have the requisite stability

for high acuity optical mirror applications. Materials under

investigation include traditional fused silica as well as others

which show outstandithq promise because cf attractive physical

or mechanical properties.

A major portion of this effort is directed toward

developing improved materials and techniques fcr fabricating

beryllium. Consequently, a number of Be compositions produced by

various techniques are being investigated. Beryllium products are

being fabricated by Battelle Memorial Institute (BMI), Colum•us



fjhij.., under subcontract* !rn this program'. In addition,

bcr-Ylli ,un corpacts prepared tby commercial venidors, and Stanford

Psearch Institut' (SRI) , Menlo Park, California, are also heinq

This !- the Final Technical Report of Contract N(,.

DAA 1101-69-C-0950. Details are given on accoiuplishments to date

in mirror fabrication, quality control, optical characteristics,

structural homogeneity, and dimensional stability testing.

Perkin,-Elmer Subcontract. No. 48052-UD to Battelle Memorial

Tnstitute, R. E. Maringer, Program Manager
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SE'TION 2.0

OBJECTIVE AND SCOPE

The OBJELTIVE of the Optical Materials Study Pro-

gram is to evaluate candidate materials for high performance

optical mirror applications, and to augment their developement

wherever possible to achieve a given set of operational goals.

Thene goals, simply stated, are the following for a diffraction

limited application:

I. A given mirror material must be capable of
being fabricated in the sizes and quantities
required.

2. A w.irror material must be polishable to high
surface quality (with respect to figure accur-
acy, scatter, etc.) and be a receptive host to
ce or more types of special purpose optical
coatings.

3. A mirror material must be polishable to within
A/50 *rms of its designed surface geometry, and
remain stable within this requirement over its
expected service life and range of environmental
Ponditions.

Some of the above requireffents, especially those re-

lating to potential service environments, are difficult to sat-

isfy with any one material. In addition, the choice of candidate

mirror materials is definitely limited. Through this program

then, the above requirements are being investigated in detail

for a number of potentially stable optical mirror materials.

Total optical performance of a mirror is not solely

determined by the intrinsic material characteristics, but also

by behavioral perturbations imposed by methods of manufacture,

* A =wavelength
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mechanical anid optical processing, and -he service environment.

The SCOPE of this programn includes inquiring into each of these

influences, and is therefore concerned with mechanical, metallur-

gical, chemical, and optical characteristics of mirror materials.

Maeil hen -vlate inld fmsed Lml-. o

expanding dielectrics such as CER-VIT* and ULE*, beryllium-

based metals, silicon, TZM, beryllium oxide, aluminum, and othe-s.

A major efforL 's being directed toward development

of improved beryllium-based mirror materials. Beryllium products

from the major commsercial domestic supp~ieru as well as those

produced by several exploratory processes are under study. These

latter include beryllium billets manufactured by the hot isontatic

pressing process of Hattelle Memorial institute , and the

pressurelegs aintering process of Stanford Research Inst4 tute.

Research activities un beryllium mirror materials at

BMI are supported under subcontract from this program. In add-

ition to development of a stable beryllium substrate, feasibility

tests are being conduc~ed on ditfusion-bonding and brazing methods

to enable the construction of large imosaic mirror structures from

small component parts.

The following report summarizes program activities from

21 January 1969 to 20 January 1970. Previous reports issued unrder

this program are listed on the following page.

CER-VIT, registered trademark of Owerns-Illinois

**ULE, registered trademark of Corning Glass Works

4
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SECTION 3.0

KATERIALS

At present, over 250 mirror test samlea remain within

our 'nventory. Of these, 151 are beryllium and include specimens

of 18 different material types, 6 manufacturers and 5 fabrication

methods.

In addition to quantitative evaluations of all specimens,

specific emphasis is being placed on the qualitative performance

of beryllium products produced by the various manufacturing methods.

To achieve this comparison, solid beryllium cylindrical discs pro-

duced by the hot isostatic pressing process( 1 ), piessureless-

sintering( 2 ), and the commercial process of vacuum hot pressing

are undergoing similar test schedules. To assist in this evaluation,

a number of mirror samples of the three processes were made from

the same material type and lot. This evaluation was conducted on

"i•e folluwing three powder types:

a. P-40* (a high oxide, fine-arained instrument
grade quality powder)

b. P-50* (a medium oxide, fine-grained, high strength
Se-Cr alloy powder)

c. SP* (a recently developed, low oxide. fine-grained
)eryllium powder)

' Powder designations of Kawecki-Serylco Industries

6



The fine-grained powders are used as stakting materials

t~o achieve improved homogeneity since an individual crystallite grain
O o-, _ • -!a--- .---. 4-,,, d'$-3lrmU m "da from

relati%,-Iy coarse grained poi~der exhibit a great part of tais basic

anisotropy. By using a very fine-grained powder, a more isotropic

structure is achievea by statistically randomizing the orientation

of a great number of individual grains in a given volume. Powder

grain sizes used in earlier phases of this study program were

approximately 73 um. The P-40, P-50, and SP types listed above

have grain sizes of 6, 13, and 8 um, respectively. A modified powder

handling treatment (called reattritioning) for increasing homogeneity

in beryllium(]3 has been very successful as evidenced by results

described in Section 5.0 of this report. This technique was used

by SKI to produce beryllium samples. A complete description of this

process is given in Section 6.2 of the second quarterly report issued

under this contract.(4)

Detailed intercompar•son of beryllium materials and menu-

facturing processes are discussed in Section 5.0. In generalizing

these results, it can be said that the hydrostatic methods of fabri-

cation (the SRI and DMI methods) yield products which are superior in

performance to those produced by commercial methods.

At the present time, fully stabilized beryllium mirrors

are stable to better than A/50 rms per year, and A/50 rms over a

temperature change of 50'C.

From a materials point of view, all of the three material

types considered can be produced in a form with high temporal and

7



thermal stability. Optical characterization of these material@

(seeb Section 4.21 indicates that the P-50 and SP products are

nticeably superior. On the other hand the P-40 material, becauseI

of it-R hlnh rkmivde and~e istirm.tr'" cannot 00

conveniently processed to ful1 density. It therefore has poorI

reflectivity and optical scatter c~~aracteristics. The P-50 and SP

materials can be prepared to near full density and have optical

scatter approaching premium-grade glass optics. The utilization of

P-50, SP or equivalent grade materials inI.herefore recommended for

high qudlity mirror substrate materials.

Knoop hardness values for several beryllium samples

are listed-in Table 3-1. Within a given material type the BMI

samples have greater hardn(.ýs than the c~oummercial producta (KBX,

BBC) and the SRI produced materials. Th~is higher hardness is mo-et

probably related to work hardening during processing and is apparently

not related to any fundamental diE feretice in chemistry. This work

hardening is related to stresses applied during pressing. Toe

low processing temperatures for BMI and KBI (9000C and 10006C respec-

t-ively) require mechanical pressures to achieve full connalidati-in of

powder, whereas the SRI process uses high temperature (12001C) and no

applied pressures.

Thse SRI process, becav.-e of the high processing temperature

cannot develop the high strength potential of the Be-Cr alloy (P-50).

Strength of pressureless sinttered P-'_1 is quite lowt2 and not no-

ticeably different from that of the other unalloyed SRI materials.
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Conversely, the RMI process has resulted in higher P-50 strengths

than those achieved ina a vacuum hot pressed product. (5

Strength however, is nct the most important criterion

for mirrors. Dimensional stability is the param!outit consideraticon

and cannot be sacrifisced forAddit-40nAl strength In hiob precision

optical copponents. Alloying elements have been added in the vmanu-

facture of several SRI mirror blanks with no large differences in

dimensional sta~bilities, However, the strength of the alloy mirrors

is significantly increased over the unalloy-d berylliuea.(6 )

A number of the traditional oxide-based dielectric materials

which form glassy or glass-ceramic solids, are also under investigation.

Some of tLe glassy solids are:

fused silica (Corning, General Electric Co.)
ULF (Corning)
Z-Glass (Weraeus-Schott)

7k"OSIL (Heraeus-Schott)I

The glass-ceramics are identified as:

CER-VIT (Owens-Illinois Glass)
ONARAX (Ohara optical Glass Mfg. Co.)
GULS-KERANIIK (Heraesu.-Schott)
Corning-9623 (Corning)
Corning-9622 (Corning)

In a previous report,1 7 examples of internal structural

defects such as bubbles, striations and inclusions typical to some

of these materials were shown. It was also shown that- the polish-

ability of a surface was not affected by striations intersecting that

surface. SiflL'* glasees polish primarily by a plastic flow polishing

mechanism, many defects can be buried by a thin flowed glass surface

10



layer. These defects are generally not visible from a surface,

even when using high magnification electron-microecopy. By

chemically etching an optical surface many of these defects become

apparent because ot localized differences in electrochemical potential.

Electron micioaraphs nF Iul ed --n p~li; -aim-•ddied mirror our-

faces on ULE and CER-VIT were shown, (7)

In order to achieve stable optical performance in

environments subject to thermal transients or gradients, it is

necessary to have mirrors whose optical figures are independent of

temperature changes or gradients. Several figures of merit, based

on a material's physical properties, have been used to describe

deformations due to thermal effects. Several of these merit indicators

are shown in Table 3-2 along with their numerical values (at 20"C)

for several candidate mirror materials. Relative rankings for these

indicators are also given,

Two figures of merit are often used to compare thermal

deformation characteristics of materials. One of theme is expressed

by the ratio (Vi,'..) where (K) is the thermal coisductivity. (0) the

thermal expansion coefficient and () is the density. A high value

of this ratio signifies a minimum of dimensional change due to thermal

expansion. Comparison of materi, s by this indicator may not be

universally valid as it expresses dilation (or contraction) under

generally isothermal or slowly varying thermal conditions. A better

figure of merit is the thermal diffusivity (D = K/PC where (C) is

the specific heat and the other terim are as previously stated. A

high diffusivity is desirable since the lifetime of a therxel tran-

sient is inversely proportional to (P) and the magnitude of a thermal

distortion is proportional to (-,/D),

I1



TABLE 3-2

TELMiAL PROPERTIES OF MIRROR MATERIALS

(103cal-cm 2 /qm-sec) (cfn /sec) (10-6aec/C - c"2)

Beryllium 17. (4) 0.42 27. (5)

Beryllium Oxide 27. (2) 0.70 9.5 (3)

Fused Silica 2.7 (7) 0.01 68. (8)

ULE 23, (3) 0.01 S.1 (2)

CER-VIT 16. (5) 0.01 13. (4)

Silicon 56. (1) 0,80 2.9 (1)

Aluminum (2014) 5.7 (6) 0.57 40. (6)

Titanium 1.4 (9) 0.08 99. (9)
(6AI - 4V)

Invar 2.6 (8) 0.03 48. (7)

12
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In general, an athermalized mirror material should have

anl Infiniitely large thermal conductivity and zero thermal expansion

1 ~C~. Z7 1.t On t r--i --ater~ in x'&t;.-a A t.* LASS .tf

bination of properties.

The quantities shown in Table 3-2 are temperature dependent

and the listed data are only valid for operation near 20 0 C. To

illustrate this, Figure 3-1 shows the thermal dependence of thermal

expansion coeffirient for several of the candidate mirror materials.

in Figure 3-2 the variation of thermal. conductivity with tempecature

for fused silica, beryllium, and aluminum are described.

Figure 3-1 shows that while UILE and CER-VIT have neg-

ligible thermal expansion behavior at 20'C (300"K), fused silica

has near zero coefficient at 190*K, beryllium at 40*K and aluminum at

15WK•.

Thus no clear tradeoff exists for the choice of a mirror

material expected to perform over a range of temperatures.

Sutmarizing materials criteria, it is apparent from an

analysis of physical properties that no single material is outstanding

in all catagories. A compromise must be made among weight, stiffness,

thermal performance and allied characteristics.

13
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SECTTON 4.0

MIRROR DE-,FLOPMEt'T AND OPTICAL CHARACTERIZATION

4.i POLISHING OF MIRRORS

4.1.1 Beryllium Mirrors

Previou, 4nventigations 4 have shown that the customary

electroless nickel coatings used on beryllium mirrors were not necessary

and in actuality were deliterious to optimum optical performance.

Subsequently, a process" 9 ) for directly polishing beryllium surfaces

was developed. Because of the inherent toxicity of beryllium, special

precautions must be taken in the working of this material. When

the polishing process is carried out as prescribed, the health and

safety of personnel are not endangered.

Bare polished beryllium mirrorE of up to 13 inches in

diameter have been processed. Mirrors flat to A*/10 peak-to-peak,

over 90% of aperture hav- been processed, as well am spheres accurate

to A/5. Surface quality is dependent on chemistry, oxide concentration

and porosity. With proper combination of material characteristics,

surface quality according to MIL-O-13830A is 80/50, or better.

The variation of mirror reflectance with oxide concentration

and porosity was given earlier. 5) In summary, the surface of a beryl-

lium mirror should be fully lense and havk a minimuim of oxide in-

clusions. Beryllium mirrors with the best surface qualities were made

of SP, P-20 (or the equivalent S-200-E), and the Be-Cr alloy of P-50.

A = wavelength - 0.6328 um

16



!ne P-5o material it .:z-,'--d to have oxide concentrations ranging

from 0.5 to 4.0 weight percent, however, lt& .,::na behavior re-

se.=1--ca that rf tih (-0.5 - ?.I )n n~ido m-aterials. This may be

due to a very fine dispersion of the oxide.

During this contractual period, a feasibility program

was conducted to evaluate methods for manufacturing large mirror

structures by joining together smaller coaponent parts. Two joining

methods were undertaken at BMI. These were a) brazing with an Al-

Si filler and b) diffurion bonding.

Conuwercially manufactured mirrors were procured, polished

and evaluated with respect to their thermal stability. These mirrors

were then sent to BMI for joining (see Section 6.4). Mirrors were then

returned to Perkin-Elmer where they were repolished and re-evaluated

(see Section 5.5).

Your joined samples were processed; two were brazed and

two were joined by d•ffusion bonding. One of the brazed sampled failed

during polishing. Failurv occured at the bond interface and it appeared

as if the filler did not wet the beryllium matrix. The second brazed

mirror was successfully polished with no joint visible to the unaided

eye. Interferograms of this sample are shown in Section 5.5.

The two diffusion bonded mirror specimens exhibit a zone

(approximately 5 mm wide) at the joint interf&ce which could not be

removed by prolonged polishing. This zone is softer than the beryllium

matrix and is probabiy related to the Kirkendall porosity resulting

from diffusion. The infliknce of this zone on thermal stability ýs

almost insignificant as shown by irterferograms in Section 5.5.

17



The impLortance of a "hard, polishable" surface of

el ctroless nickel on beryllium if apparently insignificant.

......... be....Ju hardnes5 s Lypically 2S0 Knoop and that of

annealed electroless nickel is 700 Knoop, surface quality is pri-

marlly dictated by the polishing method and the lapping compounds

used, rather than :-elative hardness.( 7 ) The quality of polished

surfaces of selected beryllium grades compares favorably with the

best polished nickel coated mirrors.

Electroless nickel coatings on beryllium are generally

undesirable 4 because of the thermally induced relaxation of high

residual plating stresses, ag well as the large mismatch (2xlO-6 /*C)

in thermal expansion between nickel and beryllium.

A nickel coating does provide useful corrosion protection

to the non-optical surfaces of beryllium although feasible alternatives

do exist such as anodizing and organic coatings.

4.1.2 Dielictric Mirrors

In this catagory of materials are included the oxide based

materials which form glassy or glaws-ceramic solids. Typical materials

under investigation in this program are the glassy solids of fused

silica and ULE, and glass-ceramics such as CER-VIT.

18



These materi-als can be prepared to high optical standards,

~~ _ _ ~~.*9.-'- c*A*rx LiLJAi mjper iec~tions5 innerent in

qlass ri-lts. Exarrplte! (Jf these defects have been oresented and the

resulting effect on the polishing and stability of optical Components

has been described earlier[4,7)

4.2 OPTICAL CIIAFPACTERIZATION

4.2.1 Polished Bare Beryllium Surfaces

As reported earlier (' 99 methods have been developed for

rlirectly preparing optical .urfaces on be.ryllium substrates without an

intermediate poiishable coating.

It haq also been recomnended(4,9) (refer tC Section 5.0)

that all mirrcr surfaces should be chemically etched prior to optical

polishing to remove surface regions previously da..aged by machining,

grinding, etc. Table 4-1 lists a reco.mended treatment for mirrors.

Presence of "twins", a ctystallographic transformation which occurs

when applied stress exceeds a threshold quantity, can be detected by

(4)cptical microscopy. This inspection of the optical surface can

therefore be used for quality control purposes.

4.2.2 Anodized Beryllium Surfaces

Studies were undertaken of anodized surfaces on

beryllium to determ.3ne selected optical and mechanical character-

istics. Through a literature search, an anodizing treatmient was

chosen on the basis of adherance and process control. The

process parameters indicated in Table 4-2 were de.-ived from a series

of experiments designed to optimize anodized coating adherence and

optical scatter.

19



TABLE 4-1

PERKIN-ELMER TREATMENT OF
BERYLLIUM MIRRORS

I. Rough Machine - allow 0.25 mm per side minimum over finish size

2. Etch - remove 0.25 mm per side in a solution of:

27 cc H 2SO4 (96%)

410 cc H 3PO4 (85%)

70 g CrO3

130 cc H2 0

3. Stress Relieve

a. Heat slowly (3000C per hour maximum) to 9000 + 10C

for one hour in vacuum.

b. Cool at 600C per hour maximum to 200*C (vacuum not
needed below 350 0 C).

c. Still air cool from 200*C to room temperature.

4. Finish Machine - in critical areas only if absolutely necessary.

5. Stabilize

a. Heat at uniform rate in 30 minutes to 100'C and
hold 15 minutes.

b. Cool at uniform rate In 30 minutes to room temperature
and hold 15 minutes.

c. Cool at uniform rate in 30 minutes to -75°C and hold
15 minutes.

d. Heat at uniform rate in 30 minutes to room temperature
and hold 15 minutes.

e. Repeat steps 5a through 5d until 5 cycles have been
completed.

6. Optice! Polish

NOTE: At no time must the beryllium piece be allowed to undergo any
thermal shock, i.e. 200°C Der hour.

Best Available Copy
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TABLE 4-2

BERYLLIUM ANODIZING PARAMETERS

BATH COMPOSITION: 200 Grams CrO3

I Liter 10% HNO 3 (Volume %)

TEMPERATURE: 260 + 20C

ELECTRODES: 6.3 mm spacing between two plane

parallel beryllium cathodes and the

samp;e (equal anode and cathode area).

VOLTAGE: 4.1 vdc (at elecTrodes)

CURRENT DENSITY: 0.03 amp/cm
2

TIME: 30 mmn.

Best Available Copy
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It wan found that properly anodized beryllium surfaces

had highly unusual opti-.aI characteristics. In suffnary of this

study, it was noted that a- optically pc:iisht-d rmirrok havinq hemi-

spherically scattered -ptica! energy of 0.8%, had unlv 0.21 a ASttar

afteir the anodizinq trcatmieat.

Reflectance of a) an optically polished beryllium surface,

and hi _an anodized b--i' 5 urfa_ a- e shown in Figure 4-1. Typically

a hiqh quality p•'lished beryllium surface ',5s reflectance of 491 over

tiw-,. visible spectrum, Q09 at -=3,3 and '51 at. -10:.m. Reflectivity

dependence of bare beryllium upon residual porosity and BeO impurit7

content has previously been reported.t5) The anodized surface

shown in Figure 4-1 has very low rcflectivity (but low scatter, as

described above). Reflectance is approximately 2% over the visible

%pectrum and reaches a maximum of 6% at )--7im before decreasing to

5W at A•lOpm.

Since tno total in2,'dent enek.jy on a surfarce is either

reflected (r), scattered (s), .r absorlied (a), this normialized ex.-

pression is valid:

I=r + s + a

Since the ir) and (sW terms hav,.,, beten quantif-.ed, at

least at ---0.63pm, the:, it can be said th•t the &bsorption (at

X=O.6]om) is 0.98. The spectral absorptivity and emissivity (s)

are synonymous; therefore emissiv4.ty is also 0.96. A survey .f other

high emissivity materials shows that these anodized surfaces have a

very high, if not t•.e highest, repcr-tod emissivity. Since scatter

probably foilows a Payl.i';h din',itmition law (s-V-4 ), then r-l-r arA

(0) can be obtained di-re'-t"ly fron Figure 4-1.
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On the basis of the lcw qc-Atter of an anodized ber•.11ium

r'irror, it iq re.•om nded that fu-ther -itudles bt- made of anodized

,';aOatings. The expanciion of rurtact, cry!tallq.rpiic cells during

~ ~p 3f~II~vualnp1 es tiumiU)r of v idnr. wflc

act as light traps and s.atterinr centers. By investigating ano-

dizing process parameters in detail, it ir' believed that a thin

(O.l1m) glass- like mirror rurface coating car be developed op

metal optics.

The main ad'vantage of an anodized beryllium surface

concerns its l•, scatter and hiqh abhorptanct,. Thin attractive

combination of properties characterize-- a "black mirror", i.e. a

surface which absorbs; a maximum of incident rudiation and reflects

the remainder, with tcatter being negligible. A black mirror is

very impc-rtant as j baffling material in critical optical systems

with low- nignal-to-noise ratios. Black mirror baffles made of

anodized beryllium would then absorb 98% of incident visible energy

and specularly reflert approximately 2%. A haftling design using

multiple reflections, would essentiaily com[pletely attenuate un-

wanted rays.

Because of its high emissivity, the anodized beryllium

surfaces can a.lso be used advantageously for thermal, contri pur-

posCs in opticel systems.
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4.2.3 Optical Coatings on Mirror Surfaces

Develonment of improved adherence and spectral per-

formance of high reflectance optical coatings have been described.(4,7'8)

Three optical quality high reflectance coatings which

have been evaluated are:

a) dielectric protected silver:

b) dielectric protected aluminum: and

c) VHR (a very high reflectance multilayer dielectric coating)

Absorption bands were present in the visible region for the

early VBR coatings. Modifications in multilayer coating design were

successful in shifting these bands to lower wavelengths. A flat re-

sponse at maximum reflectance has been obtained from 0.43 Vm to about

0.90 um. Durability of these coatings is sufficient to pass the

"scotch tape" adherance test.

The effect of glow discharge treatment on mirror substrate,

cleaning and surface smoothing has been described.(7) Data indicate

that prior to aluminizing a surface, a 10 minute glow discharge treat-

ment in 100 millitorr pressure He or Ar at 2 KV and 100 ma produce

a minimum scatter surface. Scatter decreases with lower aluminum

film deposition rates. Deposition rates of 1-6 A/sec. are recommended.

Scattered energies at )=0.63 um f7-r several forms of

polished, glow-discharged, and optically coated mirrors are listed

in Table 4-3. The relatively high scatter (2-4%) of the dielectric-

protected aluminum and silvered mirrors are values taken from single

mirrors. It is felt that considerable reduction in scatter can be

achieved with additional development work. -For example, scatter of

the VIIR coatings was 4.1% several months ago, but is only 1.0% at

present. If scatter of beryllium mirrors follows the Rayleigh distri-

bution law (S-K- 4 ), scatter at ý=10um approaches 0.0001%.

25
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Small scratches, sleeks and other polishing artifacts

to deviate from the Rayleigh distribution law. It is there.ore

expected that the spectral distribution of scatter would reach a

terminal level at long wavelengths instead of decreasing hv 1-4.

To date no extensive study of spectral and sgapial

distributions of scatter have been conducted as a function of optical

surface quality.
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SECTION 5.0

S... ... ...... •-;D •EA URE' wiis
.,AJ J¶fl'.Ji\ I L, A J I•VJi U 1L2 vi

S1 GoGE' ERAL

In this program, mirror macerials are evaluated in

several ways. The dimensional instabilities of all mdterials

are measured as functions of time, temperature, and tnermal

cycling. Homogeneity is evaluated by birefrinqence, isotropy

in thermal expansion coeffici.,nt, and by X-ray difflaction. Residual

5tresses are neawur-2d intterferometrically.

5.2 THE PRECISION 3UPFACF INPERFEROMETER

Dimer-sional stability is measured with the Precision

Surface Interferometer!' 0" Twelve circular flat mirrors 107 mm diameter

by 3.2 to 51 mm thick are evaluated simultaneously. Regular evaluations

of mirr,'r surfaces by high precisici interferometry in a closely con-

trolled ther.mal environmcnt (26.5 0 C 4 0.05 0 C) over an eight wCek

interval provide information on lonS 'erm, i.e. temporal, dimensional

stability. By programm-ing temperaturo changes (e.g. 260C - 35 0 C) in

the interferometer, ard analyzing interferograms taken at each temp-

erature extreme, the thermal dimensional stability of each mirror is

determined. Finally, all mirror specimens are interferometrically

evaluated before and after 19 and 100 tecrmal cycles (23.8 0 C - 35.0OC,

100 minute period). Reduction of this data yields thermal cycle fig-

ure stability.
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During this contractual period, four Test Programs of

the: above described sequence were scheduled. These Programs arc

iaentU lea as Test Programs VII, VIII, IX, and X. The Test Pr'•qrams

were carried out as. follows:

Program Start Date End Date

VII 12 March, 1969 9 May, 1969

VIII 20 June, 1969 15 August, 1969

Ix 18 N1overdber, 1969 13 January, 1970

Because of sample scheduling problems, the start of

Pxogram IX was delayed, and Program X was subsequently c~ncelled.

The interferometric test data of these recent test pro-

grams have been reduced by numerical methods("). Instabilities are

described in terms of the rms (root mean squared) change in surface

figure as calculated from over 200 data points in the 107 mm diameter

field of the mirror. The rms changes accompanying changes in tiW2,

temperature and thermal cycling havu been reported for Test Pro-

grazrs VII and VIII.(7) The rms charges accompanying time and tevp-

erature for specimens of Test Programs VII, VIII, and IX are listed

in Tables 5-1, 5-2 and 5.3.Contour maps of the surface changes of

these mirror samples and a complete description of results have also

(4,7,H~)been presented

In these Tables, temporal instability data are given in

units of A r-ms per year for a wavelength (X) of 0.63um. Data obtained

over an eight week test period are linearly extiapolated to a one year

period. With the present detection sensitivity of 0.002 A.(rmil, tie
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TABLE 5-3

MEASUREMENT DATA FROM TEST PROGRAM IX

DIMENSIONAL STABILITY

TEMPORAL THERMAL *
SPEC. NO. MATERIAL/SUPPLIER/PROCESS /\(RMS)/YR. (RMS)

;)I Fused Silica, GE 151 0.015 0.005

217 SP-200-E, BMI, HIP + 0.035 0.018

219 SP, DMI, IIPX ++ 0.019

221 SP, BMI, Hin + 0.053 0.031

2?? P-40, BMI, HIPw 0.340 0.060

225 P-50, SRI, PSi 0.080 0.010

227 P-50 + 5 Cu, SRI, PSW ++ 0.024

230 P-40, BMI, HIP 0.064 0.012

233 SP-200-E, BMI, HIP' 0.139 0.015

235 SP, BMI, HIP 0.055 0.016

236 P-50, BMI, HIP* 0.042 0.018

238 P-50, BMI, HIP 0.100 0.006

+ '.': rhhned lightweight configuratior.

r Flbricaled from reaTtriTionec Dowoer.

P For 8.6 0 C excursion in Precision Surface Interferometer

4-lnt(,rmittntn mrilfunction of camera

3est Available Copy
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minimum detectable temporal instability from an eight week

test is 0.013 X(rms)/year.

The data indicate that the best BMI fabricated beryllium

samples are temporally stable to two times the limit of instrument

detectability. The best pressureless sintered products produced by

SRI and the best commercial products produced by vacuum hot pressing

are temporally stable to factors of two and three respectively.

The best dielectrics and the one TZM mirror evaluated are stable to

approximately the limit of detection.

A fused silica mirror (Sample No. 81) has now been

evaluated in four successive programs. The rate of temporal in-

stability has gradually decreased to an apparant minimum as follows:

Test Date Instability Rate Age of Specimen

June to Aug., 1968 0.045 x(rms)/yr 1.0 year

March to May, 1969 0.031 X(rms)/yr 1.7 years

June to Aug., 1969 0.015 )(rms)/yr 2.0 years

Nov. 1969 to Jan., 1970 0.015 x(rms)/yr 2.5 years

It appears that this fused silica mirror ha2 ' -cme

progressively more stable with time. The few dielectric mirrors tested

which were not stable to the limit of detectibility of the instrument

(e.g., Nos. 170 and 208) should be retested in order to determine if

they will behave in a similar manner. This behavior is riost probably

caused by the gradual relaxation of residual stresses induced in the

manufacturing,cutting and optical polishing operations.
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Among the beryllium mirrors, the BMI and SRI fabricated

samples are somewhat, but not substantially more stable than their

commercial counterparts. The four commercial mirrors, Nos. 162, 175,

178 & 179 , however, have all been etched and annealed in order to

produce the most stable condition attainable. The SRI samples are

inherently stable because of the processing method. The BMI samples

as fabricated, may not be in their most stable condition. The stabil-

ization treatment used by BMI and described earlier( 4 ) includes a

two hour heat treatment at 788 0 C. This may not be a high enough

temperature for complete relaxation of all residual stresses in the

body of the material. The high hardness reported in Section 3.0

for BMI samples may be an indication of the need for a more extensive

annealing treatment.

The data from Program IX show no apparent difference in

the temporal or thermal stabilities of BMI samples made from as-

received and reattritioned powder. If the theory expressed in the

previous paragraph is correct, relaxation of the small amount of

r-,,idual stress remaining in the samples could be masking any differ-

ences that might be present. Further study is indicated to resolve

this situation.

).3 REAL TIME DIMENSIONAL STABILITY MEASUREMENTS

A number of samples are being evaluated at approximately

six month intervals during storage at room temperature. These "real

time" data are being used to determine the validity of the extra-

polations from the temporal stability data of the Precision Surface

interferometer. Performance data are summarized in Table 5-4.
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TABLE 5-4

REAL TIME DIMENSIONAL STABILITY DATA
OF 'A1RROR SURFACES

SAMPLE (a) (b) rIME FIGURE CHANGE A ARMS)*
NO. MATERIAL/SUPPLIER/PROCESS (Months) >0.02 0.02-0.01 <0.01

2 FP-1755, SRI, PS 9 x
6 FP-1755 + I Fe, SRI, PS 6 x
7 FP-1755 + I Fe, SRI, PS 6 x

14 FP-1755, BMI1, HIP 10 x
FP-17, SRI, PS 9 x
BeO, DBC, SC 15 X
FP-17 + 5 Cu, SRI, PS 9 x

36 FP-17 + 5 Cu, SRI, PS 12 x
40 P-50, SRI, PS 9 x
42 SP-200-D, :MI, HIP 7 x
5 SP-200-E, E4I, HIP 7 x
79 Fused Quart,, GE-124 12 x
80 Fused Quartz, GL-125 12 x
82 Fused Quartz, GL-204 12 x
83 Fused Quartz, GE-510 12 x
84 Fused Quartz, GE-(510 ! 124) 12 x
90 1-400, BBC VHP (Kanigen) 13 x
91 S-200-D, BBC, VHP (Kanigen) 13 x
9W SP-200-E, BM1, HIP (Hollow) 10 x

14, Silicon, WPAFI3, C 7 x
160 S-200-C, BBC, VHP (Kanigen) 9 x
164 P-50 + 5 Cu, SRI, PS 13 x
16% FP-1755 + 5 Cu, SRI, PS 13 x
177 Be, IDC, SC 12 x
Int SP, IRI, PS II x
194 ')P, SRI, PS 8 x
"•1 " Low Oxide, KBI, S" 6 x
0-I Cer-Vit, 0-1, C-101 , x
C Cer-Vit, 0-I, C-101 rX

T; Ut_., Corning Type 797-1 8

"(P) 'I; Stanford Rese.)rch Institute
I,. 11attel e MermoriaI Institute

""rush Heryl I ium Comrany
St General El-ectrir.

Wright-Patterson Air Force ease
KH;I Kawecki-Berylco Indý,stries, Inc.
0-1 Owens-Illinois, Inc.

½.,) D5 nressureless 'Sinterina
1.) Hot Isostatlrý Oressing
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All the samples evaluated have optical figure changes

of less than X/50 rms for their respective time intervals, except

for three samples. Two of the three were coated with electroless

nickel coatings, and the third was a hollow sample. A third electro-

less nickel coated sample was stable to approximately X/60 rms

over a nine month period.

Of the thirty samples which were evaluated, twenty-

seven were stable to )/50 rms or better. Twelve of these were

better than X/100 rms. Of the five best beryllium samples, three

were produced by SRI, one by BMI and one by spark sintering.

Two fused quartz samples (GE grades 204 and 510) were

stable to X/100 rms, as were two CER-VIT (C-101) and one ULE (Corning

7971) sample.

Additional measurements should be made of these and

other samples to obtain real time temporal dimensional stability

data. Such data would approximate changes likely to occur during

in-service use at this same temperature.

5.4 THE DIMENSIONAL INTERFEROMETER

Linear dimensional stability of cubical samples as evaluated

with the Dimensional Interferometer has been described earlier.(4)

Table 5-5 lists all data obtained to date. Seven SRI cubes have been

optically polishe'd for testing. Long term measurements on six of these

were not possible, as poor surface quality (with respect to voids) did

not allow prolonged tests. The late delivery of beryllium cubes pro-

duced by BMI precluded their evaluation in this program.

With only two exceptions, one of which was an electroless

nickel coated cube, all beryllium samples appear to be stable tn better

t1an 5 x 10-7 rmr/mm/week. In general, the dielectric cubes are more



TABLE 5-5

LINFAP DIMENSIONAL STABILITY DATA
FROM PRECISION DIMENSIONAL INTERFEROMETER

Test Averace (a) Dimensional
Time Test Date (b) -8

Materials/Suppliers (hrs) (Start) Change (10 cm/cm/wk)

#105, Fused Silica, GE 151 44.6 4/3/09 42

#121, Fused Silica, 48.0 8/4/69 8
Corning 7940

#124, Fused Silica (d) 29.0 11/10/69 0
Corning 7940 40.8 12/5/69 13

32.5 12/17/69

#50, ULE, Corning 7971 27.5 7/2/69 17

#102, CER-VIT, 0-I C-IOI 32.0 6/24/69

30.5 , /2•14 " 42

#109, Glass Type E-3, 53.0 10/29/69 27
Ohara

I100, Be, S-200, BBC,

Electroless Ni 75.0 9/68 45
23.8 5/22/69 171

#16L, Be, SP, KBI 25.8 5/7/69 74
26.6 5/13/69 64

(c)
•I ,7 , ie, SP, KBI 148.0 7/15/69 i0

(193) (27)
#197, iie, HP-40, KBI 30.0 12/23/69 29

V04', le, SP, SRI (e) 9/15/69 (e)

,, e. P-40, SRI 31.5 •/28/•9

"(i) The av.'rage dimensional change is the slope ofthe best fit straight line
through the data Dcints.

(b) sensitivity of neasurerents +0. I MHz o- 6'10 ? cm/cr o- a 5 cm sample length.

i,: There was a 10 M-Hz change i- 9 hours after 148 hours. Values in parentheses
are for the complete run and 7nclude this change.

(d) Data are for three orthogonrl directions.

D:) Due to Door surface, no data were cbtaine• fsr t. is test.
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stable than the beryllium cubes. The fused silica samples No. 121 and

124 are the most stable of all cubes tested. More data must be accu-

mulated before more definite conclusions can be drawn.

5.5 THERMAL DIMENSIONAL STABILITY

Thermal dimensional stability data not previously re-

ported are presented in Table 5-6 and were primarily collected from

interferograms taken at 250C and 80WC. The actual rms figure change

was divided by the magnitude of the temperature change to give the

change in surface expected per unit change in temperature. Detection

sensitivity for thermal stability measurements is approximately

1 x 10-4 X(rms)/OC.

Summarizing all thermal dimensional stability data to date,

most dielectric materials are stable to the limits of measurement

sensitivity. Beryllium exhibits a greater range of thermal instability.

Among the best beryllium samples tested, there are some produced by

each of the three major methods, i.e., pressureless sintering, hot

isostatic pressing and vacuum hot pressing. The best commercial

samples noted were, however, from the same billet as some highly

unstable pieces.

Although the thermal instabilities in most of the better

beryllium materials are greater than those in the dielectric samDles,

in an absolute sense these instabilities are still small. For example,

many specimens qualify for diffraction limited performance (0.02 Xrms)

over a 25WC temperature excursion. A number of these, including

samples No. 6, 13, 186, 201, 203, 206, 207, and 223, will remain within

specification over a 50'C change.
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TABLE 5-6

S AMP LEI*
,MATERIAL/SUPPLIER/PROCESS 

STA---ITy (1TO- 3 rms/

160 be, S-Z0,-C, 254 mn 2.5
s N i C .dtCI

180 Fused Silica, Ileraeus, 280 mU 0, 2.14Sandwich Lightweight

186 ho, P-rO, SRI, PS* 0.39

i90 , P50, -ýj, p* 0.64

194 Be, SP, SRI, PS'- 0.71

195 Be, SP, SRI, PS* 0.52
198 Be, HP-50 Mil, VFP 3.7

199 Be, HP-40, FBI, VCdP 2.12S200 Be, HP-40, KBI, VHp 16

* .106201 Be, HP-40, KBI, VHP -0.10

2 Be, HP-40, KBI, VIi-' 0.78

203 Be, HP-40, KBI, VHfp <0.10

206 be, P-40, SRI, PS* <0.10

207 Be, P-40, SRI, PS* 0.26

213 Be, Low Oxide, KBI, Spark Sintered 0.75
216 Oharax, Ohara, 295 mm • 1.33

220 Be, SP, BMI, HIP 2.9

223 Be, P--40, BMI, ifIP" 0.15
228 Be, P-50, SMI, PS, 254 mm 1V 0.45
239 Be, P-50, bmi, HIP* 1.05
259 Fused Silica, Schott, 248 mm 0, <0.10

Ultralight-Weigh-

* FabricateJ from reattritioned powder
¶i '' A = 0.6328 um
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1

There appears to be no correlation between thermal and

temporai instaDilities. The former behavior Ls prirnarily dependent

and me-chanical history. The thermal behavior ol- a number of specific

sarnpltus has been p)reviously described in detail. |4,7) The differences

among samples from the same vacuum hot pressed billet were ascribed

to diffcrnces in crystaliographic texture. It has been shown( 4 , 7 ,1 3 )

that X-xay diffraction can be used successfully tc detect crystal-

lographic preferred orientation in beryllium.. This work is sumarized

in Section 5.6.2.

It is clear that hydrostatic methods for producing

beryllium mirrozs are superior to the commercial imethod of vacuum

fiot pressing for producing thermally stable products. The re-

attritioning method of powJ4r processing further improves the thermal

stability of beryllium pro'Jucts. This method statistically improves

the probability of obtaining random crystal orientation within the

body of the material. But elimination of preferred orientation is

not all that is required. The presence of residual stresses in

mirrors can cause mirror instabilities. For exa•.ple, the six

identical commercially produced mirrors which were testedt 4) in a

thermal cycle test underwent both elastic and plastic thermal de-

formations. The plastic deformations were due to relaxations of the

residual stresses induced in machining. Once these stresses were

relieved by etching away the damaged material, or by annealing, the

thUermal behavior reverted solely to the elastic deformation previously

observed. Even after two of these samples were cut in half and re-

joined by diffusion bonding, the elastic thermal instabilities still

remaired as before. Table 5-7 lists the plastic and elastic de-

4 r)



T:'ABLE 5-7

THERMAL STABILITY OF BERYLLIUM MIRRORS

BEFORE AND AFTER JOINING

Sample Thermal Stability, - (peak-to-peak)
No. Condition Plastic E Iasnt-ic

199 au machined 0.094 0.632
etched 0.002 0.592
brazed 0.210 0.585

200 as machined 0.104 0.597
annealed 0.003 0.469
diffusion- n.076 0.516
bonded

201 as machined 0.180 0.033
annealed 0.016 0.027
diffusion- 0.002 0.017
bonded

41



f,,rratonis oLsor',.. in tr of thes- .i rr,-rs (Nos. 199, 200,

and 201) at three difftrent tines i.n their history. ;',hen tested

as machined the plastic Jeforrations in all throe were substantial.

After various treatments1 '7 to det-rmine trit. t:Tects ot etcning and

annealinq on residual stresses in these Pieces, their thermal stability

was again documentu,., as indicated in Table ',-7 and also in Figures

5-1(a), 5-2(a) and 5-3(a). While the elastic chanqes in all three

samples remained essentially the same, the Plastic deformation was

greatly reduced. After cuttina and bondinu, the elastic thermal

be-havior as shcwn in Figures 5-1(b) 5-2(b) and 5-3(b) was still

as before, with additional plastic deformation due to bonding. The

brazed sample (No. 199) prucessed at the lowest temperature ha] the

highest plastic thermal instability. Sample No. 201, was optically

qr,.und ioss than S.amlpe :;. 200 and had the lcw-st plastic thermal

instability. The bonding treatments are described in detail :n

Section 6.4.

Another example of residual stress causing thermal in-

stability is that of Saample No. 228, a 254 mm diameter P-50 mirror.

This s;n-ple was known to have almost randor texture as measured by

X-ray diffraction. It was not annealed after machining, but did have

the surface damage from machininm-. removed by chemical etching. The

itching produced substantial pitting of the surface however, and con-

siderable grinding was required during optical surface qen,:ration. The

grinding introduced some residual stresses which relaxed durinq thermal

#,valuation of the piece. The mirror was initially cycled from 25*C

tio 80*C and returned. The elastic change was relatively small, but

the plastic instability was approximately X/5 peak-to-peak. A

se-rond similar cycli showed the elastic instability to he approximately
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the sarm.-i l 10 ueak-tc--ueakj w!. ie t.:-u DIastic instabilitv was

Liasur eLae. Le urther cyclin.g revealed nc further plastic in-

st ability.

While residizal stresses can be relaxed with thermal

cyclinrg they can also rt-lax with time at a constant temperatuce.

Maximuw terporal stability therefore, as well as improved thermal

stability, requires etching and annealing of machined surfaces, and a

stabilization treatrrent fur surfaces which havu been optically ground.

Electroless nickel coatings have alsc been shown te be

detr'mental to thermdl stabilityM 7 ) because of the stresses induced

in plating and beca'.s, of the thermal mismatch between coatings and

beryllium substrates. The use ot these coatings is not recoriuwwded

on precision beryllium optical components.
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5.6 HOMOGENEITY EVALUATIONS

Homogeneity tests are selected according to the mat-

erial type under study. Birefringence evaluations of several di-

electric materials were reported earlier(7, 14). X-ray diffraction

analyses of beryllium mirrors have also been reported.(4, 7)

5.6.1 Thermal Expansion Coefficient Measurements

A Precision Vacuum Dilatometer( 1 5 ) capable of handling

samples up to six inches long is being used to verify the hypothesis

that some observed thermal instabilities may result from nonuniform

thermal expansion in mirror substrates. Test data collected to date

are listed in Table 5.5.

Previous reports(4,7) have discussed the 7.7% anisotropy

in expansion coefficient of 1-400 commercial beryllium (No. 172) and

the 1.3% anisotropy in the pressureless-sintered sample (No. 28).

Measurements of a ULE specimen (No. 52) parallel and perpendicular to

striae show no significant anisotropy in thermal expansion.

It is known that reattritioning improves homogeneity

in beryllium mirrors, but samples produced by this method have not yet

been completely evaluated in the vacuum dilatometer due to sample

scheduling problems.

5.6.21 X-Ray Diffraction

Because of a low atomic scattering fact',r and a re-

sulting high transparency for X-rays, beryllium based products are

Best Available Copy



TABLE 5-8

THERMAL EXPANSION COEFFICIENTS

MEASUREMENT DATA

I
Sample Material/Supplier Temp. Range (*C) Thermal Expansion

No. (1I0-6/OC)

- CER-VIT, C-IO0 0-39 -0.040 + 0.004

10 Be, SRI, FP-1755 + 1% Fe 2-35 11.14 + 0.01

28 Be, SRI, FP-17, a+ 2-38 11.19 + 0.01
b+ 2-38 11.05 + 0.01

205 Be, SRI, P-40 23-69 11.8 + 0.1

171 Be, BBC 1-400, a* 2-38 10.36 + 0.01
b** 2-38 10.42 + 0.01

172 Be, BBC -400, a+ 2-35 10.84 + 0.01
b+ 2-38 10.62 + 0.01
c+ 2-38 II.06 + 0.01

17! Be, KBI , SP 2-3 10.36 + 0.01

52 ULE ++ 1-46 0.035 + 0.021

ULE +.+ 0-38 0.030 + 0.008

105 Fused SIlica, GE 151 2-39 0.604 + 0.008

1 * Fused Silic3, Corning 7940 2-39 j 0.594 + 0.007

+ Values are for mutJal ly perDendcula- cue axes,
unigentified with regar'1 to :ressih, Sire:tiot

P Parallel to •ressi• :ictVo

" Per:ýen,';cjlar .t • es i• ie'•o

+-+Parallel ýno striae

c:i--r •ernec,:icular tc striae

Best Available Copy
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rarely monitored by diffraction. However, monitoring beryllium

texture by X-ray diffraction has been refined and applied with con-

siderable success. This method, though not totally conclusive due

to the X-ray scattering characteristics of beryllium, has been

instrumental in achieving a ten fold improvement of thermal stability

in mirrors.

X-ray diffraction analyses have been reported and

discussed at length!4, 7, 13) In summary, the diffraction data, when

compared with thermal dimensional stability data, indicate that the

thermal behavior of beryllium mirrors is to a great extent a function

of the crystallographic orientation. In general, the more random

the texture, the better the thermal behavior will be. Samples pro-

duced by the hydrostatic methods of BMI and SRI using reattritioned

powder exhibit greater thermal dimensional stabilities, and have

been shown to have an essentially random texture.

It is suggested that precision beryllium components

should be produced using a reattritioning method to achieve improved

thermal performance. In addition, the X-ray diffraction method can

be used for quality control in these applications.

5.7 RESIDUAL STRESS MEASUREMENTS

It has long been held that residual stresses in a material

significantly contribute to both temporal and thermal dimensional

instabilities. Stress-relief heat treatments, and the corresponding

changes in mirror instabilities, have been previously documented for

beryllium mirror speC ......

In an effort to determine optimur stress relief treat-

ment for beryllium, six identical discs (107 mm diameter,13 mm thick)

of vacuum hot pressed beryllium were procured from a commercial vendor.
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The six discs were polished on one as-machined surface

and thermally cycled from 26*C to 82*C and back to 26 0 C. All mirror

surfaces at the elevated temperature were noticeably different from

those at 26*C. Magnitudes of surface changes of the six "identical"

mirror samples were noticeably different and some of the surface

deformations observed at the elevated temperature were not totally

recovered on returning to the initial temperature. This thermal

behavior has been discussed in detail in a previous report.(4)

The plastic deformation detected after the thermal

cycle test is most probably associated with deformations caused

by thermal relaxation of residual stresses,

The magnitude and distribution of the residual stresses

were then measured on the as-machined beryllium discs, as well as

samples exposed to stress-relief heat treatments.

The data indicate that the residual stresses in as-

machined parts are greater than was formerly realized. The stress-

level at the surface approximates the engineering yield strength

(1400 to 2500 kg/cm2), and decreases with increasing depth into

the body. If the micro-yield strength of beryllium is 140 kg/cm2-

then a minimum of 0.25 mm must be removed for optimum stability. By

measuring internal residual stresses in parts exposed to various

stress relief heat treatments, it was concluded that heat treatments

at 027 0 C and 982'C were apparently completely successful in removing

residual stresses. A complete presentation of the data was included

in the -hiru %uarteriy Technical Peport. As a result of these

studies it is recommended that, for precision applications, beryllium

be, heat treated and etched (minimum 900 0 C/0.25 rtm)

5 Best Available Copy



',. 4 RADIATION DA1MAGE

m_ pisat hen r bairtance of bervllium is uell known as it

is used as a moderator in nuclear reactors. Riýcently a nurrs r of mirror

and optical csatinh test specimens prepared by Perkin-Elmer have been

exposed to nuclear radiation in the [Uiesel Train expei-Mnt. in this

,xperiment, the test specimens were exposed to the full spectrum of

rjadiation from an underround nuclear detonation.

Optically polished bare beryllium surfaces survived the

test with no change in surface geometry. Interferograms of two of

these samples are shown in Figure 5-4, before and after exposure to the

radiation. The only apparent change was the development of a thin

oxide sturface film from radiant heat and nuc].-:ar absorption phenomena.

Die!.-clric samples, both bare and coated, were also exposed to the

sawe environment but have not yet been received for evaluation.

I5
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Befor(. Irradi-atiorn AVMS,-.. ... -._•-,_

Sample

No. 12

Sample

No. 14

Figure 5-4 Radiation Effects on Beryllium Surfaces
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SEu-TIO:• (,..

BATTELL[: M1EMOR IAL I NSTITUTE SUBCONTRACT

Under subc,'ntract fror this program, Battelle Mem-

orial Institute has fabricated selected beryllium types and

shapes by the hot isostatic pressing process. This effort was

a continuation of prior development work conducted under the Optical

Materials Study Program. In addition, feasibility tests have been

eonducted on methods for joining beryllium parts, the objective

being to make large mosaic structures from smaller component parts.

This effort is described in the five tasks:

a. Task i

Characterization of beryllium test specimens according
to powder composition, particle size and dis-
tribution, processing parameters, density, homo-
geneity, and thermomechanical finishina treatments.

b. Task 2

Fabrication of three solid discs (107 mmu diameter x
12.7 mm thickness) from three beryllium powder material
types.

c. Task 3

Fabrication of three solid cubes (51 mm on a side)
from three beryllium powder material types.

d. Task 4

Fabrication of three monolithic lightweight mirror( 5 , 8 )
blanks from three beryllium powder material types.

e. Task 5

Investigation of joining solid beryllium discs by
diffusion bonding or brazing techniques.
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Test specirwxns pr.:dveJd under Task 2 are siimilar in

size and geormetry tr, those obained frj.r other suppliers. Thes'

aX•ut a L f I anien,'ir.4r fcr quriace stabtlity evaluations

in the Precision Surface Interferometer. Cubical qnpnriWM,' nrQ-

duced under Task J were to bre tested in the Dimensiona. Interferometer.

6.2 TASK I - CHARACTERIZATION

A summary of the pertinent physical and chemical properties

of the three powder types under study has been given in Section 3.0

of this report. A complete description of these powders has been

reported earlier.(8)

The three techniques which were studied in an attempt to

minimize preferred orientation were: a) reattritioning, b) consolidation

of spherical powder3, and c) radial compaction.

Beryl xm powder particles, as-received, have a plate-

like geometry which causes nonrandom packing during processing of

solid objects. The reattritioning method involves taking a cold

hydropressed compact, made from as-received powder, and breaking it

into small agglomerates. The agglomerate size of the reattritioned

powder is 10 to 100 times the oriqinal powder size. This powder is

then processed in the normal way as described earlier.(4) Initial re-

4ttritioning was Jone by lathe turning and hand grinding. The current

method involves cutting, crushing and ball-milling.

The use of spherical powders should eliminate nonrandom

packing of the powders. This technique proved undesireable for several

reasons. Grain s~ze tended to be very large and the oxide tends to

accumulate at the sphere surface. Density proved to be much less than

theoretical, and so a high processing tempprature would be necessary to

achieve full density.
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The third technique used to minimize preferred orientation

is applicable only to the fabrication of disc specimens and is there-

fore limited in usefulness. This technique utilizes variable thick-

ness rubber bags to counteract the orientation developed during

vibratory packing by radially directing the particle motion during

cold pressing. The texture of the resulting disc was not random,

but was less pronounced than that resulting from normal compaction.

These last two attempts at minimizing preferrsd orientation were

discussed in detail in an earlier report. (8)

The effect of reattritioning in reducinq preferred

orientation was evaluated by X-ray diffraction and has been presented

in detail in the Third Quarterly Report of this contract.(7) Although

some basal plane texture exists in the reattritioned, hot-isopressed

material, the degree of texturing is significantly less than that in

-the as-received samples. Orientation effects in the machined arch

lightweight configuration were relatively greater at the locations

where the face was thinnest.

A total of thirty-nine specimens have been prepared

under this program. Process parameters and the disposition of these

specimens have been presented elsewhere.(7) A history of each of the

thirty samples delivered to Perkin-Elmer is included in Table 6-1.

All of the P-50 specimens processed achieved densities

of 99.0 to 99.7% of their theoretical value. The acceptable P-40

samples ranged from 97.4 to 99.8%. The two SP samples delivered had

densities of 99.8 and 100% as determined by Bat-t.lle..

The processing steps for all samples which were detailed

earlier(4) are summarized as follows:
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TABLE 6-I

BERYLLIUM SAMPLES PREPARED BY E.I

SAMPLE NO. POWDER (e)
(a) S 1.' REMARKS

P-E BMI TYPE COND I T I ON
(b)

217 10 SP-200-E AR 107 0 x 25.4 P,S,AL,1,100

.18 14 P-40 R 107 0 x 1..7 PNG

.111 20 SP P 107 0 x 9.5 P,AL,1,I00

220 29 S1 AR 107 0 x 9.5 P,LT,TC,H
(b)

221 ., 0 P AR 107 0 x 25.4 P,AL,T,IO0

2221 31 P-40 R i07 0 x 12.7 P,AL,T,100

"J" . P-40 P 107 0 x 12.7 PLT,TC,H

214 39 P-40 R 107 0 x . P,S,AL,S

230 I P-40 AR 107 0 x 12.7 P,AL,T, 100

251 1? SP-200-E R 107 0 x 12.7 P,LT,H,NG

233 13 3P-200-E FR 107 0 x 9.5 P,AL,T,100

25 3 SP AR 107 0 x 12.7 P,AL,T,IO0

17 5-50 R 107 0 x 12.7 P,AL,T,IO0

757 23 P-40 AR 107 0 x 12.7 PH,NG

.73P 26 P-50 AR 107 0 x 12.7 P,AL,T,I00

239 34 P-50 R 107 0 x 12.7 P,TC

240 37 P-50 R 107 0 x 12.7 P,S,H

"744 9 P-50 AR 51 >' 51 x 51

245 1- P-40 P 51 x 51 x 51

246 18 P-50 R 51 x 51 x 51

247 19 P-50 P 107 0 x, 25.4(b) P,S,AL,S

.48 28 P-50 AR 107 0 25.4(b) P,S,AL,S

56 Best Available Copy



TABLE 6-1 (CONT'D)

SAMPLE NO. POWDER

(a) SIZE REMARKS(e)

P-E BMI TYPE CONDITION (mm)

249 35 P-50 R 51 x 51 x 51

25C 36 P-50 R 107 0 x 2 5 .4b)

260 27 P-50 AR 51 x 51 x 51

(b)
261 II SP-200-E AR 107 0 x 25.4

262 :33 P-40 R I070 x 12 . 7 (d) NG

263 4 P-40 AR 107 0 x 12.7

264 5 P-50 AR 107 0 x 12.7

(a) AR Processed with "as received" powder

R Processed with reattritioned powder

(b) Machined arch lightweight geometry

(c) Mirror shape machined from solid disc

(d) Disc shape machined from low density light weight

(e) All samples were etched and stabilized.

AL Flash aluminized

H Hardness measurement

LT Long term temporal stability evaluation (i.e. determined
after periodic surface evaluation)

NG Sample not useable

P Optically polished

S Scatter measurement

T Temporal stability determined after 8 weeks in Precislon
Surface Interferometer as well as thermal stability.

TU Thermal stability determined between 260 and 820C

100 Thermal cycle stability determined after 10 and 100 cycles
between 24° and 350C.
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I c onta_,n,-nt ir, rubber baqs

2. VJibrato•7 r-,rnpact io€r

J. Hydropres! inq

4. .RJual; mach ine te fit steel containers

5. Prepa•et mandrel; for machined arch blanks

C. Fabricate steel cjntainirs and insert compacts

7. Outgas and seal containers

6. Hut-isopressitiu

9. Decanninq

10. rinal machining

I1. Etch 1,25 mm minimum

12. Heatl treat

1j, Etch to final dimensions

14. Thermal cycllL. (stabilize)

6.3 ]FABRICATION

6.3.1 Task 2 - Solid Mirror Blanks

A total of sixteen solid discs out of the seventeen

fabricated were sent to Perkin-Elmer. In addition, one unacceptable

machined arch blank was machined into a disc. Of these seventeen

discs, four are unacceptebkle because of cracks, fissures, voids and low

density. Of the remaining thirteen, six are of as-received powder

and seven were reattritioned. All but two (delivered in January 1970)

of these samples have been polished.

6.3.2 Task 3 - Solid Beryllium Cubes

A total of six cubes out of the ten fabricated were

sent to Perkin-Elmer. Of these six, three were reattritioned. There

were four P-50 samples and one each of P-40 and SP. The latter two

were of reattritioned and as-received powder respectively. None of



I

th.se cuces have as yet been optically poiished because of

s:hedulina Drorblevm. ari qino frorm the ,la&$ W,ArIu i ,.-f !] [.! 1-1

sa rpl.j

6. 3. 3 Task 4 i.ihtwe qht _-__irror lltar,'Ks

The design tr lightweiqht mirrors ts presented in

IP Iqure-, 6 I. The method choser.zn for producinq these mirror blanks

",onsisted of fabricating onto a mandrel having the pro.r,,er conltour.

Mancrels were fabricated out of type 304 stainless steel, and

barrier layers were- used. Details of fabrication technology have

been previously describvd. (4,")

Seven lightweight mirror blanks of the twelve fabricated

were sent to Perkin-Limuxr. of these, two were preliminary specimens

of SP-200-E. Since the P-40 specimens did not densify adequately

durinq hcot isopressing, one specimen was fabricated by machining

the specified shape from a thick solid disc. Of the remaining

four lightweight uirror blanks, one is SP and three art, of P-50

powdu r. Two of the P-5() samples ,)ndl the P-40 sample are of re-

attritioned powder. All but one have been polished.

6.4 Joining Studies

The second phase of this program was to evaluate the

feasibility of fabricatinci beryllium mirrors by joining smaller

segments of beryllium. Two techniqlies of joining were studied, viz.,

diffumion bondinq by using either nickel or silver diffusion aids,

and brazing.

6.4.1 Diffusion Bonding

6.4.1.1 Preparation of Preliminary Specimens

Thirty-six snecimens were cut and ground from HP-40 rods

supplied by the Perkin Elmer Corporation. The preparation of these
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specimens has been described in detail.( 4 )

The specimens were divided into three groups depending

on surface finish: Group G - ground, Group E - etched, and Group L -

lapped. Half of the specimens in each group were electrolytically

coated with nickel tuo thirkna of 3.... The other specimena

werr coated on one face with vapor deposited (PVD) silver to a thick-

ness of 0.6 to 1.3 un.

Four specimens out of each gioup, two coated with

nickel and two with silver, or 12 total, were assembled in a

column and wrapped with molybdenum foil. This first coltuin of

specimens was diffusion bonded by hot pressing in vacuum at

816'C and 28 kg/cm2 for 4 hours. Metallographic analyses of the

diffusion-bonded interfaces containing the nickel-diffusion aid

showed the following:

(1) Pellets were completely bonded across the interface and
extensive beryllium grain growth occurred.

(2) The Ni-Be diffusion zone was 30 - 50 um thick.

(3) Voids had formed in the beryllium immediately adjacent
to the Ni-Be diffusion zone. Void formation was slightly
less ii, those pellets which had ground-surface finishes.

(4) Knoop hardness measurements (100-g load) indicated that
the center of the Ni-Be diffusion zone was 100 units
harder than the initial Be (403 KHN compared with 300
for unalloyed beryllium) indicating a nickel-beryllium
solid solution.

Photomicrographs of a diffusion-bonded interface is shown

in Figure 6-2.

Metallographic analysis of the interface containing the

silver-diffusion aid showed:

(1) Pellets with the silver coating on etched surfaces
were only partially bonded across the interface.
Pellets with either ground or polished surfaces
achieved little or no bonding.
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FIGURE 6-2 DIFF7S-IONI B3ONDED NJCKEL COATED BERYLLIUM

Beryllium surfaces were polished, electroplated
with i.3 jim of nickel, and hot pressed at 816'C
for 4 hourý. at 28 kg/cm2 .
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(2) No grain growth occurred across the interface where
bonding was evident.

(.3) The AqAp~l diff~lini-c- V_%-_ .appcarc to~ bcv~y ,,

could not be measured.

Void closure at the interface was ircuumplete.

Photomicrographs of a typical interface are shown in

Figure b-3. Pellets were easily separated at surfaces where no

coating was applied.

The second assembly of pellets contained only electro-

plated-nickel bonding aids. These pellets were uniaxially hot

pressed at 6770C and 28 kq/cm2 for 4 hours. Metallographic examination

of the interfaces indicated that little or no bonding occurred between

interfaces.

The third assembly of silver-coated beryllium pellets was

uniaxially hot pressed at 815*C and 70 kg/cm2 for 2 hours. Metal-

lographic exmmination of the interfaces showed nearly complete bonding

across every interface as shown in Figure 6-4. Most of the silver had

diffused into the beryllium so that in one case, the interface was

indistinguishable from the base material. A Be-Ag alloy phase was

observed at the bond line. A few localized regions contained un-

alloyed silver. Grain growth across the interfaces was slight, but

detectable. A very small amount of porosity existed at the bond line

resulting from incomplete closure of interface voids. The most

satisfactory sil"'er-aided bond was achieved with pellets having

polished surfaces.

To determine if satisfacto.y bonds can be achieved at lower

pressures, the last series of hot-pressing experiments was conducted

at 913*C and at a pressure of 7 kg/cm2 for 1/2 hour. The bonding

interfaces were examined metallographically and the joints were
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FIGURE 6-3 DIFFUSION BONDED SILVER COATED BERYLLIUM

Beryllium surfaces w(ere etched in I1F-HNO 1 -
h110 solution, coated by PVD with 0.6 urm.
s*Iv, -r and hot pressed at 8115C for 4 hours

at 28 kgicm 2 .
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250X

h. Polarized light

FIGURE 6-4 DIFFUSION BONDED SILVER COATED BERYLLIUM

Beryllium surfaces were polished, coated by

PVD with 0.6 uLm of silver, and hot pressed

at 815 0 C for 2 hours at 70 kg/cm2 .
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qualitatively mechanically tested. The nickel-coated inter-

faces were strongly bonded. The high bonding temperature (913*C)

however, increased diffusion rates and vacancy migration, pro-

ducing an excessive amount of porosity at the interface and ex-

tensive grain growth across the original surface. Figure 6-5 shows

the microstructure of the bonded interface. For the silver coated

samples, grain growth across the interface was negligible. Voids

were observed, but these were small as shown in Figure 6-6. Silver

coated surfaces did not produce strong bonds.

After this preliminary testing program, it was decided

that all further diffusion bonding experiments would be carried out

at 815 0 C, the nickel at 28 kg/cm2 for four hours and the silver at

70 kg/cm2 for two hours.

6.4.1.2 Preparation of Tensile Specimens

Conventional tensile tests were used to measure the

tensile strength of nickel-aided and silver-aided diffusion bonds.

Four tensile bars were prepared from beryllium rods 12.7 mm diameter

by 102 mm long. Two of these rods were hot-pressed HP40, one was

hot isopressed P-40, and the fourth was hot isopressed FP17 from

last year's work. These rods were cut in half and the faces were

ground. After preparing and cleaning the surfaces, the two hot-

pressed HP40 rods were coated with 1.3 =m of silver by vapor depositiol

The hot-isopressed P40 and FP17 rods were coated with 0,6 pm of

electroplated nickel.

The thickness of the silver intermediate bonding aid on

the tensile bars was slightly greater than that used earlier on pellet

This greater thickness was used to insure *that sufficient silver
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FIGURE 6-5 DIFFUSION BONDED NICKEL COATED BERYLLIUM

Beryllium surfaces were polished, electro-
plated with 1.3 pm of nickel, and hot pressed
at 913 0 C for 1/2 hour at 7 kg/cm2 .

* .* .. * * ., .,

250X

FIGURE 6-6 DIFFUSION BONDED SILVER COATED BERYLLIUM

Beryllium surfaces were polished, coated by

PVD with 0.6 ýrn of silver, and hot pressed
at 9131C for 1/2 hour at 7 kg/cm2 .

Best Available Copy
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remained at the interface luring bonding to achieve silver-to-

5ilv,':t contact ana to pri'vent early depletion of silver from the

interface. The thile n"_ tf t• h r. ,•, joLermediate bonding aid

was reduced by 50 percent. By this reduction it was .!xpected that

cor.pleto bonding and adequate grain groiwth would still be otained,

but that the reaction zone and vcid volume due to the Kirkendall

e!fcct would be. reduced.

The two nickel-coated bars and the two silver-coated

tensile bars were bonded. In each experiment, the two bars having

the same diffusion agent were bonded by placing the two bars end to

end inside the hot-pressing fixture. Pressure was then applied to

the other end of each tensile bar. Both nickel-coated tensile bars

bonded satisfactorily using this type of pressing configuration.

However, one- silver-tensile specirwen failed to bond, and a second

cycle was required to form an adequate bond.

Tensile strenciths of the diffusion-bonded joints were

measured using an Instron Universal Testing M.•achine. The ultimate

tensilv strengths of the diffusion-bonded joints are summarized in

Table 6-2. The nickel-aided diffusion-bonded specimens showed tensile

strengths of 661 kg/cm2 (PPl7) and 696 kg/cm2 1jlIP P40). The silver-

aided bonds had strengths of 2161 kg/cm2 (I cycle) and 55 kg/cm2

(2 cycles).

6.4.1.3 Preparation of Disc Specimens

Two HP40 beryllium disks, Specimen Nos. 200 and 201, were

sectioned as specified by Perkin Elmer and rejoined by diffusion bond-

ing. Since only two disks were available, the nickel intermediate
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Il

bonding aid was used because of the lower pressure required. The

bonding surfaces were ground. I
Masking was applied up to about 1.6 nu of the interfaces

6. •-• bndd. '"'us ... 'and wjr].- wid 'a a h, U Iterfac

was necessarily coated with 0.6 wm of electroplated nickel to ensure

that the bonding surface was completely coated.

The specimens were assembled in low-carbon steel con-

tainers with molybdenum foil harriers. Hot-gas pressure boeding

was carried out at 815'C and 28 kg/cm2 for four hours. The containera

wer(! then leached off. Although le!aching the containers in nitric-

acid solution introduced the risk of attacking the nickel at the

bonding interface, care was taken to remove the specimens as soon

as the containers were leached off to minimize any possible attack

at the bonded intertaces.

Visual inspection of the diffusion-bonded disks indicated

that (1) both disks were adequately bonded, (2) camber across the inter-

facs was negligible, (3) alignment of the two halves was maintained,

and (4)_the originally nolished faces were replaced by dull, non-

reflecting surfaces resembling an etched surface finish, The leaching

solution appeared to have dissolved the nickel-rich interface slightly.

The bonded mirror blanks were sent to the Perkin Elmer

Corporation for evaluation. The polishing operation was carried out

successfully, but the interfaces were still visible after polishing.

There were no differences in thermal stability before and after bonding.

6.4.2 Brazing

Brazing is a promising method for fabricating composite

beryllium mirrors because low pressures can be used during joining.
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This advantage be-r r9 qiitte sicriificant when considering scale-up

for l'roduction of larqr mirrors.

6. 4.2. 1 P'rvparatic;n of Preliminary Specimens

The aluminum-9iilicon alloy system was chosen for the

fi'tier ailoy because ot matr-hing thermal expansion, relatively low I
brazing tez43erature and because neither aluminum nor .i Iirnn 1 ori-

crmpounds with beryllium. The details of this selection process and

the. filler alloy preparation have been presented..(4,B)

Preparation of discs for brazing was identival tto that

for diffusion bonding, and has also been described previously. (4,8)

Components were brazed in a vacuum furnace using dead

weight loading to provide 3.3 ka/cm 2 bonding pressure.

Table 6-1 summarizes the trial brazing experiments con-

ducted in this program. It was decided initially to braze at high

temperatures and for relatively long times to produce as much homo-

gunization in the interfacial region as possible. This would minimize

gradients of physical properties that might cause dimensional insta-

bility. A brazing temperature range of 577-666 0 C was selected for

investigation beLause of the Al-SJ eutectic temperature at 5770 C,

the Ble-Al eutectic temperature at 645'C, and the rmelting temperature

of pure M-Si 660*C.

The initial brazes were made by using one molybdenum weight

(1.6 kg/cm2 ). Tests I through 7 displayed voids in the interface

caused by dewetting of the AI-Ai alloy on the Be surfaces. Inter-

facial voids were also produced at a lower brazing temperature of

621 0C and a shorter brazing time of 30 minutes (No. 8).

Beginninq with Braze Number 9, the heating procedure was

modified to insure that the specimen, weights, and stainless steel

platform were close to thermal equilibrium. Slow heating to the
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brazing temperature or heating to a temperature below the brazinq

temperature, holding to attain equilibrium, and slow hnatinq to the

r.. _ _- zr .. ... we,, used.

arazing temperatures of 5771C" tn 593oC with a &,.e

20 minutes at temperature did not provide reproducible melting of

the foil (Brazes 10-13, 15-19, and 21). The pressure used during

brazing was raised to 3.3 kg/cm2 because gaps were observed occasion-

ally, Examination of blaie ,iumber 17 indicated no melting at the edges.

Metallographic examinatton showed islands of the primary solid solution

of Al in Si within the Al-solid-solution matrix at both the center

of the braze and in the unrmelted foil indicatinq that very little melt-

ing of the toil occurred.

Brazes 18 through 21 were to determine a brazing tempera-

ture at which an adequate amount of melting would occur. Braze 21 was

broken apart and indicated that thermal equilibrium had not been fully

attained.

Braze Number 22 was made at 5990C for 60 minutes after

equilibrating at 593*C for 20 minutes. Upon examination, it was

observed that full melting had occurred across the interface. There-

fore, these conditions were used for brazing tensile bars.

6.4.2.2- Preparation of Tensile Specimens

Conmercially hot-pressed HP40 beryllium rods, 12.7 mm

diameter by 48 mm long, were prepared for brazing by grinding the

rod ends flat and parallel "m.d lightly etching immediately before

brazing as described previously. The Al-l3Si foil was cleaned by

wiping with alcohol. The specimens were loaded in compression to

3.3 kg/cm2 . The rods were brazed with the same procedure as that

used for Braze Number 22.
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Tennile tests were run in the sap-t way as those used

to evaluate diffusion-bonded joints. The tensile strengths of the

in Table 6-2.

6.4.2.3 Preparation of Disc Specimens

Mirrors supplied by Perkin Elmer (107 mm diameter by

II mm thick) were cut along a prescribed diameter with a cutoff

wheel.

The foil (Al-13 weight percent Si) was preplaced in the

iaterface, the assembly was positioned in the vacuum furnace, and

a load equivalent to 3.5 kg/cm2 was applied. Specimen Number 198

us heated to 599'C in 60 minutes, held at the brazing temperature

for I hour, and cooled to room temperature at a rate of 55*C per hour.

The load was removed at about 540*C.

This brazing cycle did not fully melt the foil, so the

brazing cycle was repeated at 604 0 C for I hour. Again, the foil

that extended beyond the edqo'i of the joint was not completely

melted. A third brazing cycle at 610 0 C for 1 hour produced complete

melting of the exposed foil. Specimen 199 wan brazed in the same

manner at 6109C. But aqain the exposed foil did not melt and so the

mirror was rebrazed at 6160C for J. hour. The exposed foil fully

melted during this second brazing cycle. The two brazed mirrors were

submitted to Perkin-Elmer for evaluation.

As described earlier, sample No. 198 came apart during

the polishing operation, with little evidence of bonding. Sample

No. 199 was polished successfully with the interface invisible to the

unaided eye. The thermal behavior of this mirror was virtually the

same as it was befcre brazing.
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SECTION 7.0

The Optical Materials Study Program is concerned with

the mechanical, optical, and metallurgical characteristics of

materials suitable for diffraction limited mirrors. The major

portion of this study concerns the evaluation and development of

beryllium (Be) mirrors.

Descriptions of the various mirror materials used in the

program are outlined in Section 3.0. These include dielectric-

materials such .as fused silica, glass-ceramics and low expansion

glasses, and several beryllium-base products.

The most recent achievements in the preparation of bare

Be optical surfaces are described. Material and processing specifica-

tions for high precision Be optical components are recommended.

Brazed and diffusion bon~ded mirrors have been successfully polished

and tested. An optically polished bare Be surface was anodized and

results are presented which show low reflectivity and very low scatter.

Recent improvements in optical coatings and scatter are reported.

.Results of test programs carried out in the Precision

Furface Interferometer are described in detail. The data indicate

that most dielectric materials have rms thermal and temporal stabil-

ities approaching 10-4 wave/*C and 10-2 wave/yr respectively.

Hydrostatically prepared Be products are more stable than their

commercial counterparts. Improvements have been observed in Be products

through the une of a reattritioning process,
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The rediction of temporal instability with time in a

fused silica mirror is reported, and a mecbanisn is proposed. The

relationship between residual stiess and temporal stability in He I

mirrors is also described.

Data are presented for mirrors evaloated at a-mroxitm*tely

six month intervals during storage at room temperature. Most mirrors

have optical fiqure changes of less than 1/50 wave rrA. Linear

dimensional stability data of cubical samples evaluated in the

Dimensional Interferometer are presented. Dielectric samples are

generally more sLable than beryllium samples.

"Thermal instabilities are dependent on processing and

also residual stress. Specific examples are presented. Homogeneity

as determined by differences in thermal expansion coefficient and by

X-ray diffraction is discussed. The use of reattritioninq to improve

homogeneity in Be products is recommende

A sumuary of analyses of stress distribution in Be is pre-

vented. As a result of these studies, heat treating and etching of

Be parts is recommended.

Data are presented which show no change in optically

polished bare Bc pieces expced to nuclear radiation.

Under subcontract, Battelle Memorial Institute has fab-

ricated Be samples for evaluation by Perkin-Elmer. A summary of all

work on this program is presented. Fabrication techniques for the

various geometries produced are described, as well as attempts to

reduce preferred orientation in finished products. Detailed descrip-

tions of brazing and diffusion bonding experiments are included.
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Sectioned mirror samples were brazed with Al-Si foil and diffusion

bonded using a nickel diffusion aid. Preliminary results show that

fabrication of large mirror structures by joining msall component

parts is entirely feasible.
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