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Experimental data on temperature effects on the Maksutov coefficient being a prelimi-
nary criterion of the material suitability for astro-mirror manufacturing have been sum-
marized for materials of promise for cryogenic optical systems and precision equipment.
The material that meets the cryogenic optics requirements to the greatest extent has been
noted. Experimental data on low-temperature cycling and dimensional stability of materi-
als used in the field of measuring engineering have been analyzed.

s MaTepuaioB, IMEPCIEKTUBHLIX B KPUOT€HHBIX OITHUYECKMX CHCTEMaxX M IIPEIU3MOH-
HBIX yCTpoiicTBax, OOOOIIEHBI SKCIIEPMMEHTAJbHBIE NaHHBIE II0 BAMAHUIO TeMIIEPATypPhl Ha
Koo(ppunuent MarcyToBa, sSBIASIONMIICA IIPeIBAPUTEIbHLEIM KPUTEPHUEM IIPUIOLHOCTH MAaTe-
puaia majd usroToBjeHusA acTpodepkan. Ormeuaercs, KaKON M3 HUX 10 KOMOMHAIIMHU CBOICTB
JIydIlie yOOBJETBOPAET TPeOGOBAHMAM KPHUOTEHHOM ONTHKM. PAacCMOTPEHBI dKCIIEPUMEHTAb-
Hble JaHHBbIE II0 HU3KOTEeMIIEPATYPHOMY IMKJIMPOBAHUIO M PA3MEPHOM CTAOMIBHOCTH MATEPU-

aJIoB, HCIIOJIb3YEeMBbIX B HBMepI/ITeJIBHOﬁ TeXHHKE.

The long-term operability of precision
cryogenic equipment is a problem of great
importance in physical materials science.
The materials used in manufacturing of pre-
cision optical systems and navigation gyro-
scopes are subjected to extreme external
factors resulting in considerable changes in
physical and mechanical properties thereof.
At the same time, there are no criteria to
select a material usable in precision cryo-
genic engineering because the problem is
highly complicated. The only suitable crite-
rion for the material selection taking into
account the set of its physical and mechani-
cal properties is the empirical Maksutov co-
efficient [1] derived from the shape stabil-
ity condition under low mechanical stresses
and temperature gradients acting on the
material: P = EA/(aCp) where E 1is the
Young modulus; A, heat conductivity; o,
thermal linear expansion coefficient; C, spe-
cific heat capacity; p, the material density.
The higher is the P value, the more prefer-
able is the material in manufacturing of the
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precision optical systems. However, the
Maksutov coefficient was used up to now
mainly near room temperature. As to low-
temperature region, there are only scarce
literature data on P [2—4]. In this connec-
tion, the purpose of this work is to obtain
and investigate the low-temperature P(T)
dependences for materials of promise in the
precision engineering as well as the criteria
depending on the material structure state.
Polycrystalline beryllium, five industrial
aluminum alloys, nonmetal materials
(SO115M glass ceramics, dross-cast silicon
carbide, polycrystalline cast silicon) and
some others materials were studied. Basing
on temperature dependences of physical and
mechanical properties as well as on litera-
ture data, the P values have been calculated
within 30 to 300 K temperature range. To
analyze the mechanical and thermal condi-
tions of operability for materials under
study, the dimensional stability under force
and temperature cycling was measured.
Using the method described in [5, 6], we
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Table. Temperature dependence of Maksutov coefficient for some materials of promise in cryo-

genic optics

Material T, K
30 77 200 300
Beryllium 891.103 22100 448 134
ABM-1 1635 378 61 36
SAS1-400 13.14-108 472 73 52
AMg6 5590 51 19 17
Al-Zn alloy 2880 57 21 19
AK-25 8527 222 50 39
AM4K2 7832 235 31 27
Silicon 23.96-106 1.34-10% 2400 599
Silicon carbide 15.7-10° 33.37-10° 18.31-103 1127
SO115M glass ceramics 12 10 34 19

succeeded in measuring of dimensional in-
stability at an error of about 1078 under
low-temperature thermal cycling and low
stresses (up to the yield limit). The method
consists in measuring of linear dimensions
of two specimens by measuring the gap be-
tween those. The setup for dimensional sta-
bility measurements includes a bath for
thermal cycling, a bench made of SO115M
glass ceramics, two specimens having the
total length L = 250 mm and a NU-2E opti-
cal microscope [7]. The gap width (6 = 50 um)
between the specimens was measured prior
to and after the thermal cycling at an error
about 0.5 pym. The § value was measured at
273 K. The measurement error is due
mainly to the inaccuracy of the microscope
focusing at the specimen surface. In that
connection, the measurement error was de-
termined as the r.m.s. within a series of 15
control measurements. The relative change
in the specimen dimensions was determined
as the ratio ¢ = 0L/L where L is the change
in the gap width 6 between the specimens.
It is to note that the thermal and force
cycling methods were elaborated mainly for
use at high temperatures. The low-tempera-
ture thermal cycling has some specific fea-
tures associated with the fact that the
specimens are cooled as a rule by immersion
thereof into a cryogenic liquid. That results
in formation of considerable temperature
gradients causing high internal stresses.
The loading device is cooled in part to-
gether with the specimen, thus complicating
the measurements of stresses and strains.
To date, only few constructions of devices
for thermal cycling of materials at low and
super-low temperatures are known [8—10].
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The experiments on low-temperature ther-
mal cycling treatment (LTCT) were carried
out using the setup [10] providing the ther-
mal cycling at as low temperatures as 4.2 K
under programmed loading and cooling of
the specimens.

Table presents the P wvalues calculated
from temperature dependences of physico-
mechanical properties for 10 various mate-
rials, some of those being used in manufac-
turing of cryo-mirrors and other assemblies
of cryogenic optics. The temperature lower-
ing down to 830 K is seen to result in an
appreciable increase of the coefficient P for
all the materials studied except for SO115M
glass ceramics. The P values increase in dif-
ferent manner for diverse materials and
non-monotonously in many cases. The Mak-
sutov coefficients at T = 300 K decrease in
the following sequence: SiC, Si, Be, SAS-1,
AK-25, ABM-1, etc. As to the use of materi-
als in UR spectroscopy at T =30 K, the
greatest increase in P is observed mainly for
few materials, namely, Si, SiC, Be, and SAS1-
400. Consideration of temperature depend-
ences of characteristics included in the em-
pirical formula of the Maksutov coefficient
shows that the presence of a maximum in P
value for SiC at 77 K as well as that for the
glass ceramics at 200 K is defined substan-
tially by the run of heat conductivity A and
expansion coefficient o temperature depend-
ences. So for SiC, the A starts to decrease at
77 K while o drops abruptly and attains a
minimum at T = 30 K. Similar non-monoto-
nous changes in thermophysical parameters
are typical also of the glass ceramies: A

U a6 200 K, Xy i ab 77 K.

max’

ax min
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When comparing the data from Table, it
is seen that the highest P values are charac-
teristic for Si, SiC, and Be. However, con-
sidering other properties of those materials,
it is clear that some of those do not meet
certain requirements defining the material
suitability for the cryo-mirrors, namely, the
isotropy and structure stability under ther-
mal cycling and external stresses lower than
the macroscale yield limit at corresponding
temperatures. In this connection, it is to
pay attention to the dimensional and struec-
tural stability of materials selected basing
on the P(T) maximum criterion. The study
of the material dimensional stability should
be combined with investigation of the mate-
rial structure state and its evolution.

The changes in the material structure
and properties under thermal and force cy-
cling depend on numerous factors that can
be subdivided into internal and external
ones. The former include the metal or alloy
crystal lattice type, the initial structure
state, the material thermophysical proper-
ties, its inclination to phase transforma-
tions, the dislocation stacking defect en-
ergy, the anisotropy extent of the material
physical properties, and the acting plastic
strain types (sliding, twinning, etec.). The
external factors include the specimen (or
piece) shape and the thermal and force cy-
cling parameters (the temperature gradient,
the heating/cooling rate, the holding time
at a specific temperature, the presence or
absence of external loading, etc.). The
stresses arising at the thermal and mechani-
cal treatment of a material may relax in
various ways, depending on a combination
of the external and internal factors. This
causes various characters of the structure
state formation and thus the dimensional
stability and other structure-sensitive
physical properties.

Among the materials mentioned in Table,
it is just Si that shows the highest value of
the Maksutov coefficient. That is why it is
of a great importance to consider problems
associated with other properties of the ma-
terial that define its suitability for astro-
physical instruments being operated in the
appropriate low temperature range, in par-
ticular, its dimensional stability under
LTCT. The experiments carried out on Si
specimens have shown that the cast silicon
specimens are dimensionally unstable. A re-
peated heat treatment favors the stabiliza-
tion of the material behavior under LTCT.
Nevertheless, a residual strain of about
1074 arises in the cast silicon specimens
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during the thermal cyeling. That strain is
not associated with twinning that could be
expected at low-temperature cycling; but
perhaps it is due to pores the density of
which decreases as the number of thermal
cycles increases.

The stresses arising under the LTCT of
materials used in the cryogenic UR optics
are caused by the hindrances to their ther-
mal expansion (contraction). The highest
thermal stresses are formed if the material
is subjected to a temperature gradient (ther-
mal shock). Such conditions arise when a
material being at a homogeneous tempera-
ture is immersed into a medium of a differ-
ent temperature. In this case, the first
order stresses may arise which become
equilibrated within limits of the body. In
polycrystals or composites, the free dimen-
sional change of individual grains due to
temperature variations is hindered by dif-
ferent orientation of the grains (the com-
posite constituents). In this case, the second
order stresses arise and are equilibrated
within limits of the grain size. The ther-
mally induced stresses increase in propor-
tion to the hindered strain right up to the
elasticity limit.

Thus, the comparative consideration of
data on the Maksutov coefficient, the di-
mensional and structure stability has shown
that it is just the cast silicon that is the
most suitable material for astronomic mir-
rors and gyroscope elements of astrophysi-
cal UR optical equipment. Its advantages
include a relatively high strength, ultrahigh
heat conductivity, and small thermal expan-
sion. The drawbacks of the material are po-
rosity, the presence of internal stresses in
as-cast blanks and dimensional instability
(€,,s%107%). Nevertheless, the available in-
formation on stabilizing effect of heat
treatment allow us to expect for elimination
or at least reduction of those drawbacks.
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Kpurepii Bigoopy marepiajyiB a1 BUKOPHCTOBYBaAHHA
Y KPpHMOTEHHiil mpenmu3iiHii TexHiii

M .€.Bocin, ©.D.Jlaepenmves, B.H.Hixigpopenro, C.A.Conodunos

Onsi marepianiB, HepPCHEKTUBHUX y KPIOreHHMX ONTHYHUX CHCTEMaX Ta MOPEenusiiiHuX
IPHUCTPOSAX, y3araJbHEHO eKCIePUMEHTAJbH] AaHi 11040 BIJIMBY TeMIleparypu Ha KoediiieHT
MaxkcyToBa, 1[0 CTAHOBUTDH IIOIEPeaHill KpuTepiili mpuasaTHOCTI MaTepiaay mJisi BUTOTOBJIEHHS
acrpoxisepkaJs. Bigdumauaerscsi, IKM 3 HUX 3a KOMOiHAIli€I0 BiacTUBOCTEN Jimmie Bigmosimae
BUMOT'aM KPHMOIeHHOI OIITHKHU. PO3IIAHYTO eKCIepHMEeHTAJbHI maHi IMog0 IUKJIYBAaHHS i
poa3mipHOi crabinbHOCTI MaTepianiB, [0 BUKOPHUCTOBYIOTHCA y BUMipIOBAJbHIN TexHiIri.
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