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Abstract. Xinetics is working with NASA to develop a cryogenic deformable mirror technology to meet the
specific needs of the Next Generation Space Telescope. One of the critical technical issues is the development of a
cryogenic actuator with sufficient displacement and temperature stability. This paper discusses the two year effort to
achieve a cofired electroceramic multilayered cryogenic actuator. The development began by testing materials from
300 to 35 K via a cut and bond actuator technology that led to a cryogenic electroceramic material down selection.
After selecting a doped SrTiOs, a cofired actuator process specific to the cryogenic ceramic was developed. The
assembled cryogenic actuators achieved the 3 um displacement (stroke) between 35 and 65 K required by the
deformable mirror design. The discrete cryogenic actuators were assembled into an engineering model cryogenic

349-channel deformable mirror that was delivered to NASA in October 2001.
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1. Introduction

Presently, NASA and its partners are designing the Next
Generation Space Telescope (NGST) as the follow-on
space astronomy observatory to the Hubble Space Tele-
scope [1] which is expected to launch in 2009. The
design requirements include a large primary mirror
(6-8 meters in diameter), an orbit at the second
Lagrange Point (L2) and an operation temperature be-
tween 35 and 65 K. The large primary mirror requires
that the telescope must be deployable after launch.
Since the L2 point is 1.5 million kilometer outside
Earth’s orbit, the telescope will be unserviceable by
the space shuttle. NGST must be maintained at cryo-
genic temperatures because of the infrared detectors
that will be used in the science instrument module.
Active optics on NGST are considered a necessity
since NGST’s orbit will be unserviceable by the space
shuttle and from the lessons learned from the Hubble
Space Telescope that was “fixed” with the installation
of the Wide-Field/Planetary Camera Il [2]. A cryogenic
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deformable mirror (DM) could correct potential static
aberrations due to misalignments of the primary mirror
petals after deployment or optical surface errors after
launch due to gravity changes [3]. From an astronomy
perspective, it could be used to enhance the resolution
of point objects.

Xinetics has been contracted by NASA to develop
a cryogenic DM technology specific to the needs of
NGST through a series of pathfinder hardware demon-
strators. Of utmost importance was the development
of an electrostrictive cryogenic actuator with opera-
tion capability between 35 and 65 K. Under NASA
contract number NAS8-98073, three pathfinder cryo-
genic DMs were built using cut and bond actuator
technology, shown in Fig. 1. NASA contract number
NAS8-99129 funded a cryogenic 349-ch engineering
model DM assembled using cofired cryogenic actua-
tors, shown in Fig. 2. This paper describes the two-
year cryogenic cofired multilayer actuator technology
development from the cryogenic electrostrictive ce-
ramic down selection and the cut and bond actuator
testing to the cofired cryogenic actuators development
and assembly. The goals of the discrete cryogenic
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100 mm

Fig. 1. Deformable mirror hardware demonstrators delivered under NASA contract number NAS8-98073. A 349-ch cut and bond discrete
actuator cryogenic DM (234 x 76 x 183-mm?) and two 37-ch cut and bond discrete actuator cryogenic DMs (both are 102 mm in diameter x

38 mm in depth).

Fig. 2. 349-ch cryogenic discrete cofired actuator deformable mir-
ror (246 x 61 x 185 mm?) delivered under NASA contract number
NAS8-99129.

actuators between 35 and 65 K were achieved: a 3.0 um
displacement and a negligible hysteretic response sug-
gesting an electrostrictive material.

2. Experimental Procedure

Two techniques are traditionally used to assemble mul-
tilayer actuators: the cut and bond technique (C&B) and
the cofire technique [4]. The C&B technique requires
a small amount of powder (~50 g) and a water soluble
binder to assemble one test actuator. The fabrication of
a cofired test actuator requires a large powder quantity
(~1000 g) and the development of a compatible binder
system specific to the powder properties. The C&B
technique was selected as the method to assemble the
test actuators for the composition studies. A consider-
able amount of unnecessary research and development
time was avoided since the batch sizes were less than
100 g and a water based binder system was used when
necessary. Once a promising composition was identi-
fied, a cofired process specific to that composition was
developed.

2.1. Cryogenically Active Materials Evaluations

Landolt and Bornstein [5] was used to select ma-
terials that exhibited large dielectric constant below



100 K. The investigations centered on doped SrTiO;
and KTaOj; in single and polycrystalline forms. The sin-
gle crystals were SrTiOs3,! KTaO3? and morphotropic
phase boundary Pb(Mg;/3Nb,y/3)03-PbTiO;.°> The
SrTiO3 (ST) and KTaOj3 (KT) single crystals were
purchased in both (001) and (011) oriented crystals.
The morphotropic phase boundary Pb(Mg; ,3Nb;,303)-
PbTiO; (MPB PMN-PT) single crystals were oriented
in the (001) direction.

The electroceramic compositions of doped ST were
synthesized at Xinetics using a procedure adapted from
Chen et al. [6]. For each composition, the raw powders
purchased at AlfaAesar (Ward Hill, MA) were weighed
in stoichiometric ratios and mixed with ethanol. The
powder slurry was vibratory milled for 20 hrs and dried.
The powder was thermally processed, milled and dried.
The resulting powder crystal structure was confirmed
by x-ray diffraction and the particle size by laser light
scattering. Several difficulties arose trying to process
polycrystalline KT and therefore the polycrystalline
KT investigations were discontinued.

2.2.  Cut and Bond Test Actuators

The test wafers were fabricated using 50 grams of each
powder composition mixed with a 2 weight percent
PVA binder. After the powder dried, 6.4 and 12.7 mm
disks were uniaxially pressed at 140 MPa. Binder burn
out and sintering of the disks were performed. The disks
were lapped parallel to a desired thickness. The lapped
disks were either used in test stacks (6.4 mm) or for
capacitance (12.7 mm) measurements.

Capacitance measurements were performed on in-
dividual wafers of the synthesized compositions. After
lapping, the dimensions of the disks were taken and
they were sputter coated with gold. The capacitance
of each disk was measured from 20 to 300 K between
0.1-100 kHz at a heating rate of 2°/min. Using the di-
mensions and capacitance, the dielectric constant as a
function of temperature was plotted for each material.
The dielectric constant at cryogenic extremes was fur-
ther related to actuator displacement performance of
the same composition.

The lapped wafers were thermally cleaned to re-
move any organic residue by heating to ~500°C. The
wafers were aligned in a fixture with a metal con-
necting electrode between each wafer pair. The layers
were bonded using an adhesive. The tabs on each side
were connected using solder to form the negative and
the positive bus bars. Electrical leads were connected
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Fig. 3. Nlustration of the assembly procedure for a cut and bond
stack.

to each of the bus bars followed by conformal coat-
ing of the assembled actuator. An illustration of a cut
and bond (C&B) actuator is shown in Fig. 3. The cut
and bond actuators that passed optical inspection (neg-
ligible voids or electrode imperfections) and electrical
testing (dc 250 V in He for 5 min at 300 K) were tested
at cryogenic extremes.

2.3.  Cofired Actuator Development

In the development of a cofiring process, understanding
the impact of powder morphology on the tape casting,
electrode alignment during the green body forming pro-
cess, and volumetric shrinkage during densification is
crucial to making uniform, homogeneous cofired actua-
tors [7, 8]. The powder production process and potential
methods for improving powder properties such as par-
ticle size, chemical homogeneity, and batch-to-batch
consistency were evaluated to optimize the greenware
processing of the powder into electroactive cryogenic
ceramics.

The slurry batching and casting process was tran-
sitioned from the PMN-based system to the cryogenic
powders by careful evaluation of the effect of surface
chemistry, particle size and other powder characteris-
tics on the interaction with the tape casting slurry or-
ganics. Using the doped SrTiO3; powder and binders
at greater than 40% loadings, slurries that appeared
well mixed with no agglomerates were tape cast onto
Mylar films. After drying, they were released from the
Mylar. The tapes were punched into ~102 mm square
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substrates and inspected for surface quality. The tapes
that exhibited negligible surface defects were screen-
printed.

The screen printing ink used was a thick paste, with
shear thinning behavior so that the ink flowed evenly
onto the laminate, but held its position once the pat-
tern was formed. The doped SrTiO3 tapes were screen
printed according to a 4 mm diameter by 8 mm length
actuator design.

The greenware layers were laminated slightly above
the glass transition temperature of the binder system.
The lamination schedule was thoroughly evaluated to
produce the optimum greenware properties for the
cofired cryogenic actuators.

The determination of a binder burnout schedule was
complicated by the presence of several lower molecu-
lar weight (MW) species such as dispersants and plas-
ticizers (or lower MW components of the resin) that
volatilized at temperatures several hundred degrees be-
low the majority of the binder resin. The burnout of the
organic in the electrode ink was also considered. Binder
burnout profiles were adapted from the knowledge base
on PMN processing and were designed to prevent the
introduction of defects, such as delaminations, during
the removal of the organic.

The sintering cycle was optimized via thermal me-
chanical analysis (TMA) on the green actuators. The
actuator’s change in length as a function of tempera-
ture and time were measured. Several samples were
analyzed using TMA while changing the heating rate.
Figure 4 shows the change in length of an actuator as
a function of a constant heating rate to the sintering
temperature of 1450°C. The onset of shrinkage in the
material occurs at a critical temperature at which point
the heating rate should be slowed to allow the ceramic
to densify uniformly. This avoids introducing temper-
ature and corresponding shrinkage gradients. Due to
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Fig. 4. The TMA analysis of a cofired XiCryo-1 segment.

the TMA results, above 1050°C the sintering rate was
decreased by half.

2.4.  Cryogenic Actuator Testing Procedures

Tensile strength testing is used to determine the me-
chanical bond strength between layers in cofired actu-
ators after sintering. Five actuators were chosen from
each cofired actuator test batch for tensile testing.

The total thermal expansion was measured for a
cofired cryogenic actuator from 10 to 300 K using
a modified quartz dilatomer that was placed in a he-
lium cryostat chamber. The C&B actuator stacks that
passed the assembly inspection were cryogenically
strain tested in the same helium cryostat that was
customized to measure capacitance and strain (dis-
placement) as a function of temperature. Due to the
constraints of the cryostat, the C&B test actuators were
assembled such that the length did not exceed 25.4 mm,
with a diameter of 5 mm. The actuators were placed
in the cryostat and the temperature was lowered from
room temperature to 140 K by the addition of liquid ni-
trogen then further reduced to 4.2 K by liquid helium.
The capacitance (at 1 kHz) and electrical displacement
were measured every 5 degrees to 80 K while heating as
the coolant evaporated. The field at each temperature
ranged from O to 1.0 MV/m. The maximum voltage
applied was wafer thickness dependent.

As the NASA NAS8-99129 program was initiated,
a cryogenic testing facility was designed and built at
Xinetics. It contained a large cryogenic chamber to
measure optics up to 380 mm in diameter and a small
chamber to measure samples up to 32 mm?>. The small
optical system was used to measure the cofired actua-
tor strain and electrical properties. It was also modified
to measure three actuators during one cryogenic cycle.
The temperature range for both chambers was 1.4 to
475 K with stability control of +/—0.05 K. A Hewlett
Packard 5517C Laser was used to measure the displace-
ment of actuators while a QuadTech 7600 Precision
LCR meter was used to measure actuator properties
such as capacitance and dielectric loss.

3. Results and Discussion
3.1. Single Crystal C&B Actuator Evaluations

The displacement of each single crystal SrTiO; stack
peaked at 4.2 K and then dropped dramatically, shown
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Fig. 5. The cryo-displacement performance of a single crystal
SrTiO3 cut and bond actuator stack.

in Fig. 5. In the 35 to 65 K temperature regime,
their strain was too low to be considered as a possi-
ble material for a cryogenic deformable mirror. The
cryogenic displacement behavior of the KTaOj3 single
crystal stacks was very similar to the SrTiO; stacks,
but they exhibited even lower displacement values.
When the cryogenic strain performance was considered
for the different crystallographic orientations, the (001)
strain was greater than the (011) strain. Figure 6
shows a SrTiO3 cut and bond single crystal wafer ac-
tuator stack.

Due to the author’s previous experience [9, 10],
it was decided to test the performance of a cut
and bond actuator stack composed of single crystal
MPB PMN-PT wafers poled along the (001) direc-
tion. The cryo-performance of the single crystal PMN-
PT stack, shown in Fig. 7, was similar to the room

10 mm

Fig. 6. Anassembled 5 mm x 25.4 mm cut and bond SrTiO3 actuator
fabricated from single crystal wafers.
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Fig. 7. The cryo-displacement performance of a MPB PMN-PT cut
and bond actuator stack.

temperature performance of a room temperature opti-
mized PMN-based actuator stack presently used in our
commercial DMs. Therefore, the single crystal MPB
PMN-PT would be a possible actuator material for
a cryogenic DM. However, a DM composed of sin-
gle crystal MPB PMN-PT C&B actuator stacks could
be cost prohibitive. The growth of the desired single
crystal composition, individual crystal orientation, and
wafer cutting is time consuming, difficult to handle,
and labor intensive. In addition, due to increased wafer
thickness, voltages greater than 250 V would be neces-
sary to achieve comparable electric field levels, which
is greater than the desired operating voltage in a space
environment.

3.2.  Cryogenic Strain Measurements of Cut
and Bond Electroceramic Actuators

The cryogenic strain performances of twenty four com-
positions were examined. The performance of the elec-
troceramic C&B stacks varied depending on the con-
centration (0 to 50 percent) and the general dopant
used (compositions are currently proprietary). Figure 8
shows the strain as a function of cryogenic tempera-
ture for eight of the C&B actuators tested. One com-
position exhibited cryogenic strains much greater than
the other tested compositions. Several actuators of this
doped ST composition were tested and the strain per-
formance was reproducible. It was labeled XiCryo-1,
and chosen as the cryogenically active actuator mate-
rial to be used in the cryogenic deformable mirrors.
The XiCryo-1 actuators strain performance was nearly
constant across the temperature range of interest (35
to 65 K) and the performance was ~30% of a XiPM-
NRE actuator stack at room temperature. The XiCryo-1
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Fig. 8. The cryo-displacement performance of eight cut and bond
polycrystalline doped ST actuator stacks.

electroceramic powder composition was employed to
fabricate cofired discrete actuators.

Figure 9 shows the displacement performance of the
C&B XiCryo-1 actuator stack between 35 and 65 K.
The capacitance for XiCryo-1 composition was also
measured on several individual wafers at four frequen-
cies from 0.1 to 100 kHz and at a heating rate of 2°/min.
The repeatable dielectric constant behavior showed re-
producibility of the powder fabrication process. The
dielectric constant as a function of temperature for one
XiCryo-1 wafer is shown in Fig. 10. It is interesting to
note that the XiCryo-1 exhibits a relaxor ferroelectric
behavior represented by the shift in 7}, to higher tem-
peratures and lower values with increasing frequency.

3.3.  Cryogenic Strain Measurements of Cofired
Electroceramic Actuators

Over twenty blocks of cofired actuator segments were
fabricated for various process optimization steps. The
cofired segments were characterized using optical in-
spection and tensile strength. Testing segment tensile
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Fig. 9. The cryo-displacement performance of a XiCryo-1 cut and
bond actuator stack.

7000
— 01 kH
6000 /;/'\\ ke
2 A —10kHz |
2 5000 //// X — 100 kHz
£ 4 .
£ 000 ; 1000 kHz
[
: /A
£ 3000 \
2
)
2000 7/ \
1000

\

0 T T T T T ]

0 50 100 150 200 250 300
Temperature (K)

Fig. 10. The dielectric constant as a function of temperature for a
XiCryo-1 wafer. Data taken at Alfred University by C. Pagoda and
S. Pilgrim (2001).

strength was found to be dependent on the thermal
cycles. The optimized thermal cycle produced cofired
segments with tensile strengths greater than 27.6 MPa.

Actuator assembly included sizing, striping, wiring,
and coating. An actuator electrical test plan was
developed for quality control of the cofired actua-
tors. The test were series resistance, parallel resis-
tance, and capacitance at room temperature. Selected
cofired actuators were strain tested from 300 to 35 K,
then quality control tested again at room temperature.
Figure 11 shows a cyclic displacement versus time
curve for a cofired XiCryo-1 actuator at 35 K. The ac-
tuator exhibited negligible hysteretic behavior similar
to PMN at room temperature. Its strain with negative
field remained positive, suggesting an electrostrictive
material.

The final actuator design was based on the cryo-
genic 349-channel discrete actuator DM requirements.
The 4 mm diameter was due to the 7 mm interactuator
spacing requirement for the DM. Three XiCryo-1
segments were bonded together to achieve the 3.0 um
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Fig. 11. The XiCryo-1 exhibited positive strain with negative field,
thus electrostrictive behavior. It was cycled at 5.0 Hz from 75 to
—25 V at 75 K. The X-axis is arbitrary time.



a5
e = %
7 25 ;
€ |
2 |
s 2
E |
S—r |
r |
15 |
g i
(4] 1 |
05 '
0 |
35 40 45 50 55 &0 85

Temperature (K)

Fig. 12. The cryo-displacement performance of a XiCryo-1 cofired
actuator stack. It exhibited 3 ©m of displacement at 150 V. Error bars
represent 2 percent deviation.

displacement goal at 150 V. Displacement performance
of cryogenic cofired actuators was nearly constant from
35 to 65 K as shown in Fig. 12. The 349 XiCryo-1 ac-
tuators plus spares for the DM are shown in Fig. 13.
The operating voltage can be further reduced in future
designs by decreasing the ceramic layer thickness.

3.4. Cryogenic Cofired Actuator Quality Control

Since actuators in a DM must push and pull on the mir-
ror surface, tensile strength testing of the cofired actu-
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ator segments is a critical actuator quality control mea-
surement. Since it was unknown if tensile strength at
300 K was comparable at 35 K, a sample fixture was de-
signed to test the tensile strength of the cryogenic actua-
tors at 35 K. A single segment of XiCryo-1 actuator was
bonded to a silicon tab with cryogenic epoxy. Due to the
cost of cryogenic testing, only two samples were tensile
strength tested at 35 K. Both exhibited values greater
than 27.6 MPa. The cryogenic tensile tests showed that
tensile strength of the XiCryo-1 actuators at 35 K are
quite similar to 300 K tensile strength measurements.

The total thermal expansion was measured for
cofired and cut and bond XiCryo-1 actuators from 300
to 35 K. For the C&B actuators it was approximately
—2500 ppm and for the cofired stack approximately
—1500 ppm. The variation in values was attributed to
the large number of epoxy joints in the C&B actuators.
The coefficient of thermal expansion for the actuators
was a significant materials property in the cryogenic
DM design decisions.

4. Summary

Over twenty years of development was necessary to
achieve today’s commercialized PMN cofired actuators
that are used in Xinetics’ room temperature deformable

Fig. 13. A display of the 349 actuators that were assembled in the 349-ch discrete actuator DM. The actuators are 4 mm in diameter by 24 mm

in length.
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mirrors. The developments occurred in a sequence of
stages such as powder synthesis and property charac-
terization, cut and bond (C&B) assembly optimizations
and cofired process development and implementation.
A similar sequence of stages was followed in the devel-
opment of cofired cryogenic actuators, but in only two
years. The cryogenic strain of over twenty four com-
positions were measured that were composed of sin-
gle crystal KTaO3, SrTiO3, MPB PMN-PT, and poly-
crystalline doped SrTiO3. One composition, XiCryo-1,
was down selected as the electrostrictive cryogenic
electroceramic to operate between 35 and 65 K. The
XiCryo-1 composition was fabricated into over 349 dis-
crete cofired actuators that were assembled into a cryo-
genic deformable mirror pathfinder that was designed
to meet the needs of the Next Generation Space Tele-
scope. The actuators exhibited negligible hysteretic re-
sponse suggesting an electrostrictive material between
35 and 65 K and displacement of 3 ym at 150 V, meet-
ing the actuator design requirements.
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