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I. INTRODUCTION

Recently, accelerated life testing of unit S2 of the Hughes Aircraft

Company's Five-Year Vuilleumier (VM) Cryocooler was completed. For the test,

the unit was operated for a total of 9710 hours at twice the speed and

approximately three times the pressure expected of a unit in actual service.

Several stoppages and working fluid exchanges occurred during the course of

the test which might have affected the overall performance of the cooler.

These stoppages have been described in several Hughes reports. I - 3 The S2 unit

has been dismantled for overall inspection and analysis of wear debris

generated during the test. Aerospace Corporation Materials Sciences

Laboratory personnel obtained a group of powder samples (see Table 1) for

analysis by X-ray diffraction (XRD), Fourier transform infrared spectroscopy

(FTIR), scanning electron microscopy with energy dispersive X-ray spectroscopy

(SEM/EDXS) and image analysis (IA), and ion microprobe mass analysis (IMMA).

In addition, samples of the regenerator balls from the second and third stages

were obtained for examination solely by IMMA.
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II. EXPERIMENTAL PROCEDURES

Two methods were used for obtaining powder debris samples: (a) abundant

deposits were scraped off surfaces onto pieces of waxed weighing papers which

were then carefully folded and stored in plastic containers, and (b) sparse

deposits were removed from surfaces with ScotchO magic mending tape and placed

face-up in plastic containers. Optical photographs were taken of each of the

samples collected from the internal cryocooler surfaces and the location of

each sample was documented (Table 1).

Each of the eight large, granular samples was divided into several frac-

tions for study by different analytical methods. X-ray diffraction analysis

was performed first. Samples were finely ground in a mortar, poured into

glass capillaries, and placed in a Debye-Scherrer camera. The camera was

mounted on a Philips 3100 XRD unit, and copper Ka radiation was used to

irradiate the samples for several hours. The diameters of the diffraction

rings on the resultant films were measured and converted to interplanar

spacings. The materials producing the patterns were identified by computer

matching with the JCPDS X-ray diffraction data file. This method is based on

crystal structure of materials, so that both compounds and elements present in

the unknowns were identified.

The Nicolet MX-1 FTIR spectrometer was employed to identify functional

groups and bonding arrangements in the powdered samples. The 4X beam

condenser attachment was mounted on the FTIR spectrometer and a thin sodium

chloride plate was inserted across the 0.5 mm aperture of the sample holder.

This was scanned by the IR beam in order to obtain a background spectrum. The

unknown particulates were then mounted on the NaCI plate by means of a small

Ti probe. The spectrometer chamber was gently purged with N2 for several

minutes to remove CO 2 and water vapor. Samples were scanned for a period of

four minutes (128 scans). The information obtained was computer-averaged and

the spectra which appeared on the CRT screen were deciphered by comparison

with IR plots of standards.

9



Table 1. Debris Samples Obtained from the S2 Unit

Sample No. Location

1 Top of drive mechanism

18 2nd stage cold rider area

20 Ist stage cold rider area

26 3rd stage cold rider area

40 Hot cylinder #2 near rider

47 Hot cylinder #1, liner bore,
I in. from hot end '"

48 Hot cylinder #1, liner bore,
midway from hot end

51 Hot cylinder #1, ambient end of .
hot displacer
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IMMA analysis was performed on the deposit taken from the liner bore,

midway from the hot end, hot cylinder No. 1, in order to establish the absence

or presence of fluorine A small amount of powder was pressed into an

ultrapure pellet of In on a standard 1-in. Al sample mount. This was placed

in an IMMA holder and inserted into the instrument chamber. After evacuation

of the chamber, a primary beam of 1802 ions, accelerated to 20 kV, was

focussed on the sample, causing sample material to be sputtered off. A

fraction of the sputtered material was ionized and the positive secondary ions

mass analyzed by the magnetic spectrometer. The intensity of the

characteristic peaks was recorded as a function of mass; they were identified

from comparison with tabulated values.

All the powders and tapes were examined using the JSM 840 SEM. The 9900

EDAX analyzer was used to identify elements present in the various samples,

and the Lemont image analysis system was programmed to measure particle sizes

in excess of 0.3 Pm. Powder samples were liquid-dispersed on a filter paper,

dried, and mounted to 1-in. carbon sample holders with double-back tape. Tape

specimens were cut into small squares and secured to C stubs with carbon cement,

Aquadag. All samples were carbon-coated in order to reduce the effects of

charging when exposed to the electron beam. SEM photographs were taken of each

sample using an accelerating potential of 10 kV. Elements in each sample were

identified by the position of their characteristic K or L X-ray energy peaks.

The regenerator balls obtained from the second and third stages were also

analyzed in the IMMA but were affixed to an Al sample mount with Ag paint

instead of In. Operating conditions for the IMMA were the same as those used

for the powder debris.

In the SEM/EDXS/IA, the elements examined were: Na, Mg, Al, Si, P, S,

Cl, Cd, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Pb and Br. This general element

list was used because of the time constraints involved in creating a new

chemistry file program in the IA. It does not include all of the elements

expected to be present and includes some which are not expected to be

present. The Na, Mg, Al, Si, P, K, and Ca are expected to be present in the

glassy partioulates detected while Ti, V, Cr, Mn, Fe, and Ni may be present in

the metallic components. The S component is IndistIngiishable from Mo and

further analysis of the samples would be required for particles containing

this component.
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III. RESULTS

The Debye-Scherrer films are not reproduced in this report but the

results are as follows: Sample I has been identified as Co5Sm while in

samples 20, 26, 40, 47, 48, and 51 the primary constituent is Fe2F5 • 7H2 0. .4

This material could not be distinguished unequivocally from the Ni or Cr

fluoride materials which may also be present.

The IMMA pattern for sample 48 is shown in Figure 1. Ihe elemental peaks

which have been identified are F, Na, Mg, Al, Ca, Ti, Cr, Fe, Ni, and In (from

the sample mount). The remaining peaks are associated with various combina-

tions of these elements.

A typical FTIR scan is given in Figure 2 and appears to be that of a

fluorinated organic compound. All of the FTIR scans were similar. The

SEM/EDXS/IA results for all the samples except sample I showed the presence of

Fe, Cr, and Ni. In addition, samples 18, 20, and 47 exhibited evidence of Si,

Ca, Na, Al, Mg, K, and P while samples 40, 47, 48, and 51 appeared to contain

S(Mo). The particle sizes observed varied from 0.25 to 10 lm with the

majority of particles measuring between 0.5 and 3 lim.

The IKMA patterns obtained from the regenerator balls are shown in

Figures 3 and 4 for the second and third stages, respectively. Both patterns

show Si, F, Pb, Sb, Fe, and Cr. The pattern for the second stage also

contains Sn.
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IV. DISCUSSION

Sample 1, taken from the top of the drive mechanism, was examined only by

XRD and was identified as Co5 Sm. This magnetic material is part of the drive

mechanism.

Samples 18, 20, and 26 are from the cold end of the unit (see Table 1).

All three samples contain substantial amounts of silicates (determined by %

SEM/EDXS/IA) with the greatest percentage of silicates appearing in samples

from the second stage. The silicates are part of the rider/seal material,

Fluorogold, which is a glass-filled Teflon. The SEM/EDXS/IA results also

showed substantial amounts of metal-containing compounds which were found to .

be metal fluorides from XRD studies. The primary metals present were Cr, Ni,

and Fe which are the major constituents of Inconel 718 and 321 stainless steel

bore materials. The nominal compositions for these materials are given in

Table 2.

The metal fluorides probably result from a chemical reaction between the

F of the Teflon and the bore materials. At this time, it is not entirely

clear how the F was generated. The sole source of F in the system, however,

is the Fluorogold and the mechanism must involve degradation of this material,

either by abrasion or heat. -_

Samples 40, 47, 48, and 51 are from the hot cylinders of the unit. e

Sample 40, from around the rider area, was found to be a metal fluoride. .

Metallic elements identified were Ni, Fe, Cr, and Mo, consistent with the

metal liner bore of Inconel 718. In hot cylinder #1 (sample 47), near the hot

end, the same metallic elements appeared, combined as oxides as determined by

XRD analysis. There were also some silicates present in this sample. At both

the ambient end of the hot displacer and midway up the liner bore, only

metallics were identified. The X-ray results were inconclusive.

All the samples contained some organic material which appeared to be the f

same species in all locations. Delrin AF (a fluoropolymer fiber reinforced

acetal homopolymer) is present in the system at the inlet assembly rider,

while Fluorogold is present at several locations. The unknown organic

material is believed to be a derivative of Fluorogold rather than Delrin.

19
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Table 2. Nominal Compositions of Metal Alloys
Used in Wearing Parts of S2

Inconel 718 321 Stainless Steel

54.6 Ni 72 Fe

19 Cr 18 Cr

17 Fe 10 Ni

5 Nb + Ti

3 Mo I

0.8 Ti

0.6 Al

Inconel 718 is used to fabricate the bore of the 1st stage cold end and

hot cylinder liner bore. 321 stainless is used to construct the 2nd and 3rd

stage cold end bores.

I
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The majority of particles were in the 0.5 to 3.0 pim range and did not %

vary significantly from place to place in the cryocooler.

The second stage regenerator balls were 100 Um in diameter and were

coated with substantial amounts of Si and F in addition to Pb, Sn, and a small

amount of Sb. The regenerator balls from the third stage were larger (250 pm

diameter) than those in the second stage and also showed large amounts of Si

and F. These balls also contained Pb and Sb but not Sn. In both IMMA

spectra, there was evidence of Fe and Cr also in addition to the other

elements detected.

It was noted above that the cold stages contained Fluorogold (glass-

filled Teflon) which would be a likely source of both the Si and F deposited

on the balls. Fe and Cr are components of the liner bore material (321 staln-

less steel) while Pb, Sb, and Sn are parts of the alloy composition of which

the pristine balls are made. The stability of fluorinated Pb and Si-Pb

materials relative to the initial composition has not been determined. The

presence of Si and F on the ball surfaces, however, may significantly change

the heat transfer characteristics of the regenerator.

C
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V. SUMMARY AND CONCLUSIONS

Debris samples from the Hughes VM cryocooler unit S2 have been

analyzed. The debris consists of silicates, metals, and metal fluorides.

These materials correspond to the glass in the seals and riders, liner bore

and bore materials, and reacted metals from the bore areas. The mechanism of

degradation of the Fluorogold (source of F) is not clear at present but should

be investigated. Organics are also present which appear to correspond to

material from the Fluorogold.

Both Si and F have been detected in significant amounts on the surface of

the regenerator balls of the second and third stages of the Hughes VM

cryocooler unit 52. The presence of these elements may degrade the

performance of the regenerator during operation.
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LABORATORY OPERATIONS

]he Aerospace Corporation functions as an "architect-engineer" for

national security projects, specializing in advanced military space systems. .

Providing research support, the corporation's Laboratory Operations conducts

experimental and theoretical investigations that focus on the application of

sclenti! c and technical advances to such systems. Vital to the success of

thesr investigations is the technical staff's wide-ranging expertise and its

ahli -r t stay current with new developments. This expertise is enhanced by

a resear,-n pro'ram aimed at dealing with the many problems associated with ,

r e-woi-, sace systems. Contributing their capabilities to the

r' -r , 'ttfrr are these individual laboratories:

Aw r pys w s Lahratorv: Launch vehicle and reentry fluid mechanics, heat

trarster an,. f ghrt *vnamlcs; chemical and electric propulsion, propellant
'nei, v, *:hemk -l dynamics, environmental chemistry, trace detection;

%pAde ratT strt,iral mechanics, contamination, thermal and structural
itr . -i t "peratire thermomechanics. gas kinetics and radiation; cw and

p Lsed hemsl and exciser lase. development including chemical kinetics,

spe tr s,-.)p%, 3ptlca: resonat,)rs, beam control, atmospheric propagation, laser
ete-ts and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,

atmospheric iptics, light scattering, state-specific chemical reactions and
radiative signatures of missile plumes, sensor out-of-field-of-view rejection,

applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and radiation effects on
materials, 1,hrication and surface phenomena, thermionic emission, photo-
sensltie materials and detectors, atomic frequency standards, and

environmental chemistry. 4,

Computer Science Laboratory: Program verification, program translation,

performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectronics, solid-state device

physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;
atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systems.

Materials Sciences Laboratory: Development of new materials: metals,
alloys ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component failure analysis and reliability; fracture
me,-hanic:s and stress corrosion. analysis and evaluation of materials at
crV)genlr and elevated temperatures as well as in space and enemy-induced
envirnments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves; atmospheric
and ionospheric physics, density and composition of the upper atmosphere,

remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects ,t electromagnetic and particulate radiations on space systems; space

instrumentation.
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