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reemission kinetics; condensation kinetics; outgassing testsf reemission tests{-
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Alock 19 continued: !/ P 5/

spectrometer data for m/e=10 to 500 as functions of test time for isothermal outgassing
of samples at cither two or three temperatures selected from 25°C, 75°C, and 12%%C:
deposition rates of the outgassing products on surfaces at 90 X, 150 ¥, 225 K and 278 K;
QOCM thermograv.metric data for the collected outgassed products (obtained by controlled
heating of the 90 K collector QCM at the end of an outgassing test) and macs spectrometer
data obtained durino Xy wM thermogravimetry test. Off-line GC/MS tests were also made
on the sample m~.erials. The mass spectrometer data for one material test (R-2560
adhesive at Jz5°C)were further analyzed to show how the data zan be used to determine the
outgassing rates of each individual outgassed species.
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Section 1
INTRODUCTION AND PROGRAM BACKGROUND

This documerit is the final repont for the Air Ferce Wright Aeronautical Laboratories
contractual program| §33615-82-C-5025, entitled "Characterization of Contamination
“Generation Characteffitics of Satellite Materials.” The contract covered the period June
1982 10 August 1989. ‘fhc objective of the program was to develop a standard test method
for measuring material outgassinyg and deposition kinetics data,
' ~\ The test method development program was divided into Phase 1, Phase 11, and Phase
1I Extension. In Phase 1, the current state of technology for characterizing outgassing and
deposition kinetics was determined and ass2ssed, and a candidate test method was selected
for further development. In Phase II, the feasibility of the selected method was
demonstrated, the specifications for a single apparatus capable of executing all aspects of
the test method were determined, and a draft test procedure was prepared. Technical
reports were submitted at the end of Phases I and 1I. Following Phase 1I, a new test
apparatus was built under Lockheed company funding. Under the Phase II Extension, the
test apparatus and the test procedure were demonstrated and exercised, and a material
databasc was developed
<_Jhis report gives the background to the program, summarizcs the work performed in

Phases I and 11, and describes in dc.axl ths work performed under the Phase II Extension.
{\“ \{.,U)Q. H -fr\(( cvnt CCnymit, 0981 ”"Jl COMVA T 11AY Ly Tn{o\u:PCRT

MOt Bl OuT6ALSING) SNACECER f= MATERIAL CCREEN.: N, MA T fag c.uwun.,,,‘,
1.1 REPORT SUMMARY Re &M% 168 K nETICS (onaemrrnd K.z Tics,
Section 1.2 reviews tackground to the program. The .(imitations of materials 7‘
selection solely on the basis of the ASTM E 595 screening test are noted, and the need for a
more systematic approach to material selection and contamination control is identified. The 7@
contributions of this and other Air Force technology programs to develop a systematic
contanmination control methodology is described.
Section 2 describes the work performed on the prior phases of this program. In
Phase I, a review of the literature and a survey of ihe industry were made. Based on the
findings of the review and survey, a method for measuring outgzssing and deposition
kinetics was sclected. The test method is based on a test and data reduction methodology
which, when completely developed, will permit the outgassing and deposition kinetics of
cach individual outgassed specics to be determined. The total outgassing and deposition
rates are measured by placing the material sample in an cffusion cell and collecting the flux
leaving the cell on quartz crystal microbalances (QCMs) held at different temperatures.




Total outgassing rate is determined from the collection rate on one of these QCMs which is
held at liquid nitrogen temperaturc. The species evolved from the isothermal sample are
monitored using a mass spectrometer.

At the end of the outgassing test, the species deposited on the QCMs are thermally
analyzed by heating the QCMs in a controlled manner. This test is referred to as QCM
thermal analysis (QTA). During QTA, the QCM deposit mass changes and the evolved
species mass spectra as the deposit eviporates are measured as functions of QCM
temperature.  These two measurements are called QCM thermogravimetric analysis
(QTGA), and QCM thermal analysis combined with mass spectrometry (QTA/AS),
respectively. Because QTA/MS had not been previously demonstrated, a standand off-line
gas chromatography/mass spectrometry (GC/MS) analysis was added to the test method to
provide backup data on the constituent species.

The effectiveness and accuracy of the GCM collection method for measuring total
outgassing and depositicn rates was investgated and confirmed under Phase I1. Because it
w1s not cost effective to commit substantial capital funding to a new apparatus before some
of the test method principles had been verified, the Phase 11 development work was
performed using two separate general purposc laboratory apparatuses. By the end of Phase
11, most of the developmental issuzs had been satisfactorily addressed, and the
requirements for a single dedicated apparatus capable of executing the full test procedure
were identified. A dreft test procedure for exccuting the test method was prepared.

Section 3 describes the test apparatus, which was built and checked out under
Lockheed funding. The apparatus is described in sufficient detail to permit another
organization to build a similar apparatus. For the most part, the apparatus functioned
satisfactorily. Opcrational experience has sug gested that some minor changes in the choice
of type of QCM and methnd of temperature control would be ¢=sirable. The apparatus is
currently being madified to incorporate these changes.

Seztion 4 presents the formal test procedure. This basic procedure was followed
throughout the database measurement program described in Section 6. Most of the changes
during the Phase II Extension were minor and evol'tionary, and its currert form closely
resembles the draft test procedure prenarsd at the end of Phase I1.

The objectives of the Phase II Extension were to exercise and evaluate the test
method performance and to generate a multi-material outgassing/deposition kinetics
database. Section S evaluates the data gencrated by the test method by analyzing in detail
the data for one rnaterial test - McGuan-Nusil R-2560 adhesive at 125°C.

Section 6 introduces the material database, the main body of which is presented in the
Apperdix. A list of the 20 materials tested is given, and the arrangement of the database in
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the Appendix is explained.
Section / presents Conclusions and Recommendations for the overall pmgram.

1.2 PROGRAM BACKGROUND

Contaminant deposits can change the optical properties of thermal control surfaces
and optical train components, and hence can degrade the performance of space systems
which incorporate these surfaces. The amount of contamination on surfaces of this type
muct therefore be controlled withir acceptable levels to ensure that a space system is able to
function effectively over its hf:time. One of the major sources of contamination is
outgassing products from matenials of construction. Thercfore, the impact of outgassing
must be determined at the design stage before a material can be approved for use. Until
recent years, the standard method for determnining the acceptability of a matenal was to
subject it to a screening test. However, there are limitaiions to the screening method, and
we need a more systeinatic approach to determine matcrial acceptability 2« space system
performance requirements become more contaminat.on-sensitive.

Section 1.2.1 describes the screening method and its limitations.  Section 1.2.2
describes a typicai systematic approach for detenmining materials acceptability. Material
outgassing is only one of many possible sources of contamination, so Section 1.2.2
describes how control of material outgassing is folded into a comprehensive plan for
systematically controlling all types of contamination. Section 1.2.2 also shows how this
and other USAF technology programs contribute to the development of a systematic
approach to contamination control.

1.2.1 Malerials Acceptance by Screening

The standard screening procedure used by the industry is based on total mass loss
(TML) and collected volatile condcnsable material (CVCM) of candidate materials. TML is
the fraction of the initial sample mass vutgassed from a matcrial held at an elevated
tempcerature in vacuum for a specified period of time. CVYCM is the percent of the initial
sarnple mass that condenses on e specified surface. In the early days of the acrospace
industry, TML and CVCM were measured for a number of combintions of test duration,
sample tempcrature, and collector temperature. These fests became standardized first
informally by Stanford Research Institute, and then formaally by the American Society for
Testing Materials as ASTM E 595. A very similar test specification has been established by
NASA Johnson Spacet™t7ht Center as NASA JSC SP-R-0022A. In the standard screening
test, the sample temperature is 125°C, the collector temperature is 25°C, the vacuum is < §
x 1073 torr, and the test duration is 24 hours. Spacccraft system outgassing is controlled
by using only materials with very 1ow valucs of TML and CYCM. The customary
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maienials acceptance criten a. hat the TML and CVCM must Le iess than 1.0 percent and
0.1 percent, respecuvely. References 1 and 2 list TML and CVCM da‘a for a large number
of matenals.

Although the screening approach has seived the industry well in the past, its
hinutations have hecomie increasingly apparent in recent years as space sysiems such as
optical sensor; have become more contamination-sensitive, tnission lifetime goals have
been extended, and cosi effcctiveness is being shossed more heavily. The limitations of
matercials screening using TMI/CVCM Jata includs the following:

(1) The test sample and collection surface temoneratures used to determine

TML and CVOM nuy be difterent froes the temperatures of apphication,

() The TML and CVOM tests only provide data on inmtial ard final conditions,
11ther than on the vanation 0” otal mass loss and mass Geposition with time.

(i11) The TML/CVCM t2st proce  are requires the material sample to be chopped into
small picces, whichis not ty .cal of the gcometry of an actual application. Since
outgassing rate is usually geometry-dependent, chopping up the sample reduces
the relevancy of the data

(iv) The CVCM tost uses a particular test apparatus geotnetry, so the data cannot
be applied directly to an application with a diffcrent seometical relationship
between the ougassing source and the deposition surface.

(v) The acceptance criteria of 1.0 percent TML and 0.1 percent CVCM do net take
into account the total amount of material actually used in a system, the
relationship between the amount of material condensed on a given surface and
the change in its critical optical prop:rtias, or the scnsitivity of total system
performance 1o the change in the surface properties.

(vi) The test provides no information on the individual behavior of the several
different species outgassed by most materials.

Becavse the screching approsch uses test da. for a single set of conditions fir
conjunction with arbitrary acceptability criteria, it cannot reflect the vnigue requirements o
a specific system. Depending on the coniamination sensitivity of the system, the screening
spproach may Le too restrictive, and hence require unnecessarily costly matenals, or not
restrictive enough, which may lead 1o performance degradation or even failure. The more
cost-cffective approach is 10 denive aliosrable contamiration levels by fiow down from
system performanc e require:nents at the start of a program and then to systematically
analyze and madify the system des.gn and sclected  atenials to ensure that these levels are
not exceedsd.

An example of the benefits of using the systematic approach is the use of General




Electric RTV 360 adhesive to bond the insulating tiles to the exterior of the Space Shutile
Orbiter. RTV 560 is a commervial grade adhesive which does not meet the 1 (0.t percent
TMLACVCM screening requirements, but is less than one-tenth of the cost of the sltemnative
low-volatility acrospace-grade adhesive. However, by determuning allowabhle
contamination levels systematically and then perfomuang matenal cutgasing and Jepoaition
tests under realistic operaung conditions, NAS A Jobnson Spacefhight Center was able to
show that RTV 560 was acceptable for the Orbiter application,
1.2.2  Matcrials Sclection by Systematic Analysis

In the systematic approach to inaterials selectivn, the significan.e of materials
outgassing is assessed as part of an overall sy-tematic contamination control plar . Farst,
mzumuin allowable centamination levels are denved tor each contamination-sensitive
surface by a flow-down analysis from system performance requirenents - Contamination
control procedures are established by budg. ting these maximum allovable cortamination
ievels over all phases of the program ard then constraining the design and operational
procedures in each of these phases to ensurce that the allowanccs are not exceeded. Figure
1-1 is an example of systematic cortamination control methodology applied to an optical
sensor system with specific ofT-axis rejection capatuhity and optical throughput perfonnance
requirements. Each element of the methodology is descr ed below,
System Performance Scnsitivity Analyscs: The first step is to determine the
maximum permissible changes in surface properties by performing system perforinance
sensitivity analyses. For the example used, a system throughput analysis is performed to
determine the minimum allowable reflectance or transmittance for each of the optical train
components. Also, 8 system stray light analysis is performed to determine the maximum
allowable scatier, expressed in t2rms of the bidirectional reflectance distribution function
(BRDF), from optical components and other surfaces.
Surface Property Degradation Budgcet: A loss of reflectance or transmittance, or an
increase in BRDF can be caused by imperfections in the clean surface as well as by
contaminants The total allowable degradation of surface propertics must, therefore, be
budgeted betwceen the separate contributions of surface in:perfections and contaminants.
Determination of Allowable Contamination Levels: The maximum allowaole
surface contamination levels are deternuned from the budypeted maximum allowable
contanunant-induced degradation of surface propertics either by predicting them using
arcyncal codes or by obtuning them directly from an cxpenimental database. Reflectance
and ransmittance chianges preduced by molecalar deposits can be predicted if they arc
smoath and the optical constants of the contanunant are known. However, most

ontarmnants are uncomimaon chenucal specics whose optical constants are unknown, s ¥ the
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optical effect of smooth deposits o*ten must be detenmined expenmentally.

Ity exticmely ditficult to predict the retlectance, gansnnttanie ot BRDE of a surface
contanmunated with either wwland type molecular depoats or particles because the depovit
geometry it usually unknown; even af 1t were, it would be difficult to solve the
elecimmapnetic cquations oy wpne of the corrplex peomemizal houndary condinone of the
nhand 6 pe contrarction Seme approamers madely have teen rropoed but ther val-day
w for the most part oneesteds Thus, in practiee, the amount of contiminant on a surface
cannct be contulenty related to the resulung charge in surface ophical propeities watheut
using an expenmental database.

Althouh there are imany daca on the optical properties of contaminated surfices in the
Liucrature, the imateraly, sartaces, 2nd test condinony and procedures to whach they apply
arc trequently incompletely specitied. These dataare, therefore, not catable for incluann
in the type of standardized, umiversaily -aciepted optical effects database that is needed to
support a systemaue contamination control methodology. In response to this situation, the
US A Force funded two technology prog-ams to establish rehiable databases on the opucal
properuics of contamiaated susfaces. In 1953, the Awr Force Matenals | boratory funded a
program at Amold Engincenng Developinent Center (ALDC) to generate a datahase of the
optical properties of surfaces contaminated by deposits of matenal outgasung products.
The ALDC work is reported in AEDC-TMR-RS.V2E, September 1985, and
ALDC-TR-89-2, June 1939, In 1984, the Air Foree Rocket Propulaion Taboratory funded
a Surface Effects Evaluation Study pre gram with the Bocing Acrocpace Company to
generate a database of optical properties of surfaces contzminated by motor plume
products. The Bocing work is reported in AFRPL-TR 86-07), The measurement of
optical eff~cty of motor plume contaminants is now being funded by the Air Force
Amnament Technology Laboratory (AFATL).

Conlanmination Budget by Program Phases: The total maximum molecular and
particulate contaminction allowances detennined from system perfonnance requirements
normally apply to end-of wission performance. Since contanunanion levely wir increase
duning cvery phase of the program, such as asscrbly, acoustie and thermal/vacuum tests,
shippang, integration, ascent, orhital operationy, etc., a contanunation allowance budyel
must be prepared to distnibute the total allow ance over all program phases.

Contaminant Control Iinplementation: Contamination control procedures are
estaihished for each propram phase to ensare tnat contamroation levels donot exceed the
budpeted allowance. Tor ihe pretannch phases, the contiol techiagues used are ¢leaming,

cleanroems, packaping, e, for which an extensive technolopy ored by many terotnal

apphoatiens exans, The major on orhit Contammant soutces te nateral outgasang and




motor plumes Theve contamination sources are controllod by using computer hawed
contamination nugraton arately o eimate theawr muagnitudes and then constrain:ng mateeal
selection and watem denign to heep theve magnitides within budget. The computer candes
ey the syaens geometry gnd componesnts, souce and aurface tempetatirer, et and
use Jatahases to represent plume contantunant genciahion, outgasung rate, and deeion
bincens

A nymber of proprictary coddes and databases have bern develeped far nuxiclieg
phaene and matenial outgasang coatamanant genctation, migration, and deposition, but,
unti] recently, none of thewe had been tandardized so that they could be used with
vonfilence ndury wele  Recruse of this ne=d, the Awr Force Rocket Propataen
Latwrraiy by an oselopiment the CONTAM cade o predit o o plame conmnmae stion
provuct gencratnon and trangport. A darahace of motor plime contamimation prosduct
depoution kinetics has not yet been generated. Development of the CONTAM cade 1vnow
being supported by the A Force Annamicnt Technoiopy Laboratory,

There are curtently no standard cades for predicung the migration of outpasang
prducts. Mostades curtently in use are propiictary, and to date no ¢ Tort has heen made
to standardize them. Huwever, all coxles e 8 suppotting database of outgasung and
drnounon binet.ce daita The very large databace of total mass Josg (TAML) aad coliected
rolatiie condensable matenal {CVCM) data that hat been gencrated by the stancandizid
ASTM L 894 tect s unsuitable for supporing muodeling because, smong other Limitatons
given 1n Sccnon 1.2.1, the data do not descnibe the kiveacs of outgassing of deposinon.

Because of the lack of stuni'ardized outgasang ard depositon kinctics dara, many
serovpace organizations have developed in house test apparatuses and methods (or
measuning the type of kinctic v data used by their proprictary madel. Bez suse of the cost
involved, organizations have tended to measure only those Z.ata needed o s ipport 8
particular program, vung exisung apparatus madified minimall w w0t ot all, and choosing
only those test parameters directly related to the pasticular program. Alwr <ince these dara
sre usually not reported in the open literature, they are frequently repeated by cach
organization for ¢uch spplication. The Air 1 orce Materials Laboratory Non Metalhi:
Materials Group (AFWALMIEBT) recognized this situatton and in 1982 imnated the
conteactual progeam reported herein with Lixkheed Misales and Space Company to
develop standardized methoos for Clatactenzing matenals outgasung rate and deposinon
hiretics
Recorcillation of Allowance with Prediction: The final step in the sysviemata

approac s o compare the sum of the predicied amounts of on orbat depositiion die 1o

plormes snd outpasa g with the on othat contammaton budger 1 he badgetic e ceded,
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Section 2
PROGRAM REVIEW

This section summarizes the work performed under the two previous phases of this
Air Force Materials Laboratory program.

2.1 PHASE I - INDUSTRY SURVEY AND LITERATURE REVIEW

Under Phase I of this program the state of technology for measuring outgassing and
deposition kinetics was determined by making a survey of the industry and reviewing the
literature. This information was then assessed to determine its relevance to the program
objectives. Based on the results of this assessment, a test method apnroach was selected
for further development under Phase I1. .
2.1.1 Technology Survey and Review

The aerospace industry was surveyed, and the technical literature was reviewed to
determine the current state of development of analytical and experimental methods for
measuring the outgassing characteristics of materials and the kinetics of deposition by
adsorption and condensation of molecular fluxes impinging on surfaces. The results of the
survey and review are presented in Reference 3 (Phase I Repont, Vol. I).

The industry survey began by circulating a questionnaire to determine how the

aerospace industry currently makes these measurements. Following receipt of the
Eomp!‘!cd questionnaire, a workshop with members of the aerospace industry was held at
Acrospace Corporation, El Segundo, CA, where the overall problem of measurement of
outgassing and deposition characteristics was reviewed. Following the workshop, a
summary report presenting conclusions drawn from the workshop was prepared. The
results of the questionnaire, the material presented to the workshop, and the summary
report, are contained in Reference 3 (lection 2, Appendix A, and Appendix B).

The literature review used computerized searches of the relevant abstract services to
identify more than 850 journal articles, reports, cenference proceedings, and books. This
literature was indexed according to subject. The review methodology, the bibliography,
and the subject index are presented in Reference 3 (Section 3 ard Appendix C).

2.1.2 Technology Assessment .

The information obttained from the Technology Survey and Review was assessed
with the objective of determining a preferred outgassing/deposition test method. Because
the purpose of the test method was to support spacé system contamination migration
modeling, a review of modeling methods and their database requirements was made. The
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basic physical phenamena involved in material outgassing and molecular deposition were
discussed, and available physical models for these phenomena were reviewed. Available
experimental methods for characterizing these phenomena were evaluated, and published
data were summarized. “The results of this assessment are presented in Reference 4 (Phase

I Report, Vol. II). _
2.1.3 Test Method Selection

The requirement set for the test method is that it must be capable of generating the
following types of data. _

(1) The total mass loss and the outgassing rate of an isothermal sample per unit

mass and per unit exposed area as a function of time.

(ii) The fraction of the total outgassing flux that will deposit on a surface as a

functon of surface type, temperature, and time.

(iii) The identity of each outgassed species.

(iv) The fraction of each species in the outgassing {lux as a function of time.

(v) The rate of surface deposition of each outgassing species as a function of

surface type, temperature, and time.

The total outgassing and deposition data, requirements (i) and (ii)), could be
measured using technology available at the beginning of the program, but the technology
for determining the contributions of each of individual species, requirements (iii), (iv), and
(v), did not exist at that time. Although we hoped to base as much of the test method as
possible on existing technology, we decided to develop species resolution technology on
the program because it was highly desirable to be able to characterize the behz:-or of the
individual species.

To satisfy the five data requirements, a test method made up of several different
measurement techniques was selected. Figure 2-1 is a schematic of the apparatus, while
Fig. 2-2 shows the overall 1est methodology, the data reduction procedurss, and the data
output. Isothermal outgassing and deposition kinetics are measured using the QCM (quartz
crystal miciobalance) collection technique. The total mass loss and total outgassing rate of
a constant temperature material sample are determined by collecting the outgassing flux on a
liquid nitrogen-cooled QCM. The deposition rates of the outgassed species on selected
higher temperature surfaces are measured by cellection on temperature-controlled QCMs.
The sample total mass loss is also determined from ex situ pre- and post-test- weighings to
provide correlation with the ASTM E 598 test.

The contribution cf each individual species in the outgassing flux is monitored vsing
a mass spectrometer. The relative contributions of each species to the total cutgassing flux
can be determined from the total mass spectra recorded during outgassing if the
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fragmentation patterns of the individual species are known. The test method obtains these
fragmentation pattern data using two QCM-based thermal analysis (QTA) techniques
known as QCM thermogravimetric analysis (QTGA) and QTA plus tnass spectrometry
(QTA/MS). The QTA/MS technique appeared to offer the most potential for obtaining
individual species mass fragmentation pattern data within the scope of the test method, but
it required development of new technology and so had associated risk. Because of this
risk, further supporting data on the behavior of individual outgassed specics are obtained
from a separate off-line gas chromatography/ mass specaometry (GC/MS) test.

The elements of the test method and the reasons for their selection are discussed in
the following subsections.
2.1.3.1 Isothermal Outgassing/Dceposition Test

The three candidate methods for measuring total outgassing rate in vacuum are the
vacuum microbalance, pressurc measurement, and mass collection methods. Referernce 4
presents a detailed comparison of thesz methods.

Outgassing rate determination by placing the sample an the scale pan of a vacuum
microbalance is direct and unambiguous, but the size and shape of the saniple are limitzd by
the mass capacity of the balance, and geometric limitations are placed on the sample
because of the need to position it on the balance pan. Also, it is difficult to transfer heat to
the sample without disturbing the mass measurement. Vacuu.n microbalances must be very
carefully installed, grounded, and operated if their full measurement potential is to be
realized.

Outgassing rate can also be determined using onc of several methods based on
measurement of the pressuie in a vacuum chamber with and without a material sample
present. These methods are known as the rate of rise, rate of fall, and throughput methods.
Pressure measurement methods are simple and inexpensive, and were widely used ia the
carly days of the uitrahigh vacuum industry to measure outgassing rates of matrials near
ambient temperature. They have limited range and resolution, and are difficult to execute at
temperatures lower or higher than ambient because of sorption interactions between
outgassed species and the chamber walls.

In the mass collection method, the mate "al sample ic placed freely in the vacuum
chamber or in an effusion cell. The outgassing flux from the sample is collected by
condensation on a cooled mass-measurement Gevice, such as a plate suspended from a
vacuum microbalance scale pan or the surface of a QCM. The sample outgassing rate is
calculated from the mass collection rate and the view factor between the collector and the
sample or the effusion cell orifice.

The mass collection methiod using a liguid nitrogen-cooled QCM as the collector and
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an efTusion cell to hold the szmple. The QCM is the preferred type of collector because of
its high sensitivity, its wide dynamic range, and its ease of use. The collector QCM is
cooled to liquid nitrogen temperature because most outgassed material will condense at this
temperature. Cooling to a lower temperature would incur a major increase in test cost and
apparatus complexity. ,

Use of an effusion cell permits the sample to have any size, shape, or temperature
consistent with the cell design. The collector-to-cell orifice view factor becomes an
apparatus constant, independent of the sample geometry. The mass collection method
could be used equally well with a free-standing samgle, but the collector-to-sample view
factor would have to be calculated for each new sample.

The QCM collection method can be readily adapted for measuring the condensability
of the outgassed species at temperatures other than liquid nitrogen temperature by using the
same basic apparatus design with additional collector QCMs operating at higher
temperatures.

The test method includes determination of sample total mass loss by pre- and post-test
weighing on a laboratory balance. This provides » check on the total mass loss determined
by the collection data, as well as correlation with ASTM E 595 data. i

An additional benefit of the QCM collection method is that it permits some aspects of :
the behavior of different outgassed species to be characterized using QCM thermal analysis
(QTA) procedures described in Section 2.1.3.2,

The technology assessment task revealed that the only viable candidate technique for
real time qualitative and quantitative characterization of outgassing species in vacuum is
mass spectrometry. The mass spectrometer i. positioned so that its ionizer sees the
outgassing flux leaving the effusion cell orifice and is used to record mass peak intensities
over a selected mass range as a function of ume during the isothermai outgassing test. At
any point in time the outgassed molccular flux may contain several different chemical

specics, so the recorded mass peak intensities will, in general, be the sum of the
contributions of several species. The contributions of the individual species can be
resolved if the mass fragmentation patterns and icnization constants of each species are
known. If the fragmcntat'ion pattern of a species contains a unique peak, then the
outgassing rate of the species can be tracked by following the variation of that peak with
time. If the pattern does not show a unique peak, a deconvolution algorithnr must be used
to resolve the behavior of each species. The proposed test method calls for obtaining the
individual species fragmentation pattcrn and ionization constant data by developing a
procedure known as GTA/MS in which mass spectrometry is performed during QTA. This
procedure is described in Section 2.1.3.2.
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2.1.3.2 QCM Thermal Analysis (QTA)

During an outgassing test, the deposit formed on the collector QCM contains a sample
of the outgassed species in the same relative proportions in which they were outgassed.
This deposit can be exumined by two QCM thermal analysis (QTA) techniques, which
involve heating the QCM in a controlled manner and measuring the behavior of the deposit.
In QCM thermogrzvimedic analysis (QTGA), the mass remaining on the QCM is measured
as a function of tcmpcraiurc as the various condensed species evaporate in different
temperature regimes, aceording to their volatilities. This measurement determines the
fraction of the total outgassing product whick is condensable at a given curface
temperature. In work performed on a Lockheed Indepe-dent Rescarch and Development
(IRAD) project [5) prior to this contract, it was shown that if there were relatively few
species in the deposit and if thair volatilities differed significanty they covid 0 separated
by QTA and their relative abundances could be determined by QTGA. Furtrer, because
cach species has a unique evaporation rate/temperature characteristic, it may <ven be
possible to identify a species chemically from QTGA data.

In QTA plus mass spectrometry (QTA/MS), the flux evaporating from the QCM
during QTA is monitored using a mass spectrometesr. If QTA can effectively separate the
individual species in the depoasit, this technique becomes a form of chromatography, and
the mass spectromncter will be able to determine the mass fragmentation pattern of each
species directly.  Also, the relative response of the mass spectrometer to each species, and
hence their ionization constarts, can be calculated by relatir.g the instantancous mass
spectrometer peak intensities to the instantanieous evaporation rate indicated by the QCM.

Since mass spectrometry itself is a proven technique, the success of QTA/MS, and
hence the methodoulogy for determiring the outgassing rates of the individual species,
depends entirely on the ability of QTA to separate the individual species. Aithough QTA
resolution capability had been demonstrated for simple deposits, its ability to resolve
deposits with many species of similar volatilities in a routine measurement had not been
proven at the outsct of the program. If QTA was mot able to scparate the individual species
adequately, then an algorithm to deconvolute the QTA/MS data would have to be
developed. This would be a major new undcrtaking and would be outside the scope of the
program. The species separation capability of QTA was therefore the highest risk
component of the proposed test methodology.
2.1.3.3 Gas Chromatography/Mass Spectrometry (GC/MS)

Because QTA/MS had not been demonstrated at the time of test sclection, it was
decided to include a separatc off-line gas chromatography/mass spectrometry (GCM3)
measurement in the test procedure to provide additicnal supperting species characterization
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data. GC/MS is a standard analytical chemistry test ir. whicin the material sample is heated
in a flowing stream of helium while the evolved species are collected in a lquid nitrogen
trap. The trap is then heated and the evolved species ars separated in ¢ chromatorraph
column, detected by a mass spectrometcr, and identif. :d by comparing mass fragmentation
pattern data with a standard library.

Because of the prnusence of the helium carmier 1 - lower volaiility specics may nodbe
evolved in detectable quantitics during GC/MS. Ou t:o other hand, the relatively high
sample temperature usually used in GC/MS (e.g., "50°C at Lockheed) may produce
thermal degradation produ:ts which would not be present during vacuum outgassing.
These issues were investigated in 2hase 1.

2.2 PHASE Il - TEST METHOD DEVELOPMENT
Under Phase Il of the program, the mcasurement capabilities of the test method were
developed and evalua.ed, and a draft test procedure for implementing the test method was
prepared. Work performed under this phase was reported in the Phases I1 Task Repon [6).
2.2.1 Measurement Capability Development and Evaluation
The measurement capabilitics that were addressed were as follows:
(i) The accuracy of the QCM collection techaique for measuring sample total mass
loss. total outgassing rate, and total deposition rate.
(ii) The use of mass spectrometty to monitor the outgassed specics in the outgassing
flux quantitatively over a long duration test.
(iii) The ability of QTA to resolve the individual species in a condensed deposit.
~ (iv) The relationship between the species identified by GC/MS and the species
released in a vacuum outgassing test.
2.2.1.1 Outgassing and Dcposition Rate Mcasurement
The practicality of the QCM collection technique for measuring the total outgassing
rate of a sample held in an effusion cell had been proven in an carlier Lockheed IRAD
project (7). The use of QCMs heud at different tenmperatures to messure relative deposition
rates had been well established throughout the industry and had also been demoristrated as
a basic rescarch technique. The major remaining dzvelopmentai issues vrere assessment of
the measurement accuracy of these techniques and estimation of the effact of the effusion
ccll pressure on the magnitude of the measured total mass loss,
2.2.1.1.1 Mcasurement Accuracy
The sample outgassing rate is calculated from the change in QCM frequency, the
QCM mass sensitivity constar.:, the fraction of the outpassing flux which is condensable on
a liquid nitrogen-cooled QCM, and the distribution of flux Icaving the effusion cell orifice.
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The deposition rate is calculated from the change in QCM frequency and the QCM
sensitivity constant, The accuracy of these measurements was assessed in two ways.
First, the acenracy to which each of these individual factors could be detennined was
evaluaed. Second, the ot niavs loss incasured oa situ by QCM collection and calculated
using ali of these factors together was compared with the value determined by pre- and
post-test ex sftu weighing.

Accuracy of Individual Factors:

‘The QCM frequency is stable to 21 Hz as long as the tempcerature remains constant,
and can be mecasured to an accvracy of better tuan 1 Hz. Since the toral change of QUM
frequency dunng an outgassing test is in the rarge of about 1 to 10 kilz the mass
measarcinent error resultng from QCM frequency measurement error is neglizible.

Following standard practice, the QCM mass sensitivity constant used was the
theoretical value for a 10-MHz crystal of 4.43 x 10°? g/cm? Hz. The litcrature reports
many expenments in which the inass sensitivity of the OCM was calib-ated against the
vacuum microbalance. All of these experiments conclude that for a uniferm deposit the
mca.ured QCM mass sensitivity constant is equal to the theoretica’ value to within £ 2
percent.

The moleculas flow distribution from the effusion cell orifice was measured, and the
data were compared with a theoretical relaticnship derived by Clausing [8). The predicted
and measurea distributions agreed to within £2 percent, so the QCM-to-cell view factor is
known to '!..s accuracy.

The apparent outgassing rate measured by a liquie nitrogen temperature QCM muy be
less than the true vi ¢ since some possible vutgassing specics such as nitrogen, oxygen,
hydmgen, etc, are not condensable at this temperature. Mass spectromeicr measurements
have indicated \hat for most polymeric materials, tne contribution of these species is usually
very small. This observation is reinforced by the excellent agreement, noted below, that
was obtained between tne total mass loss determined by QCM collection and by ex situ
weighing.  For low owtgassing materials such as metals, the contribution of
noncondensable gases may be more sipnificant. [However, (he presence of specics not
sondensabic at iiquid unitrogen temperature can be readily detected by the mass
spectrometer, and the QCM-ncasured data can be corrected apprepriately to allow for the
contribution of these speciss,

Comparison of In Situ and Ex Situ Measurements:

The total mass loss determined by the QCM collection technique was compared with
the total mass loss determined by pre- and post-test ex situ weighing, T-wo systeraatic
elfects can affect the accuracy of the apparent mass loss determined by cach of these two
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sigmficant regain of water vapor and other atmosphceric specics between removal of the
simple from the vicuum chamber and post-test weighing. The collection method will
ncdreate g low total mass Tossif the samyle outgasses a sipnificant amount of matenal not
condensablic at hgud mitrozen temperature and the QOCNM data are not corrected using mass
spectromeier data, The two sets of daia sheald show bentapreement with cach other and
should give a total mass joss vale which s closer to the absolute tota’ mass loss in vacuum
when the amount of nitrogen, oxygen, and water vapor in the outgassed products is
minimal.

The cxtent of the effecte 7 atmospheric components on ¢x situ and in ity total mass
loss was investigated by comparaag the total mass loss deiermined by the two methods for
a number of matenals. Except for unusual cases such as mylar film which has a dramatic
weight regain on reexposure to the atmospicre, we found that the data obtained by the two
methods agreed 1o 22 percent. We coacluded frem this agreement that the effect of
nonconden-able gases was indecd negligible in most cases.

The test-to-test repeatability was examined by testing sever | samples of one material
under identical conditions. Repeatability was found to be in the £ 2 percent range.
2.2,1.1.2 Effusion Ccll Effecis

Use of ar effusion cell to hold the sample makes sample preparation and insertion
much simpler, a1d elinunates the need to calculate the QCM-to-sample view factor anew for
each sample. However, to establish a nct mass flow through the effusion cell orifice, the
pressure in the cell must be higher than the outside pressure. The effecs of finite cell
pressure is to cause some of the outgassed specics to be readsorbed before having the
opportunity to leave the cell. This effect will reduce the measured total mass loss and
outgassing rate below the values which would occur in a perfect vacuum. The magnitude
of this effect on total mass loss (TML) was assessed by conducting a series of tests using a
modified ASTM E 595 apparatus. The ASTM L 595 apparatus incorporates 24 sample
effusion cclls with screw-in caps which carry the cell orifice=. The diameters of some of
the ceil orifices were reduccd by various factors by inscrtion of reducer plugs, while the
orifices of some cells were left at the stanuard ASTM E 595 diameter. The cap from one of
the cells was removed entirely so as 1o reduce the hack pressure for this cell to a minimum.
A series of identical samples were placed in these cells and were exposed 1o vacuum for the
sank time and temperature. The ratio between the TMLL data for specimens in cells with
reduced orifices to the TML. for the cell without an end cap were then related to the pressure
in the cell, which was calculated from the - sy loss and the orifice conductance. It was
concluded that as long as the cell pressuse is less than about 104 torr, the effect of cell

methods. Lx situ weighing will indicate an erroncously law value of mass loss if there is
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pressure on TML 15 nurimal, and 1f the pressure is lower than 10°5- torr the cell pressure

cffect can be neglevied. Calvulanons show that for the 0.125 inch diameter ¢e'l onifice
chosei for the aew test apporatus (Scction 1), the cell pressure may exceed these values
brictly at the besmmng of atest ena large o high catgassing sample, but the pressare w:ll
fall rapadly tova neghypitie vatue as the nutsassng tete decays with time.

We corcluded from the above investigations that the accuracy of mass loss
detentunatior by the QUM collection was at Jeast as high as ex siiu weighing, repeatahilnty
was goadd, and the contnbution of each of the fuctors affecting the mass loss calculation
was well undentaad. The accuracy with which most of the contributing factors 1s knawn
n of the order of 12 pereent, so the overall accuracy should be of the order of aboicr 45
poreent. The accuracy of the deposinon mcasutciment depends on fewes factors th e
outgassing meaturement, and should be accurate to 12 pereent.
2.2.1.2 Mass Spectronueley

The Phase 1 activaties were conducted using a 1-300 amu UTI mas; spectrorneter
interfaced with a Hewtett Packard computer. For the Phase 11 Extension test program, this
system was replaced by a 2-1023 amu Balzers mass spectrometer intcrfaced with an [BM
PC computer. Both systems worked very well, were very reliable, and had excellent
software offering a wide variety of data acquisitioa, viewing, ..nd storage options, The
Balzers mass spectrometer was chosen for the Phase 11 Extension because of its greater
sensitivity and higher mass range.

The use of mass spectrometry for in situ monitoring o, different molecular species is
well established ard needed no further development for this program. The only arca of
ancertainty regarding the measwemc.t capahility of the m- is spectrometer was its statility
over the period of an outgassing test. Mass spectrometer stability and respo..se 10 specific
species is affected by a number of pirameters such as ionizer emissiun current and
efficiency, transmission of the quadrupole mass filter, and electron muluplier gain. The
vtahility of tne mass spectrometer was verifie d by monitoring the output signal in situations
in which the mass flux through the 1wonizer was constant or known. In an initial test, the
mass spectrometer response to the quasi-constant long-duratioa fregmentation patiemn
signaturcs of the vacuum chamber background was measured, and was found to be very
stable. The stability was confirmed for a higher signal level by monnoring the flux
evaporating from a saunple of caprolactam (a monomer of Nylon 6) wath the UTI toass
ipectrometer and a collector QUM. Correlation of the QUM duta and the mins spectrometer
data showed that the response of the mass spectiometer was constant over periods of
several days. The respose stabulity of the Dalzers ma.s spectrometer was confirmed

duning Phase 11 Extension by the back ground momitoring techmgue,




2.2.1L.3 QUM Thermal Analysis (QTA)

The QTA mca urcment techmgue includes both QIGA and QTAMS. Previous work
18] Ban shown that QT 7HA can provide conviderable inforiaation on the mass compavition
and properties of the ¢ poat, bat thatithas e eral vnficant lmmtanons. Moay of theve
sanens conld be o overcontie py menstoning the evaporating flun with g mass
spoctiomerer Sece the e does aindlade g mossospecnometer, any beacfus to QTGA
to be guecd by ate use woald be uncovered Juning QTSNS Recause of thes
cotnnn-mality, and that the daa ow'put irom QTGA wis not ¢nitical to conpleting the
proposed data reduction methodology, further develonment of QTCA on Phase 1 was not
given a high pnonty. The performance and himitations of QTGA are1evicwed in Sccaon
221310,

The QTAMS micavurement 1y cntical to the success of the procedure of b 2-2
because it provides the mass frapmetanon pattern data necded to interpret and/or
deconvolute the mass spectra measured durir. the isothermal test. Mos? of the Phase 11
development work on QTA therefore addressed QTA/MS. The QTA/MS techrigucis a
novel form of in situ gas chromatography which, if successfully developed, would be a
sigmficant contnibution to the 1:chnology of analyucal chemistry. Hs develop.neut was a
very ambitious task to undertake and c~rtainly could not be complet § under the scope or
schedule of Phase 1. The work aceromplished on Phase H was thus of a prelinunary
nature. Arcas of QTA performance necding devrlopment were identified and some
preliminary performance evaluations of QTA/MS were made. Development of JTA/MS
coniinucd und=r the 'has= 11 Exteasion and is described in Section § of this mport.
2.2.1.3.1 QTGA Performance Factors and Limitations

The three main factors which characterize the perfonmance of QTGA e specics
separation canability, temperature displacement, and dctection sensiivity. Performance is
also limited by liquefaction of the deposit and formanon of azcotropes.

Scparation capability is the ability to distinguih two species witn similar evaporation
charactenstics. If two species have evaporation charactenstics which (hiffer by only 8 small
amuount, then, as the QCM is heated, the less volatile species may begin to evapaorate at s
significant rate hefore the more volatde specizs has completely evaporated. In this case, the
net evaporatien rate neasured by the QUM wall inciude the contributions of both species,
and these contributions cannot e s *parated uang QUM dita wlone. The degree of specics
ovetlap can be rr cuced by heating the QCM more slowly or by uming 4 smaller initial
depoaut mass. Hoth these approaches will ¢ e a higher fractron of the ore volatile

tpecies (0 Lrave the QUM before the evapor.tior rate of the levs volatle spedies becomes

r'xmficent. However, bud, approaches are somewhat nnpractical, Usang the current
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nominel heating tate of 1A, 4 QLG A test tikey alvwot S hours The et aould have te
be cxtended excessively af the heating rate was to be reduced enough to improve speaies
resolution apmficantly, Selection of a thinner deponit thickness s not 8 practical wolution,
ance the depont tachness s wbunction of A aeeles oatgasang rate and cannot be welected
whurandy

A unitorm thack depoat of 3 vingle ooy bav a ungle umgue evaporation
ratc temperatare Characteninoe which s o tunction of sty vapo pressare and molecutar
wepht Thic charactennne can fiequently be uved to fiagerpnng an unknown speaies, or
cven toadentity & speaies whose vapor pressare and maole ular weipht are known
Howerver, seveara’ expennmenial tactors can e e or incre e the Aparent svaonten 1ot

atapnenterscrarite Thoshacvthe efrecr et dagtcgthe evaporation Chanac e st to g
hipher or lower “cmiperature, making the vreaes appear to be less or more v lanle and
yeHaps confusing at with another ypeaics

One major tactor causing temperature displacement 15 the delaying etfect on
evaporation of the dittuvion of the more voluule spedies through the less volatle
components Ly order to reach the free surface. Another factor is the reduction in net
evaporation rate that occurs if the depost has an ivland rather than continuous tilm
stncture. Temperature displacemient to gher or lower temperatures can also occuraf the
praes fonms an azcotrope w.th another Jeposted tpecies. Species that form azeotropes
will evaporate from the QUM together and will thas appear 10 the QUM to be a single
speases. Evaporation of 2 more volatile species can alo increase the apparent evaporation
rate of a less volanle cadeposited species by umple momentum transfer mechaniwms.

Detection senvitivaty s the abulity to detect the less abindant components in 1)
deposit on the QCM. Tt depends on the signal to noise ratio of the base QCM frequency
measurcinent.  In general, the frequency of a (dean QCM is temperature and heat
ux - dependent, and the major sources of noise duning QT7A are temperature and heat
flux induced changes in QCM frequency. The presence of noise means that s larger
depostmasyas reqgaired to detect speaies with low concentranons [t may not always he
posable to obtam a larger depost mass and inany case, Larger depoatsintroduct species
sepatation and temperature displacement problems as descnibed above.  If the
temperature induced QCM frequency change s arepeatable functon of temperature, 1s
cffecton be ounurared by measansgatas o funchon of tempcrature and subteactir gt from
the total meraned freguescy change for QCM plos depoat Heat flus anduced frequency
noise as canned an part by unsteady tTow of heat 1o the QM from the ‘emperatute conp

controller. This source of pnoree can be reduced by uang a temperature famp controller

which provides a smoather power protile by, for example, us.ng volrage madulation




instead of onvoft madulanon foe power ationtment
The pettormance of QTGA can be altected by deposit hGuefaction, i any species in

the depovt boaehies before ey apotans  the o' p between the entire dejaoat and i

M cnvve b dovr asd e oM v e s e e demcctirase Consle pw e
e b et \“\’\1 ' |\,'—|"\ N R . G aperatee Lo the L0
[ LA N O T e [ AL LN (AN TN Wl
N T e et gl ien et e T s e e e v e g g .
w . 0 v ieietcs ciperataie disg thociment of 3 LIVEN RAECITy wen AN

mrnediiely apparent when 1S Charactenstic mass Pragme anon pattern anpeared at 8
Lo tertempenatire The mass spcattometers hipher servatonty wonld wipgsiconent the
QUON danv tor Py abundtanr species and Bes e opeproce onee s coacin ver civay The
use of A mass sedttomeer would alw ke st easer o olve the data when garfactan
acd azcotopecovcut. When the deposit Tipucfies, it wall contimue 1o evapnorate and the
mass spectrometer widl be allde to continue to momitor the evaporanon 1&te unnt full O\
reponse is rostored.  Although azcotiopes evaporate from the QUM st & vingle
temperature, the components wiill behave as sepasate species in the gaveous ctare amd will
be detected separately by the imass spectroencter.

Use of mass spectrometry would alvo enhance speaies separanon capatulity  1If the
mass fragmentation patterns of species with simnlar volatilines were kpown in sidsance,
thewr relative contnbutions in overlap regions conld be readily quanufied  However, this
creates a dilemma because the pnimary obyecuve of QT A 1n the present contert s to separrte
the individual cpecies o that their mass fragmentanon patterns can be Jetertmined directly
using the technyjue of QTA/MS. Flhwever, the two objedtives of improving (JTGA and
determimng individual species fiagmentation pattern data could be achieved of an algonithm
10 deconvolute the QTA/MS data for ddosely spaced specics were avatlable  Creation of
slganithis of tus type should be techmcally feacihle and relatively wrphiforwand, bat the
effont required woulkd be outvide the wope of this program

2.2.0.012 Preliminacy Study of QTA/MN

The development wortk on QTA/MS an Phase 11 aditreweed only the most bacic
measurement issne, which was determination of whethier the total wn count indic ated by a
mass spectrometer placed in the flon evapotating from the (N was able to track the
evaporaton rate andicated by the QUM both qualianvely and geaantanely tduneg QTA

hewe ok were addicssed intwodestvusing A pate gpooics caaclaciun as the e
Mt gyl

In the ot of these teste, we foond tat dunng QTA the o avctmameter eecosded

two totabion - ount peakcdunng evaporanon of a vagle qpeaicsf oerthe QON Thiy was




due to detection of species evaporating from the QCM end cap as well as from the QCM
crystal. In the QCM Research Inc. Mark 9 QCM unit used in these tests the measuring
crystal views the effusion cell orifice through a central hole in a cap covering the end of the
main QCM body. The QCM body, cap, and crystal are in thermal contact and at
equilibrium they operate at essentially the same temperature. When they are cold, the
impinging outgassing flux will condense on the surface of the cap as well as on the crystal.
. During QTA, the cap temperature will increase in unison with the QCM crystal, and if the
mass spectrometer views the QCM end can as well as the crystal, it detects the flux
evaporating from both these surfaces. If these surfaces were at exactly the same
. temperature this situation would be beneficial, because it would provide a greater mass
spectrometer signal than would be available from the QCM crystal alone. However,
because of the temperature differentials that are sct up in the QCM unit during transient
heating, the end cap will always be at a slightly higher tcmperature than the crystal during
QTA. A given species will therefore evaporate from the cap at an earlier ime than frcm the
crystal, and the mass spectrometer will detect two separate evaporation peaks for a given
species. This problem was eliminated in the apparatus used for test development by
placing an apertured baffle between the effusion cell and the QCM. The baffle reduced the
amount of depositior. on surfaces other than the crystal during the outgassing test, and also
served to reduce the view factor between the mass spectrometer ionizer and QCM surfaces
other than the crystal during QTA.

Sincc completion of this program, QCM Research Inc. has introduced the Mark 16
QCM in which the measuring crystal can be heated without heating the entire QCM body
and end cap. Nominally, this version of the QCM appears to be well-suited for the
QTA/MS application, and such a unit has been purchased.

In the second test, the response of the mass spectrometer was compared with the
QCM output as the evaporation rate from the QCM increased during QTGA. We found that
the total ion count indicated by the mass spectrometer tracked the evaporation rate indicated
by the QCM in a satisfactorily lincar and repeatable manner.

Since the separation capability of QTA depends strongly on the particular set of
outgassed species deposited on the QCM, it was decided to address this issue as part of the
Phase II Extension when multispecies deposits from actual test samples would be available.
Funding limitations also contributed to this decision. No examination was made in Phase
IT of the enhancement of QTGA that would be provided by the addition of mass
spectrometry. Such enhancement was not critical to the success of the tesi method and
could also be evaluated in paralle! with the Phase Il Extension test program.
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2.2.1.4 Gas Chromatography/Mass Spectrometry (GC/MS)

Since mass fragmentation patterns are determined for each evolved species as part of
the standard GC/MS test, this test could, in principle, provide useful backup data in case
these patterns could not be obtained from QTA/MS. The outgassing products from
polymers frequently include a number of homologues which have fragmentation pattemns
which arc very similar, and in order to resolve homologues with different molecular
weights the individual species fragmentation patiern data must be quantitatively very
self-consistent. However, in general, different mass spectrometer ionizers produce
slightly different fragmentation patterns. A comparison was therefore made of the patterns
produced by the ionizers used in the GC/MS and outgassing test apparatus mass .
spectroneters. As expected, both ionizers produced the same patterns qualitatively, and
both systems identified the same principal mass peaks. However, there were significant
quantitative differences between the patierns, and we concluded that it would not be
possible to use fragmentation pattern data determined by the ex situ GC/MS test to
deconvolute the peak height data obtained during an in situ isothermal outgassing tesi.

The standard Lockheed GC/MS test uses a sample temperature of 250°C. At this
temperature, additional volatile species not present in the vacuum outgassir.g test may be
created by thermal degradation. Therefore, it seemed appropriate to use a lower GC/MS
temperature in the present context. On the other hand, the presence of the helium
atmosphere in the standard GC/MS test will suppress outgassing to some extent, and it
might be necessary to use a higher sample temperature in GC/MS than would be used in the
highest vacuum outgassing test temperature of 125°C to evolve the same species. To
investigate this issue the GC/MS test was repeated at temperatures of 125°C, 150°C, 200°C,
and 250°C to determine how high above 125°C the GC/MS test temperature could be raised
without producing thermal degradation products. The species identificd at each temperature
by GC/MS were compared with those found in a 125°C outgassing test. As ares. /'t of this
comparison, it appeared that the GC/MS test temperature could be raised to 200°C without
noticeable production of thermal degradation products. However, it was recognized that
the comparison was not rigorous and that the ideal compromise temperature would be
different for different materials. :

2.2.2 Test Procedure Development

Based on experience obtained while developing the various aspects of the test in
Phase 11, a draft procedure for implementing the test method was developed. The draft
precedure covered sample preparation, test parameters, sequence of events, and operation
of the apparatus and was presented in the Phase II Task Report [6]. Since the test method
was intended to support organizations throughout the indus'ry, a workshop was held at
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Lockheed in November 1984 to discuss the test procedure and to obtain an industry
consensus on test parameters. The draft test procedure, including test parameters, was
largely the same as the current version of the procedure presented in Section 4.
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Section 3
TEST APPARATUS

This section describes the outgassing/deposition kinetics measurement apparatus and

its operational characteristics. The apparatus was built under Lockheed funding before the

. Phase Il Extension. Lockheed funding covered apparatus detailed design, hardware, data
aquisition software, and functional checkout, as well.as modifications made to the
apparatus during the course of the Phase Il Extension. '

The apparatus is shown in Figs. 3.1, 3.2, and 3.3. Figure 3.1 is a general view of
the apparatus test hardware. Figure 3.2 is a schematic of the main test chamber. Figure
3.3 is a schematic of the data aquisiticn system. Sections 3.1 through 3.3 give detailed
descriptions of the three main subsystems of the apparatus - the vacuum system, the
outgassing/deposition measurement system, and. the mass spectrometer system.
Component manufacturer names and model numbers are given in order to describe the
performance capabilitics of the Lockheed apparatus. They are not necessarily the only or
best components which could be used to build an apparatus capable of executing the test
method.

The bascline measurement sensitivity of the apparatus was evaluated by performing
the standard test procedure of Section 4 with no material sample in the effusion cell.
Section 3.4 presents the results of this test.

34 VACUUM SYSTEM )
The principal components of the vacuum system are the main vacuum chamber, the
pumping system, the interlock chamber, and the mass spectrometer insertion mechanism.,
The vacnum system, including the (nain and interlock chambers, effusion cell and mass
spectrometer insertion mechanisms, electropneumatic valves, liquid nitrogen reservoirs and
shrouds, QCM and cffusion cell shutters, and all vacuum feedthroughs were made and
assembled by R.J. Munns Mfg., Inc. of San Leandro, CA,
3.1.1 Main Vacuum Chamber
. The main vacuum chamber is a stainless steel cylinder 20 inches high by 12 inches
diameter, oriented with its axis vertical. It has attschment flanges arcund its diameter for
the pumping system and for the mass spectrometer insertion mechanism. The vacuum
interlock chamber attaches to the bottom end flange. The QCM assembly mounting flange
is attached to the top of the chamber.
The chamber contzins two concentric liquid nitrogen-cooled shrouds to prevent
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contamination from sources other than the 2ffusion cell from reaching the QCMs and to
reduce the heat load on the QCMs by radiation from the environinent. A liquid nitrogen
reservoir in the upper section of the vacuum chamber cools an inner shroud that surrounds
the central volume in which the effusion cell and QCMSs are located. A second liquid
nitrogen reservoir located in the lower portion of the vacuum chamber cools an outer shroud
that sutrounds the upper reservoir and inner shroud. This dual shroud system: was
incorporated in the chamber design to ensure a stable cold-wall temperature around the
central region at all times. However, operational experience showed that the outer shroud
did not improvc' the chamber background pressure or shroud temperature stability so the
chamber is operated using the inner shroud alone. Opcnings are provided in the shrouds to
improve system pumping spced and to permit inscrzion of the mass spectrometer analyzer
intc the evaporating molecular flux fic!ds of the cftusion cell and QCMs.

Liquid nitrogen is supplied to the shroud rescrvoir from 160 liter dewars pressurized
to 20 psig. The liquid nirogen level in the upper reservoir is maintained using a Huntington
Model LNC-200 liquid nitrogen level contreller. The controller utilizes two temperature
probes to detcrmine the low and high levels of liquid nitrogen in the reservoir. The low
level probe is positioned near ihe bottom of the reservoir to sensc a low liquid nitrogen level
condition and hence open the liquid nitrogen fill valve. The high level probe is placed in a
tee in the vent line froin the reservoir to detect a high level liquid nitrogen condition and
hence close the fill valve. The high level temperature probe is situated in a tee off-axis from
the vent line to avoid false triggering due to cold nitrogen gas venting from the reservoir
during a fill. A small vent is required downstream from the temperature probe to avoid a
vapor lock condition in the tee. A vapor lack would effectively isolate the high-level probe,
and would result in an endless fill. Both probes have integral heating elements 1o avoid false
triggering duc to fiost buildup. Approximately 10 minutes are required 1o fill the 7.5-liter
capacity cold shroud reservoir. The filled reservoir provides shroud cooling for about 10
hours. .

3.9.2 Interlock Chamber

An interlock chamber is provided so that the effusion cell containing the test sample
can be removed from and replaced in the apparatus without having to warm up and
repressurize the main chamber. The interlock chamber 1s connected to the main chamber via
an electropneumatic gate valve. It carrics an access port through which the effusior cell can
be passed. A window on the front of the interlock chamber aids in placement of the effusion
cell on its mount, The chamber can be filled with a clean, dry gas via a repressurization
valve or purged by opening a second valve. T..¢ interlock chamber also contains a small
liquid nitrogen-cooled annular shroud which can be used to precool the effusion cell for
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special test epplications.

The effusion zell is mounted on the end of a vertical rod and can be moved between the
interlock chamber and the main chamiber through the open gate valve by moving the rod.
The mounting rod linear motion feedthrough is sealed with a bellows rather than a fubricated
O-ring to minimize contarnir.ation and 1o ensure ultrahigh vacuum conditions. The isolation
valve separating the main chamber from the interlock chamber is activated by a double
solenoid so that, in case of a power failure, the valve position will remain unchanged. This
insertion mechanism was simple, relauvely inexpensive, and functioned well and rcliably.

Because the mounting rod is used to hold the effusion celi in position in ihe main
chamber. the gate valve niust remain open during wn outgassing test. The additional surface
arca and volume of the interlock chamber adds a pumping load to the main chamber
pumping system, which extends the time required for the system to equilibrate aftr cell
insertion and raises the ultimate pressure in the main chamber. If an insertion mechanism
were used which would permit the transfer rod to be detached from the effusion cell after the
cell had been positioned in the main chamber, the interlock chamber could be isolated from
the main chamber and a lower ultimate pressure could be reached more rapidly. However,
this type of mechanism would be much more complex mechanically and hence more costly.
Also, it would be difficult to arrange electrical connections to the cell, and adjustment of tke
position of the cell after insertion would require even more mechanical complexity.

3.1.3 Pumping System

The apparatus is equipped with an Alcatel 2020A direct-drive mechanical pump, an Air
Products AP-8S cryopump, and a Balzers TPU-050 turbomolecular pump. The 8 Us
capacity mechanical pump is used as a forepump ror the turbomolecular pump. Appropriate
valving allows the mechanical pump to also be used for initial evacuation of the main
chamber and regeneration of tne cryopump. The cryopump has a 1500 Vs pumping speed
for nitrogen and is used to maintain high-vacuum in the main chamber, It is attached to the
chamber via a large diameter elbow which isolates the cryosorbing baiTles from heat sources
inside the chamber (i.e., mass spectrometer ionizer and effusion cell) without sacrificing
much pumping speed as a result of conductance limitations. The turbomolecular pump has a
pumping specd of 50 Vs and is used to evacuate the interlock chamber, The turbomolecular
pump and the cryopump can be isolated from their respective chambers wich
electropneumatic gate valves, The gate valves on the high v acuum pumps and the poppet
valves in line with the mechanical pump are normally ciosed to isolate the pumps in case of a

power failure.
Systein pressures are monitored by a Granville Phillips Series 303 vacuum process
controller. The controller simultancously opc.ates two nude ionization gauges and two
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convectron gauge tubes. The ionization gauges monitor pressures in the range from S x
10-11 10 1 x 10-3 torr, while the convectron gauges measure pressure from 1 x 10-3 ‘ot to
one atmosphere. One of the ionization/convectron gauge pairs monitors the main chamber
pressure while the other pair monitors the interlock chamber pressure. A third conveciron
fauge tube i1s mounted at the inlet 1o the mechanical pump to permit occasional verification of
mechanical pump operation or monitoring of cryoputnp pressure during fegencration,

Figure 3.4 shows typical curves for the main and interlock chambers before, during,
and after effusion cell insertion using the interlock chamber. Before insertion the interlock
chamber is at atmospheric pressure and the main chambzr is at about 4 x 109 torr. At this
time, the turbomolccular puinp is at operational speed and is pumping on its gate valve. The
insenion process starts with evacuation of the interlock chamber. To reduce the risk of
pump failure when the gate valve is opened to the atmospheric pressure of the interlock
chumber the turbomolecular pump control unit is switched off to allow pantial slow-dcwn of
the rotors before starting interlock chamber evacuation. The mechanical pump provides
foreline pumping to the turbomolecular pump at all times during the insertion process.
Interlock chamber evacuation starts when the turbomolecular pump rotational speed has
fallen to about 50 percent of its operational value, which occurs about 10 minutes after the
control unit is switched off. At this time the gate valve between the interlock chamber and
the turbomolecular pump is opened and the turbomalecular pump control unit is switched
back on to allow full spin-up of the rotors. Immediately following the opening of the gate

valve, the mechanical pump operates in the viscous flow regime by pumping through the

accelerating turbomolecular pump. As the interlock chamber pressure arops below 1 x 10-3
torr the free-molecular flow regime is reached, the rotor blades reach full speed, and the
turbomolecular pump begins to dominate pumiping.

The isolation valvz between the main chamber and the interlock chamber is normally
opened after about $ minutes of pumping, at which time the interlock chamber pressur - has
fallen 10 about 4 x 10°3 torr. The timing of isolation valve opening represents a
compromise, and can be changed to suit the requirements of a panticular te It is desirable
10 reduce the interlock chamber pressure as much as possible before opening the isolation
valve to minimize the ensuing risc in main chamber pressure. However, we also need to
insert the effusion cell into the main chambe: as soon as possible so early time outgassing
rate data can be obtaincd.

When the isolation valve is opencd, the pressure in the main chamber rises because of
the introduction of gas frum the interlovk chamber and then slovly f2lls as the combined

system is evacuated by the cryopump.
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3.1.4 Mass Spectrometer Insertion Mechanism

Tne mass specaometer head is mounted on a bellows-sealed linear motion
feedthrough so that it can be postioned to give the ionizer a better view of either the
effusion cell onifice or the QCM crystals during the isotherm:al outgassing sest or QTA/L.S,
respectively. The flange supposting the lincar motion feedtiruugh carries a valved inlet line
to allow a calibration gas to be introduced to the main chamber in the vicinity of the macs
spectrometer ionizer, Perfluorotributylamine (PFTBA) is used for nm ass scale calibration
and can also be used to check the tran.mission of the mass spect.ometer.

3.2 OUTGASSING/DEPOSITION MEASUREMENT SY: fEM

The outgassing/deposition measurement subsystem conaists of the QCMs, effusion
cell, the temperature control system, and the data acquisition equipment which monitors or
controls the other devices.
3.2.1 QCM Assembly

The QCM assembly consists of four QCMs, each witkh its own mounting strut and
shutter, a liquid nitrogen reservoir, a lower shield system, and a chamber mounting flange.
The assembly is shown in Figs. 3-5 and 3-6. Figure 3-S is a genera! view of the entire
asserrtly. Figure 3-6 shows the QCMs and shutier asscmbly as viewed from the effusion
cell orifice.

The QCMs ave QCM Research Inc. Mark 9 units, with alurminum cases, a 77 K to
400 K operating range, unpolished crystals, and full crystal overcoats of Al;03. Each

QCM contains two 10-MHz crystals, oscillator electronics, and two platinum resistance
thcrmometers (PRTs). One crystal is used for mass collection while the other 13 used for
reference. One PRT is used for temperature control feedback while tl.e second is
monitored by the data acquisition system.

Each QCM s individually suspended from the liquid nitrogen reservoir by bolting in
back side 10 a place attached to the bottom end of a vertical strut. The top end of the strut iy
attached to the bottom of the liquid nitrogen reservoir, The four support struts are arranged
symmetrically around the chamber axis, so that cach QCM lias the same view factor to the
effusion cell orifice. The support plates are angled at 10° to thie support smts so that the
axes of the QCMs intersect the chamber axis at a common point about 5.90 inches below
the bottom of the QCM liquid nitrogen reservoir. This po.nt is the location of the ¢tfusion
cell orifice when the cell is placed in ts standard position. At this paiat, the distance from
the effusion cell orifice to the face of each of the QCMs is 6.00 inches.

The test procedure calls for the QCMs 1o be maintained at %0 K of less, 150 K, 220
K, and 298 K. The support struts and plates for the 90 K and 150 K QCMs are made from
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copper, while those for the 220 K und 298 K QCMs are made from stainless steel to
minimize the power required for temperature contol.

The temperature requirement for the lowest temrerature QCM should be ag cold as
possible. With good heat-sinking, this QCM could be maintained within a degree or so of
the 77 K reservoir without difficulty. However, in this case a very large amount of heat
would be needed to heat the QCM to 400 K during QTA. The magnitude of the thermal
conductance of the cold QCM support strut is, thcrefox:c. a.compromise between the desire
for the lowest temperature possible and the need to be able to heat to 400 K. Secause less
than perfect heat-sinking was used and because of internal heat generation by the QCM
electronics, the lowest attainable QCM temperature is about 88 K.

Each QCM has a shutter which can be operated from outside the chamber. The
shutters are conled by heat sinking their guides o the liquid nitrogen reservoir. Each
shutters has three positions - fully closed, fully open, and apertured. In the apertured
position, the QCM views its surroundings through a hole in the shutter which has the same
diameter as the QCM crystal. The apertured shutter minimizes the number of molscules
reaching the mass spectrometer ionizer from sources other than the QCM crystal during
QCM heat up, which improves the resolution of QTA/MS.

The QCM assembly is provided with a separate liquid nitrogen : sservoir to improve
temperature. stability by maximizng the degree of isolation from the exwrmal environment.
The reservoir is vented 1o the atmosphere to maintain the liquid at 77 K. The liquid nitrogen
level in the reservoir is maintained using a Huntington Modet LNC-200 liquid nitrogen level
controller. ‘This unit uses two temperature probes 1o determine the low snd high levels of
liquid nitrogen in the reservoir. The basic operation of this controller was described in
Section 3.1.1. However, because of the temperature sensitivity of the QCMs, the liquid
nitrogen fill technique differs slightly from the shield reservoir. Liquid nitrogen is normally
supplied in storage dewars pressurized to 20 psig, at which pressure the equilibrium
temperaiure is about 85 K. When the reservoir is filled with this warmer liquid, its
temperature rises a few degrees and then falls to its one atmosphere equilibrium value of 77
K by evaporation to the environment. In the case of the QCM reservoir, this effect produces
a temperature transient in ell QCMs, although the extent of the transient on the higher
temperature QCMs is partially alleviated by the temperature controllers. The QCM
temperature transient can produce temporary frequency variations as high as 100 Hz. These

spikes last only several minutes and are usually easily discernable from frequency shifts -

caused by mass accumulation changes. However, the noise that they introduce into the data
is significant in the cases of extremely small deposition rates. The liquid nitrogen fill system
was, therefere, modified (o eliminate these heat sink temperature variations. An intermediate
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reservoir vented to the atmosphere was inserted in the inlet line to ths QCM liquid nitrogen
reservoir. Liquid nitrogen at 20 psig equilibrates to atmospheric pressure in this
intermediate reservoir before filling the QCM reservoir, This technique essentially
climinated temperature and frequency fluctuations induced by liquid nitrogen fills.

The liquid nitrogen reservoir is suspended from a chamber mounting flange which also
carries all the electrical, rotary, and liquid nitrogen feedthroughs needed to service the QCMs
and the reservoir. The entire QCM assembly is carried by this flange and can be mounted to
or removed from the chamber as a unit.

A two pan' lower shroud system is used to further thermally isolate each QCM. One of
the lower shrouds consists of two intersecting perpendicular copper plates attached to the
under side of the liquid nitrogen reservoir. The plates extend vertically downwards beiween
cach adjacent pair of QCMs in such a manner that the QCMs view these cooled plates and
not each other. This eliminates thermal cross talk between the QCMs. The second shroud is
a copper cylinder which completely surrounds the QCMs, and is suspended from the bottom
of the liquid nitrogen reservoir. This shroud eliminates heat transfer to the QCMs from all
peripheral sources, such as ion gauges and the mass spectroineter ionizer. Apertures are cut
in the bottom end plate of the shroud so that the QCMs can view the effusion cell orifice.
Instrumentation cables to the Q”Ms are heat sunk to the liquid nitrogen reservoir to eliminate
the heat leak down the cables from the room temperature feedthroughs.

A 60-ohm evarohm wire resistance heater is wrapped around the case of each QCM.
These heaters allow the QCMs to be temperature controlled above their liquid nitrogen heat
sink temperature. The Mark 9 QCM sensor head used in the apparatus is constructed so that
all cotnponents in the head are in good thermal contact, so the entire sensor head has to be
heated to raise the crystal temperature. This means that moré electrical power must be
provided to the heater than would be needed if only the crystal was being heated, which, in
tum, creates a greater temperature disturbance to the apparatus during QCM heating and also
necessitates more frequent replenishment of the liquid nitrogen reservoir. Also, other
surfaces of the QCM besides the measuring crystal may have collected some contaminant
deposit so the mass spectrometer may detect species evaporating from sources other than the
crystal during QTA/MS. The most complete solution to this problem is to construct the
QCM so that the QCM crystal can be heated while the case is kspt at the heat sink
temperature.  This type of construction has been incorporated into the Mark 16 QCM
manufactured by QCM Research Inc. and has become available since the apparatus was
built. A Mark 16 QCM has thus been purchased for the apparatus.

3.2.2 Effusion Cell
The cylindrical effusion cell is approximately 2.5 inches in diameter by 2 inches high,
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and is machined from aluminum for high thermal conductivity. It has a detachable
0.125-inch-thick cover plate which carries a central 0.125-inch-diameter orifice. The cell is
mounted on a plate attached to the top of the interlock insertior rod with its axis coincident
with the chamber axis and with its covar plate facing upwards, The cell can be positioned so
that the orifice is in the range of 4 to 11 inches from the QCMs. The insertion mechanism is
indexed so that the cell can be conveniently placad at the standard distance of 6.00 inches.

The cell can be heated electrically by a 410-ohm evanolim wire resistance heater
wrapped around the diameter of the cell. Two PRTs are attached to the cell for temperature
control feedback and for temperature monitoring/data acquisition, respectively. Heater and
PRT connections are made first via a feedthrough in the wall of the interlock chamber, and
then by passing leads through the - :nter of the tubular mounting rod up to female plug
terminals integral with the mounting plate. Service rannections between the effusion cell
and the mounting plate terminals are made using male plug terminals in the base of the cell.
An externally-operated shutter permits the effusion cell-to-QCM line of sight to be
interrupted.

Prior to insertion into the main chamber, the effusion cell is normally held in the
interlock chamber at ambient temperature, although a capability exists to heat or cool it in
this location if so desired. After the cell has been inserted into the main chamber and placed
in the selected position relative to the QCMs, it is heated as quickly as possible to the test
temperature. Using a 115-Vac power supply and the 410-ohm heaier, the times required for
the cell 1o reach 75°C and 125°C are 10 minutes and 20 minutes, respectively.

If no power is provided to the effusion cell after insertion into the main chamber, it
will cool to about ~40°C in 1 hour by radiative heat transfer with the cold walls.

3.2.3 Temperature Control System

The temperatures of the effusion cell and the fcur QCMs are controlled by balancing
electric resistance heating input against heat loss by conduction and radiation to the liquid
nitrogen temperature reservoirs and surroundings. Temperature control and heater power
are provided by programmable temperature controllers. A Doric DC7032C single-loop
temperature controller is .sed for che effusion cell, while four Doric DC?102C ramp/soak
temperature controliers are used for the QCMs. In addition to maintaining temperatures at
selected specific values, the Doric DC7102C controllers can perform ramp functions in
which QCM temperatures can be increased at a constant raie for the QTA test: Temperature
feeaback: to the controllers is provided by one of the two PRTs inside the QCivs and on the
effusion cell.

The Doric controllers are time-proportioning devices that output a logic voliage to
external relays. These relays act as open/closed gates for constant voltage heater power




supplies. The total pf)wer delivered to a heater is determined by the power supply volta e
and the duty cycle of its associated relay. The relays are solid-state and are available i
configurations capable of switching either ac or dc voltage sources. At the present time,
Gordos Arkansas OAC24 solid-state relays are used to switch ac power sources. The
115-Vac house lines were used as the power supplies. The relays can handle 3 A at 11§
Vac, and ¢an be quickly and independently replaced by other modules if dc voltage is
preferred for the heater power supplies.

Temperature control systems usiag time-proportioning controllers combined with a
115 Vac power supply were selected because of their low cost and their successful use by
Lockheed in the past. Time proportioning devices control temperature by providing 2nergy
pulses rather than continuous power to the objzct being heated. Since the frequency of a
QCM is very sensitive to heat flux variations, the pulse mode of control has the potential for
inttoducing noise into the frequency data. In the previous applications of this type of
controller, the QCMs were mounted in bulky aluminum hoiders, and the heater wire was
wound on the outside of the holders. The thermal mass of the hnlders and the thexmal
resistance of the path between heater, holder, and QCM crystal were apparently large
enough to smooth out the power pulses because no controller-induced QCM frequency noise
was encountered. In the present application no holder is used and the heater wire is wound
directly on the QCM case, which reduces both the thermal mass and the thermal resistance
between heater and crystal. As a result, the QCM crystal temperature responds more
strongly to the power pulses, and the frequency data were very noisy. The noisc was
reduced somewhat by placing ballast resistors of 50 to 100 ohms in series with the QCM
heaters, external to the vacuum chamber. These resistors serve as voltage dividers, which
reduced the maximum voltage available to heat each QCM, and caused the
time-proportioning controllers to supply pulses with lower average power for longer pulse
durations. This modification smoothed out the power pulses considerably, but did not
completely eliminate frequency noise.

Since the conclusion of this program, some tests have been performed using
temperature control by dc voltage modulation and frequency stabilities of £0.1 Hz have been
achieved. The Doric controllers are rcw being modified to this temperature control
corfiguration by installing internal interface cards which provide continuously variable
control signal outputs and interfacing them with contollabie dc power supplies.

3.2.4 Data Acquisition System

Data from the QCMs and the effusion cell are acquired, stored, and manipulated by a
Hewlett Packard system consisting of a Model 310 computer with a monochrome monitor, a
Hewlett Packard 9 '22D 3.5-inch dual disc drive, a Hewlett Packard 2934A impact printer,
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and a Hewlett Packard 7550A plotter.

The computer aquires data from the apparatus via a Hewlett Packard 3488A
switch-control unit that enables the several platinum resistance thermometers and QCM
frequency measurements to be alternately rcad by a Hewlett Packard 3478 A multimeter and a
Hewlett Packard 5484A frequency counter, respectively. The multimeter can perform
two-wire or four-wire resistance measurements and the counter can measure cither the
frequercy or the period of the QCM output. Beiore frequency measurements are obtained,
the signal from the QCM is processed by a filter/waveform conditioning circuit which
produces a low-noise, consistent waveform shape of known amplitude. This reduces noise
in the frequency data.

The four-wire resistance measurements are obtained using a 1-mA current and have a
10-mohm resolution with a read time of 0.05 second, which is more than adequate for
resolving 0.1°C temperature changes. The desired frequency resolution of 0.1 Hz from the
counter requires a gate time of 1.0 second. The time required 1o measure the four QCM
frequencies, the four QCM temperatures, and the effusion celi temperature plus the overhead
required by the computer is about 5.5 seconds.

The data from the QCMs and the effusion cell are acquired/stored and
retrieved/processed using two separate computer programs. The basic software was
developed for a two-QCM system by Lockheed und. - a prior IRAD project and was
modified for four QCMs on Lockheed capital funds. The use of two scparate programs
means that either a second computer is needed to reduce the data or that testing has to be
discontinued during data reduction. Consolidation of the two programs to provide real time
output of processed data is feasible, but could not be performed during the program because
of funding limitations.

3.3 MASS SPECTROMETER SYSTEM

The mass spectrometer system consists of the mass spectrometer analyzer head, an
extemnal electronics unit for supporting the analyzer, and a computer system to control the
electronics unit and to acquire, store, and manipulate the data.

3.3.1 Mass Spectrometer Analyzer .

The mass spectrometer analyzer was a Balzers Model QMG 511, consisting of an
electron impact ionizer, a quadrupoie mass filter, and a secondary electron multiplier (SEM).
The electron impact ionizer permits detection of the neutral species characteristic of an
outgassing flux. An icnizer contiguration utilizing a grid ion source was sciected because of
its oper. swructure, which allows greater sensitivity to the outgassing flux. The quadrupole
mass filier was selected because it provides adequate r<solution and transmission of species




over a wide mass range at relatively low expense. The filter consists of four molybdenum
rods 200 mm long by 8 mm in diameter. The SEM is a CuBe discrete dynode type which
provides signal gains of up to 108 for increased sensitivity. The analyzer has a sensitivity of
1 x 10°3 A/torr for argon and a detection limit of 1 x 10-16 torr.

3.3.2 Mass Spectrometer Electronics

The mass spectrometer electronics unit supplied with the Balzers Model QMG §11
analyzer is used for normal operational adjustments to the mass spectrometer ionizer,
quadrupole filter, and electron multiplier. Internal power supplies allow adjustment of
electron energy and emission in the innizer and electron multiplier gain. The quadrupole
filter can be tuned to allow only a single mass to be transmitted or to sweep over a selected
mass range. The specific Balzers mass spectrometer chosen for the test apparatus has a
mass range of m/e=2 to 1023, unity resolution, scan times down to 1 ms/amu and computer
compatibility. The expression m/e refers to the mass-to-charge ratio of the ion being
detected. The mass is usually expressed in atomic mass units (amu) and for this mass
spectrometer configuration the charge is a positive integer. For singly-ionized (¢ = 1) argon
(mass = 40 amu) the detected ion would appear at m/e = 40. For doubly-ionized argon, the
ion would appear at m/c = 40/2 = 20. The level of ionization is a function of the species
being detected and the ionizer parameters. With the exception of the following apparatus
specifications, this report adopts the more rigorous convention of referring to detected ions
by their m/e location. Where the term amu is used, it is assumed that the detected ion is
singiy ionized (e = 1).

For the materials test program, a mass range of m/e=10 to 500 was judged to be
sufficient for characterizing outgassed species. A 0.3-amu window was sampled around
each nominal mass to determine the ion intensity at that integer mass value. This helped
correct for small errors in calibration and the possibility of ions with large mass defects. A
0.3-amu sweep width allowed 4 sampling points per integer amu. An integration time of 3
milliseconds per sampling point was used to determine the ion intensity, and each point was
integrated twice. These values were determined by experience with the mass spectrometer in
this application. These parameters, together with a small amount ¢f overhead time in the
controller, resulted in a scan time of 13.75 seconds for the m/e=10 to 500 scan.

3.3.3 Data Acquisition System

Automatic acquisition of mass spectra and control of the Balzers rnas3 spectrometer is
performed with an IBM AT personal computer, using'a computer inte.face and software
package called Microtrace, produced by Teknivent Corporation. Additional peripheral
equipment supporting the IBM AT are 512-Kbyte RAM, a 1.2-Mbyte flceppy disk, and a
30-Mbyte Winchester hard disk. Because of the Jarge amount of data being collected, a
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60-Mbyte Sysgen magnetic tape unit is also included in the computer system to permit
occusional down-loading of the hard disk to a separate storage library. Hard copy printouts
or plots can be obtained from cither a Hewlett Packard LaserJet Series 11 prinier or a Hewlett
Packard 7550A plotter.

The Teknivent interface and cowputer software can control and monitor ¢ll mass
spectrometer operating parameters. It allows simultaneous acquisition and processing of the
data run being acquired or the processing of previously acquired data. The Wiley/NBS
standard mass spectra library containing over 70,000 compounds has also been purchased
from Teknive.at by Lockheed and can be accessed hy the computer for mass spectra
searching and marching.

3.4 APPARATUS BASELINE PERFORMANCE
In order w0 determine the magnitude of the apparatus background contamination levels
- and the bascline apparatus performance, the isothermal outgassing and QTA test procedures
of Section 4 were performed without 2 material sample in the effusion cell.
3.4.1 Empty Cell Isothermal Outgassing Test _

The two possible sources of background contamination during the isothermal
outgassing test are the chamber itself and the effusion cell. The chamber has a very clean
design and the QCMs are almost totally surrounded by liquid nitrogen-cooled cold walls, so
the contribution of the chamber was very small. The QCM frequencies were monitored for
several days with the effusion cell removed from the chamber and the isolation valve closed.
The QCM frequencies increased less than 1 Hz/day, which confirmed the low chamber
background. '

During an isothermal outgassing test, the QCMs will detect species outgassed by the
effusion cell as well as by the sample. Although the cell is cleaned thoroughly between
tests, it will inevitably regain moisture from the laboratory atmosphere when it is removed
from the apparatus for exchange of samples. The magnitude of effusion cell outgessing was
determined by performing the full test procedure with no sample in the cell. The test was .
run at 125°C since the effusion cell outgassing rai  vill be highest for this temperature.
During this test, the 90 K QCM indicated a 60 Hz crease in frequency afier 24 hours,
while the three higher temperature QCMs experienced no appreciable increase in frequency. .
The lack of accumulation on the higher temperature QCMs indicated that the outgassing
products from the cell were water vapor and/or high volatility solvents. The 60-Hz
frequency increase corresponds o a 24-hour tota! mass loss of less than 0.0001 g. Fora
typical sample with a mass of 1 g and an exposed area of 5 cm?, this mass loss is equivalent
to a 24-hour percentage mass loss of less than 0.01 percent and an average outgassing rate
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during the first 24 hrs of less than 2 x 10-10 g/cm?2 5. These valucs are negligibly small in
comparison to tynical outgassing data. We, therefore, concluded that the effect of effusion
cell outgassing on the data could be neglected, and it was not necessary to perform blank
tests before each material icothermal outgassing test.

3.4.2 Empty Cell QTA Test

A standard QTA tzst was performed on the 90 K QCM following the empty cell
isothermal test of Section 3.4.1. During QTA, the QCM frequency decreased 150 Hz in the
temperature range from 90 K to 150 K ard decreased another 150 Hz between 300 K and
400 K. Evaporation of the collected water aczounts for 60 Hz of the first frequency shift,
while the remaining 90-Hz shift in the low temperat are region and the entire 150-Hz shift in
the high temperature region are due to the variation of QCM frequency with temperature.
These frequency shifts correspond 0 an average thermally-induced rate of frequency change
of less than 1 Hz/min. In fact, the raie of change of QCM frequency is not constant and can
have values several times higher than 1 Hz/min over shon tempcerature ranges. Because of
these thermal effects on QCM frequency, QTA cannot detect deposit evapcration-induced
frequency changes less than about 10 Hz/min, which corresponds to an evaporation rate of
about 109 g/ems,

The QCM frequency data also shcw fast fluctuations as high as 50 Hz/min which are
induced by high frequency changes in the heat flux through the QCM crystal produced by
the on/off method of power modulction used by the temperature ramp controllers. This
phenomena and a method to eliminate it were discussed in Section 3.2.3.




Section 4
TEST PROCEDURE

This section describes the standara test procedure. The procedure specifies the way
in which sample preparation, data measurement, and data reduction are performed. The
combination of this procedure and th~ apparatus described in Section 3 defines the standard
test method developed on this program,

4.1 MATERIAL TEST SAMPLE PREPARATION

This section describes how the material test sample should be prepared and
documented.

4.1.1 Test Sample Desciiption ,

The test sample should be described as completely as possible. For standard
acrospace materials, full manufacturing, procurement, and acceptance documentation is
normally available and should be provided. For developmental materials, enough
information should be given to clearly identify its origins. This information should
include, for example, the chemical nature of the material, how the sample was prepared and
who prepared it, the name of the program, organization, and/or personnel from which the
material was obtained or which/who is responsible for developing it.

4.1.2 Test Sample Geometry

Because outgassing kinetics depend upon the thickness of the material and/or the
surface area exposed to vacuum, the geometry of 8 test szmple must be appropriately
constrained. Where possible the test sample should have the same geometry as the material
has in an actual application. For materisls which are used in more than one geometry, the
test sample geometry should be selected such that the outgassing rate for other material
geometric: can be inferred from the outgassing, rate data measured for the test sample. The
test sample geometry that satisfies this requirement will depend on the physical processes
involved in outgassing for the specific test material,

Outgassing from materials such as adhesives and potting compounds is diffusion-
controlled, so the outgas-ing rate depends on the distance between the interior of the
sample and a free surface. For these marerials, it is possible in principle to predict the
outgassing rate for any arbitrary material geometry by insenting the appropriatc dimensions
into the diffusion equations if the diffusion cocfficients of the outgasscd species are
known. It is possible to infer these diffusion coefficients from isothermal outgassing rate
daw for samples whose geomietry is such that intzrnal diffusive flow is o1 -dimension-l




(7). For materials for which outgassing is diffusion-controlled, the test san.ples should,
therefore, be prepared in a gecometry which results in one-dimensional interaal diffusion.
However, determination of diffusion coefficients from outgassing data is technically
difficult, particularly if there are many outgassed species, so this determination is not par*
of the standard test procedure and is left to the user of the data.

Outgassing from greases and lubricants is the result of evaporation which is a surface
phenomenon. The outgassing rate depends only on the surface area and is independent of
the geometry or the mass of the sample. Gicases and lubricants should therefore be placed
in holders which maintain a constant exposed surface area as the sample is depleted.

With the abcve considerations in mind, samples from different material classes
should be preparced as follows. The material classes identified are those used by NASA
Goddard Space Flight Center for reporting ASTM E 595 data [8].

Adhesives: These materials should be prepared in a holder which causes the internal
diffusion flow to the free surface to be one-dimensional, '

Cable Insulation and Shrink Tubing: These matcrials should be tested ‘in
as-supplied geometry.

Conformal Coatings: These materials should be applied to a nonoutgassing substrate
large enough to provide a representative coating samplc. The substrate should then be cut
into sections small enough to fit into the ¢ffusion cell. )
Electrical Components: These materials should be tested in as-supplied form.
Electriczl Shields; These materials should be tested in as-supplicd geometry.

Film and Sheet Material: These materials should be tested in as-supplied geometry.
Foams: Where applicable these materials should be tested in as-supplied thicknesses.
Sample dimensions should be selected so as to minimize edge effects.

Grease and Lubricants: These materials should be placed in dish-type holders. The
bolders should be shaped so that the exposed surface area re.nains constant as the sample
mass is depleted.

Lacing Tape and Cord Tie Cables: These materials should be tested in as-supplied
geometry. '

Laminates #nd Circuit Boards: Tuese materials should be tested in as-supplied
geometry.

Marking Materials and Ink: These materials should be applied to nénoutgassing
su.trate sich as aluminum foil.

Molding Compounds: These materials should be tested in the molded form.

Paints, Lacquers and Varnishes: These matcrials should be applied to a
nonoutgassing substrate large enough to provide a representative coating sample. The




substrate should then be cut into sections small enough to fit into the effusion cell,

Potting Compounds: These materials should be nrepared in a holder which causes the
internal diffusion flow *3 the free surface to be one-dimensional.

Rubbers and Elastomers: These matenials should be tested either in as-supplied
geometry or in a typical application geometry, depending on whether the particular material
is preformed or is cured after applicauon.

Tapes: These matenials should be applied to & ronoutgassing substrate. Tape samples
should be long encugh for outgassing from the ends 1o be negligible comp.arcd to
outgassing perpendicular to the length.

Thermal Greases: These matenals should be placed in flat dish-type holders. The
holders should be shaped so that the exposed surface arca remain- consiant as the sample
mass is depleted.

4.1.3 Test Sample Mass and Size

The test sample mass should be large enough to provide a measurable accumulation
of outgassed products on the QCM, but should not be so large that the QCM becoines
overloaded before the end of a test. Experience with both high and low-outgassing
materials has shown that these conditions can usually be met if the sample weight is
between 1 end 10 g. The test sample weight should be determined before a test using a
laboratory balance having a readability of 10 pg or less.

For the present apparatus, the sample dimensions should be selected such that it fits
into the 2.5-inch-diameter by 2-inch-high effusion ccll. The sample dimensions and
surface arca should be measured to an accuracy of 2 percent,

4.1.4 Test Sample Handling and Storage

Samples should be handid only with gloves or clean instruments prior to testing and
should be stored in a clean area in covered glass dishes. Nomina! preparation and storage
conditions should be 23°C £2°C and 40-60 percent relative humidity.

4.1.8 Effusion Ccll Preparation

The effusion cell must be solvent cleaned and vacuum baked before insertion of a
new sample. An initial solvent clcaning using toluene, freon, methyl ethyl ketone or
acetone should be used to remove any residual sample contamination frum the cell. The
effusion cell should then be subjected to a second solvent cleaning with acetone.

Following cleaning, the cell should be heated to 125°C in a vacuum of less than 1 x
1076 (orr for at least 12 hours. The effusion cell bakeout ~hould be performed in the
im:rn‘ck chamber. The cell shoul ] remain under vacuum until the next testis to be siarted.
At that time, tt.¢ intcrlock chamber should be repressunzed with d. y nitrogen gas before the
effusion cell is removed.
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4.2 MEASUREMENT PROCEDURE

The major eloments of the test are an isothermal er:igassing/depasition kinetics test, 2
QCM thermal analysis (QTA) of the collected outgassing species, and an off-line gas
chromatography/mass spectrometry (GC/MS) analysis.

4.2.1 Isothermai Outgassing/Deposition Test

This section describes the isothermal outgassing/deposition test procedure, and the
test parameters for the standard test method.
4.2.1.1 Test Procedure

Table 4-1 gives an outline of the isothermal outgassing/deposition test procedure.

The test sample is prepared and placed in the cleaned effusion cell using the
procedures of Section 4.1. The effusion cell is placed on its helder in the interlock
chamber and clectrical connections to the cell are made and verified. The interlock chamber
is closed to the atmosphere. The effusion cell shutter is closed so that the cell can pass
through the isolation valve opening into the main chamber. ,

Prior to effusion cell insertion, the main chamber pressure shou!d be in the mid to
low 10°9 torr range, the liquid nitrogen-cooled shrouds should be cold, the QCMs should
be 8! 'heir designated operating tempetatures, and the mass spectrometer and its electronics
shoulJ be at stable operating temperatures. The pos'tion of the masa spectrometer analyzer
should be adjusted using the bellows feedthrough so that its ionizer can sample the
outgassing flux from the effusion cell without obstructing the line-of-sight between the cell
orifice and the QCM surfaces. All QCM shutters should be closed in order to minimize the
collection of chamber background contaminants when the interiock chamber isolation valve
is opened for insertion of the efTusion cell.

At test time zero computer acquisition of QCM frequencies and temperatures,
effusion cell temperature, and mass spectrometer peak heights is initiated. The mass
spectrum measured at this time is the spectrum of the empty chamber. This specirum is
assumed to be the backm. - ! which obtaing throughout the test, and will be subtracied
from all mass “nectra recorded dunn, '~ test to determine the spectra due to outgassed
products.

The nominal time between data cints is arbitrary and is selected to be short enough
to provide sufficient resolution, but not so shont that the data acquisition system bectw: »
saturated before the end of a test. The time between data points used in this program was $
minutes.

The turbomolecular pump is turned off at exactiy test time zero to allow it to slow
down prior 10 exposing it to the atmospheric pressure of the interlock chamber. Sudden
exposure of the turbomolecular pump to high pressures in order would damage the rotors
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Table 4-1

Test Pincedure - Isothcrmal Qutgassing! Deposition Test

TEST TIME EVENT
Prew st - Daennine amplie arca and mass

Place sample i cHuvion ceil

Place ccll monterkx k chamber

Poution mac Gualromeier o kw ontgaeung flux
Close all shattes

0 nan - Begmadoue acgaranon at S munute intervals
Rovond main ¢namber hackground mass spee trum
Tum off turlumalecular pump

$ min - Record mar chamber pressure

10 min < Open gate valve hetween tinhoeoleculr pump and interdock chamher
Turn on twbomota ular pump

1S min - Rovord inerkn k chamtey pe=wwre
Opengselacon s de between mitetkn k chamher and main chamher
Insert etinaon it ctandard position 6 00 i hes from QUM
Open QCM and cflavon gell shuttery
Stant eftucion (el heating
Close twhomuicuular pump gate valve

20 min - Record fiest data posnt of (he outgasang test
Record ma:n chambes pressure

Sdys - Swwe computer data Nilca
Adjust efTuaon cell temperature 1 23°C and close cell shutter
Remaove effuvion cell o inerlon k ¢hambes
Clost intedha b chamber ssolaon valve and reprecurize with nivogen
Remove effunmon cell from anicrlock chamber when cooled w 24°C
Remove sample (rom cell and weiph on iabomtory balance immediaiely

if they were rotaung at their normal operating sy ced of 90,000 rpm. The timirg of
turbomaoiecolar porep shatdown s a funcion of the paticular pomp used and wac selected

oy the baas of expenience.

The vate valve Iwiween the turbomodesular pusep ard the anterhiwk chamber s
epenad at a test tuae of 10 nunutes (0167 W) At tus time, find power iy restored 1o the

trhomodccular pomp o et o foll rotinosal geed The interlock chamber oy
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.
cvacuated initially by the mechanical pump through the slowly tuming turbomoleculer
pump. By the time the mechanical pump has reduced the pressure 10 the free molecular
fiow regime. the turbomolecular pumip has regained fuil operational speed &nd pumnping
capacity.

The isolrtion valve is opetied and the ¢“Tuwon cellis 1m werred into the main chamher
when the pressure in the interlock chambaor Ras heen sufficiently reduced. Tae tims
sclected for effusion cell inseruion is 8 compronuse between the need to reduce the interlock
chamber pressure sufficiently to minumize the pressure surgs in the main chamber as the
isolation valve is opencd and the need to acquire data as swon a8 possible after the
beginning of evacuation. The nominal insertion time in the standard procedure 18 18
nmunutes (.28 hour), by which tune the inteelock chamber pressure has been reduced to
about 4 x 103 terr,

The effusion cell is positioned at a selected location relative to the QCMs by
adjustment of the cell mounting rod. A nominal QUM to-cell divtance of 6.00 inches is
used in the stardard test procedure, so the mounting rod is indexed at this position for
conven.ence. The QUM to-cell distance can be reduced or increaved to allow for matenals
with unusually low or high outgassing rates, respectively.

When the cell has been positioned, the QCM and cffusion cell shutters are opered and
the efTusion cell is heated to the specificd test tempeiature. The gate valve between the
turbomolecular pump and the int- thamber s closed at this time to eliminate the
possitnlity of main chamber cont on by oil vapor backstreaming from the mechanical
pump through the turlwinviccuiar pump and interlock ¢chamber,

After completion of the startup activitics the test is almost fully automatic. The only
activities required dunng the test are ieplacement of the liju.d nitrogen dewars when emp.y
and monitoring the healtny and status of the apparatus.

At the end of the test pericd, the effusion cell temperature controller is reset to 23°C,
and the cell shutter is closed. The cell is then moved from the main chamber back to the
Interlack chamber by moving the mounting redd. The intzilock chamber is isolated from the
main chamber by closing the gate valve and is repressurized with dry nitrogen gas. When
the cell temperature has stabilized a1 25°C, the effusion cell is reimoved from the interloc k
chamber and the sample is taken out of the cell and weighad on a laboratory balance. The
post test weighing should be priformed as soon as poscible after the cample has been
reexposed 1o the atimosphere to nunumze the amount of teadsorption of water vapor.
4.2.1.2 Test Paramcters

The following test puameters were seledted for the rothe aual outgasang, oo ation

test by industry consensius at the indostry workshop held at Lo kheed in Novemiter 1964




Sample Tempcrature: The material is to be tested at three temperatures. A new sample
is to be used for cach test The standard test temperatures are 125°C, 75°C, and 25°C. The
first two isothermal outgassing tests are performed at the standard sample temperatures of
125°C and 75°C. The temperature of the third outgassing test is selected on the Lasis of the
resvlts of the 75°C test. If the outgassing rate at 75°C is significant, the third test is .
performed at the standard 25°C teraperature. If the outgassing rate at 75°C is very small
and it is like:y that the outgassing rate at 25°C would be negligible, the third test is
performed at 100°C.,

The 125°C test temperature was selected because it is a typica! high space system
qualification temperature and it provides correlation with the ASTM E 595 test. The 25°C
test temperature was selected because it is typical of an uncooled spacecraft surface. The
75°C temperature was selected besause it is midway between the first two temperatures.
QCM Collection Temperatures: The four QCMs are main:ained at temperatures of 90
K orless, 150 K, 220 K, and 298 K, respectively.

The 90 K QCM collecis essentially all of the outgassing flux. The data from this
QCM are used to calculate total outgassing data. The specified 90 K temperature allows
for a 13 K temperature difference between the QCM and the 77 K reservoir to conduct the
heat generated by the QCM electronics through the thermal resistance of the attachment strut
(Section 3.2.1).

The 150 K, 220 K, and 298 K QCMs are used to measure depositicn data as a
function of surface temperature. The 150 K QCM temperature was selected because it is
high enough to prevent deposition of water vapor and most solvents. ‘The 298 K QCM
was selected because it is representative of a typical uncooled spacecraft surface. The 220
K QCM temperature was selected because it is midway between 150 K and 298 K.

Test Duration: The nominal test duration is 5 days.

The test duration is a compromise between the need for long term data to support
modeling and the need to certrol the cost per test. The rate of change of outgassing rate
diminishes rapidly with time because of kinetic considerations, so extension of the tst
period generates less and less useful information per unit time. On the other hand, the test
should run at least several days to clearly establish trends. The 5-day test period allows a
regular weekly test schedule to be established with 2 deys for sample tumaround between
tests. Extension of the test period to 2 weeks would increase the cost per test by a factor of
two whilc providing minimal additional information.

Industry consensus has agreed that a test could be terminated before 5 days have
elapsed if the outgassing rate becomes immeasurably small or if the outgassiag rate shows
negligible cnange with time.
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4.2.2 QCM Thermal Analysis

At the end of the isothermal test, the deposits collected on all four QCMs are
subjected, in tumn, to QCM thermal analysis (QTA). In QTA, the QCM is heated in a
controlled manner while the behavior of the deposit is measured as a function of
temperature. The QTA test includes thermogravimetric analysis (QTGA), in which the
mass of the deposit remaining on the crystal is measured directly by the QCM and mass
spectrometer analysis (QTA/MS). In QTA/MS the nolecular flux evaporating from the *
QCM crystal is analyzed by a mass spectrometer.

An outline of the operations performed during QTA is presented in Table 4-2.
Before beginning QTA, the mass spectrometer analyzer head is repositioned to shorten the
line of sight between the ionizer and the crystal of the QCM to be tested. In the Lockheed
apparatus, the geometry of the linear motion mass spectrometer feedthrough allcws the
ionizer to be positionsd directly under the 90 K or 298 K QCMs. For viewing the 150 K
and 220 K QCMs, the ionizer is positioned on the apparatus .enter line.

The shutters of the QCMs not being heated are closed to reduce the possibdility of
these QCMs becoming contaminated by the flux evaporating from the QCM under test.
The shutter for the test QCM is placed in the apertured position so that the ionizer views
only the QCM crystal. This reduces the probability that species evaporating from surfaces
other than the QCM crystal will be detected by the mass spectrometer.

After the QCM shutters have been properly positioned, the QTA test is started. The
QCM temperature and frequency and the mass spectrometer peak heights are record 1 at
1-minute intervals. The frequency of a QCM crystal is sensitive to heat flux througl. ke
crystal, so the heating rate must be low enough to keep heat flux-induced frequency
changes within acceptable limits. Howc ver, the heating rate must not be so low that the
time required for QTA becomes excessive. Published data [9] indicate that errors in
frequency due to heat flux will be acceptably low if the heating rate is 1°C/min or less. The
nontinal maximum heating rate selected for the test method is, therefore, 1°C/min.

When the QCM has reached 125°C, the test is terminated and thc QCM is allo.sed to -
cool to its operational temperature for the isothermal test. A maximum temperaturs of
125°C is selected for QTA because this value is equal to the maximum sample temperature,

All deposited outgassed species should evaporate at or below this temperature unless they .
have changed chemically since deposition.

After the QTA test procedure has been repeated for all four QCMs, tae mass
spectrometer is returned to its position for the isothermal test.
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Table 4-2
Test Procedure - QCM Thermal Analysis

- Close shutters 1o all QCMs except the st QCM

- Dlace the test QCM shutter in the aperuured position

- Reposition the mass spectrometer 10 obtain the best possible view of the test QCM

- Stant computer acquisition of QCM frequency and temperature, and mass
spccuometer peak heights at 1-minute intervals

. Sun heating the QCM at 1°C/min

- Teminate heating and data collection when QCM seaches 125°C

- Place the QCM shutter in closed positon

- Allow the QCM 1o cuol back o its normal operaling iemperature

- Repeat the procedure for all four QCMs

4.2.3 Gas Chromztography/Mass Spectrometry

In the GC/MS analysis, the material sample is heated to a selected test temperature in
a 10 psig helium gas environment for a'»out 15 minutes. The gases svo.ved from the
sample are collecied by flowing the helium through a liquid nitrogen trap. The Feliu.n flow
is then turned off, the liquid nitrogen dewar is removed, and the trap is heated up. The
collected species evaporate and flow through the chromatograph capillary column. Each
species flows through the column at a differcnt rate depending on the species molecular
weight. The molecular stream leaving the column is monitored by a mass spectrometer,
which repcatedly scars a selected mass range and records the mass spectrum and the total
ion count as a function of time since ths liquid nitrogen was removed fron the trap.

GC/MS analyses are performed on material samples at temperatures of 125°C and
200°C. Tsvo temperaturss are selected to provide correlation with the isothermal outgassing
test data. The species identified by the 125°C GC/MS test include only species which are
aiso evolved in the highest temperature (125°C) vacuum outgacsing test. However, 2l1
species evolved in the 125°C vacuum outgassing test may 1 ot be evolved in th2 125°C
GC/MS test because of the inhibiting effect of the helium gas pressure. The species
identified by the 200°C GC/MS test will include most if a0t all species outgassed in vacuum
at 125°C, but because of the highcr sample temperature it may also detect thermal

L e e oot Aot e s, st el ! P BAS NSRRI




dogradation products not found in the vacuum outgassing test. The 200°C temperature was
selected as a result of development testing nnder Phase I (Sertion 2.3.1.4 of Reference 6).

To ensure detection and identification of all volatiles the mass spectrometer
incorporated in the GC/MS apparatus should scan a mass range of at least m/e = 2 10 1000,
where m/e is the mass to charge ratio.

4.3 DATA REDUCTION

This section describes the procedures used to calculate the test output data from the
experimentally-measured data.
4.3.1 Iscthermal Outgassing/Deposition Data

This section presents the equations and methods used to calculats total outgassing
data, total deposition kinetics data, and the contributions of each species to the total
outgassing and deposition kinetics.
4.3.1.1 Total Outgassing and Deposition Data

Scction 4.3.1.1.1 presents the equations used to calculate the amount of mass

deposited and the rate of mass deposition on all ‘our QCMs from measured frequency data.

Section 4.3.1.1.2 preseats the equations used to calculate the QCM-to-effusion cell
orifice view factor. Sections 4.3.1.1.3 and 4.3.1.1.4 present the equations used to
calculate the outgassing and deposition kinetics data, respectively, from QCM mass
deposition data and the QCM-to-effusion cell orifice view factor. Outgassing kinetics data
are calculated from mass deposition dats for the 90 K QCM, while deposition data are
calculated from mass deposition data for the 150 K, 220 K, ar.d 298 K QCMs.
4.3.1.1.1 QCM Mass Deposition Data

The mass deposition quantities of interest are the total amount deposited and the rate
of deposition on a QCM as functons of time. These quantities are calculatwed from the
measured frequency date for the four collector QCMs, which can be written in the form

f(Tq.Ts.4). where f is the frequency, T, is the temperature of the collector QCM, T, is the
sample temperature, and 4, is the time at whxch a data point is acquired. ’
4.3.1.1.1.1 Total Mass Deposited The mass deposited on a QCM at temperature T,

from a sample at temperature T, at time ¢, is mq(T,,T,,Y), calculated using Eq. (4.1) .

W(Tq,T’,ti) - K’ (fﬂq,T,,t‘) - fqu,T,,O)) (401)

where ((T,,T,.t) and ((T.,T,,0) are the frequencies of the QCM at times ¢, and zero,
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respectively, and K, is the QCM mass sensitiv..y constant. For the 10-MHz AT-<cut crystals
used in the Lockheed apparatus, K, is equal to 4.43 x 109 g/cm? Hz (2).

43.1.1.1.2 Mass Deposition Rate The rate of mass deposition on a2 QCM at
temperature T4 from a sample at temperature T, at ime (t,+4)/2 is mg(Tq, Ty (8 01,)/2),
calculated using Eq. (4.2)

MeTeTs(t01ot)/2) = K, (AT, o Ts %) = (Tq.T5, 40}/ (% =) 4.2)

where f(T,,T,.4) and f(T,,T,.t,, ) are the QCM frequencies measured at tinies ¢, and t,,
respectively.
4.3.1.1.2 QCM-to-Effusion Cell Crifice View Factor

The QCM-to- effusion cell orifice view factor, F is calculated using Eq. (4.3)

F =  (W(L/R)/B4 D imrd/(cosdycosdy)) 4.3)

where
r = distance between the effusion cell orifice and the QCM crystal

és angle between QCM-to-cell orifice line of sight and orifice normal
$2 an, 'e between QCM-to-cell orifice line of sight and QCM normal

L = len, "~ he effusion cell orifice

L]

A = radiuse. - <on cell orifice
uL /R
8.(011

Clausing transmus.. - nrobability for the effusion cell orifice [10)

Clausing angular flow disi .oution function for the effusion cell orifice [6})

These parameters can be varied from apparatus to apparatus and from test to test
without invalidating the test method, so the test procedure does not assign specific values to
them. The values of the parameters that were used in the Lockheed apparatus for the tests
performed on this program were as follows:

r = 15.24 cm (6.00 in)
éy = I

42 = 0° :
L = 0310cm(0.122in}




A = 0.159cm (0.0625 in)

we/r = 052
Bl¢y) = 0.8908

Substitution of these values in Eq. (4.3) gives a value for F of 432.4 cm?.

4.3.1.1.3 Total Outgassing Data

The outgassing kinetics data of interest are the total mass loss and the total outgassing
rate per unit area. These quantities are calculated from mass deposition data for the 90 K
QCM and the QCM-to-¢ffusion cell orifice view factor. In addition, the ex situ total mass

loss is calculated from pre- and post-test ex situ sample weighings.
4.3.1.1.3.1 Total Mass Loss The total mass loss at time ¢, from a sample at

temperature T, is TML(T,,¢), calculated using Eq. (4.4)
TMLIT, ) =  mg(SOKT,t) F/my 4.9)

where mg(90 KT, %) is the mass deposited on the 90 K QCM found from Eq. (4.1), F is the
QCM-to-effusion cell orifice view factor given by Eq. (4.3), and my; is the pre-test sample

weight,
The sample total mass loss for a 125°C sample after 24 h of vacuum exposure, i.c.,

TML(125°C,24 h), is the QCM collection method equivalent of the TML data measured by
the ASTM E 595 test, ' _
4.3.1.1.3.2 Total Outgassing Rate The total outgassing rate at time (t,4+,)/2 is

QT (%, §+%)/2), calculated using Eq. (4.5)
QT (4,00%)/2) =  ml90K,T, (t,+4)/2) F/R, 4.5)

where m (90 K,T, (t,4+%)/2) is the rate of mass deposition on the 90 K QCM found from
Eq. (4.2), F is the QCM-to-cffusion cell orifice view factor given by Eq. (4.3), and A, is
the area of the sample exposed 0 vacuum.

4.3.1.1.3.3 Ex Situ Mass Loss The ex situ total mass loss, XTML(T,.t,), is calculated

using Eq. (4.6)

XKTML(T, L) = (mgemg)/my 4.6)
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where m,, and m,( are the pre- and post-test sample mass measured by ex situ weighing, T,
is the sample temperature, and ¢, is the test duratiore. XTML(T,,¢,) is the ex situ equivalent of
the total mass loss at the end of the test detennined in situ by QCM collection. TML(T, ¢,).
4.3.1.1.4 Deposition Data

It has been customary in the industry to express the deposition characteristics of
material outgassing products expressed in terms of the volatile condensable material
(VCM). VCM is the fraction of the mass of a test sample at a specified temperature which
will condense v a surface at a specified temperature over a specified period cf time. The
ASTM E 595 measures the VCM on a 25°C surface over a 24-hour period from a 125°C
test sample but refers to this fraction of condensed mass as the collected volatile
coundensable material (CVCM). VCM, however, is not a unique property of the material
sample and collector surface «ypes and temperu'ares. The net deposition rate of an
outgassing flux on a surface is the difference between the impingement rate multiplied by a
sticking or condensation co~fficient and the surface desorption or evaporation rate. Fora
given source outgassing rate the impingement rate on the collector surface depends on the
distance between the outgassing source and the surface. Hence deposition ratc and VCM
depend on the geometry of the apparatus as well as the sample material and suiface types
and temperatures. The kinetic interpretation of the QTA data is discussed in more detail in
Section 5.1.2.2.2.

It is desirable to present deposition data in a form whiich i< independent of apparatus
gcometry, but to do this we need 1o assume a modcl for the kinetic processes occurring at
the deposition surface. Since there is currently no industry consensus on how deposition
kinetics should be modeled it is inappropriate to propose a standard method for removing
the effect of apparatus geometry from the deposition data at this time. The issue of
presentation of deposition data has therefore been addressed as follows:

(i) The standard data reduction procedure specified in this section calls for

deposition data to be presented in terms of VCM.

(i) A method for removing the effect of apparatus geometry from the deposition data

is proposed in Section §.

The volatile condensable matenal, VCM(Tq,T,.%), defined as the fraction of the mass

of a sample at temperature T, which has condensed on a QCM at temperature Toattime g, is
calculated using Eq. (4.7)

ch[Tq,T‘,t‘) - m‘(Tq,T',t‘) F/m,‘ (‘:. 7\




where my( T T, 4] is the mass deposited on the QCM at T, found from Eq. (4.1), £ is the
QCM-to-cffusion cell orifice view factor, defined by Eq. (4.3), and my, is the pre-test
sample weight.

The volatile condensable material from a sample at 125°C on the 298 K QCM afier 24
hours of exposure, i.e., VCM(298 K,125°C,24h), is the QCM collection method equivalent
of the CYCM data measured by the AST E 595 iest.
4.3.1.2 Individual Species Outgassing Rates

The data reduction procedure approach proposed for the fully developed test method
for determining the outgassing rates of each outgassed species requires that the QTA/MS
test, Section 4.3.2.1, is able to separate the individual species in the collected outgassed
flux with sufficient resolution to permit the mass fragmentation patterns of the individual
species in the deposit to be obtained. The individual mass fragmentation patiemns are then
input with the isothermal test mass spectrometer data to a geconvolution algorithm to
resolve the relative contributions of each species. Howeve: . .t the outset of the Phase 11
Extension, the separation capability of QTA/MS had not yet been proven and remained to
be evaluated during the course of the database measurement program. The results of this
evaluation, described in detail in Section 5.2, show that while the QTA/MS technique is
clearly practical, it does not have sufficicnt species separation capability in its present state
of development to permit the individual species mass fragmentaton patterns to be
determined by suutine computerized data reductinn procedures. Consequently, it was
necessary to use manual procedures to performn both the QTA/MS and individual species
outgassing data analysis in the current programn. Section 4.3.1.2.1 describes the
computerized data analysis procedure which is proposed for the fully developed test
method. Section 4.3.1.2.2 describes the manual procedures which were used in the Phase
71 Extension to work around the current QTA/MS specics separation issues, These issues
and the manual data analysis procedure are described in more detail in Sections 5.2 and
5.3.
4.3.1.2.1 Computerized Data Analysis .

If the QTA/MS procedure, Section 4.3.2.2, is able 10 adequately separate the
individual species in the outgassing species condensed on the 90 K QCM the isothermal
outgassing test mass spectrometer data are processed as follows:

(i) The mass fragmentation patterns for the individual specics are obtained from the

QTA/MS test in an approg riate format, to be determined.

(ii) The mass spectrometer data for a particular measur:.useni time . 1 the isothermal

outgassing test pius the mass fragmentation patterns for each spacies are enteved
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into a deconvolution algorithm and the relative fractions of each species in the
outgassing flux at that measurement ime are calcu; sted.

(ii1) The previous step is repeated for as many measurement times in the outgassing
test as are necessary to define the variation of the fraction of each species with
measurement time.

(iv) Thc absolutc outgassing rate of each species at each measurement time is
calculated by multiplying the total outgassing rate at that measurement time by
the {raction of each species in the towal flux at that incasurement time.

Note: The above procedure assumes that the ionization constant is the same for each
species. The Phase I report, Reference 6, describes a procedure for calculating the
ionization constant for each specics from the QTA/MS test data. Addition of the procedure
for calculating the different ionization constants will be reconsidered after the separation
capability of the QTA/MS test has becomc better developed.
4.3.1.2.2 Manua!l Data Analysis

If the QTA/MS procedure, Section 4.3.2.2, is not sble to adequately separate the
individual species in the outgassing species condensed on the 90 K QCM, the isothermal
outgassing test mass spectrometer data are processed as follow's:

(i) The QTA/MS ion count data for all species peaks are inspected to select ions
which are unique for that species. Vhere unique ions cannot be identified, ions
which are due predominantly to one species are selected. These ions, whether
unique or merely predominant, are designated as tracking ions.

(ii) The isothermal outgassing t~st mass specuometer ion count data for all values of
m/e are printed out in tabular form for as many measurement times as are
necessary to define the variation of the fraction of each species with
measurement time. (In the data analysis of Section 5.3 the selected times were
0.333 hour, which was the first data point measured in the test; 1 hour; 5 hours;
and every 10 hours thereafter.)

(iii) For each species, the time-dependent ion zount data are extracted from the total
data tabulation tor all tracking ion m/e valucs selccted for that species.

(iv) After visual insnection to correct anomalies the ion counts for the tracking m/e
values are summed at each point in time to determine a total tracking ion count

characteristic for the species, 1(t),
(v) The absolute outgassing rate for the jl species at time t, 0GR(t), is related to i

the total tracking ion count, 1,(t), by Eq. (4.8)

OGR(t) =  Pyxijit) (4.8)




where P, is a proportionality constant. The proportionality constant can also be expressed
by Eq. (4.9), which is the integral of Eq. (4.8).

Py = [locAgic » f'Lme (4.9)
The outgassing rate integral, j' 0GA,(t) dt, is related to the total samnple mass loss by Eq. -
4.10)
[focRdt = (TMUIT, 8 Ixmgxf)) / Ay (4.10) -

where (; is the fraction of the jib species in the outgassing products, calculated using the
QTA/MS data of Section 4.3.2.2.2, TML(T, 4} is the total mass loss at time ¢ from a san:ple
at temperature T,, m,, is the initial sample mass, and A, is the surface area of the sample.
The ion count integral, [ N (1) dt, is related to the area under the plot of the total tracking ion
count versus time for the jthl species, A, by Eq. (4.11).

flitoee - Ax3600 (4.11)

The factor of 3600 in Eq. (4.11) accounts for the fact that the abscissa of the ion count
plots are presented in hours rather than seconds. A, can be calculated from the ion count
plots using numerical integration techniques.
4.3.2 QCM Thermal Analysis

This section presents the equations and methods used to reduce and present the
QTGA and QTA/MS data. .
4.3.2.1 QTGA Data

‘The output data from QTGA are the fraction of the initial deposit mass remaining on
the QCM and the evaporation rate of the deposit as functions of QCM temperature. The
methods used to calculate these quantities from the measured data are described :n Sections
4.3.2.1.1 and 4.3.2.1.2, respectively. The measured data are QCM frequency, f(¢), and

QCM temperature, T,(4), as functions of time ¢, The QCM is heated at a constant rate of 1
1°C/min during QTA and the QCM frequency-time data, fly,), can be converted directly to

frequency-tempenture data, f(T,(4)).

g a0
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4.3.2.1.1 Deposit Mass versus Temperature

As the QCM tempcrature is increased and the deposit evaporates the QM frequency
decreases from an initial value corresponding 1o the mass deposited at the end of the
isothermal test, to a final value corresponding to a clean QCM surface. The mass on the

QCM at the beginning uf heating is mq,, given by Eq. (4.12)
Mee = K {fT(0)) - 1(125°C)) (4.12)

where f(T,(0)) and f1125°C) are the QCM fre¢, .cncies at the beginning of heating. ¢, « 0, and

a: 125°C. respectively, and K, is the QCM 1+ s sensitivity constant. To(0) w. ¢ equal 1O

90 K, 150 K, 220K, or 298 K, depending on wiich set of QTGA dutais being reduced.
The mass on a QCM at time ¢ and teinperature T (t, ) is m(To(4)), given by Eq. (4.13).

M) = K (1004 - f125°C) (4.13)

The fraction of the total deposit mass remaining on the QCM at temperature Tq(Y) is

the fractional condensable material, FCM(T,). FCM(T,)is given by Eq. (4.14), which is
obtained by dividing Eq. (4.13) by Eq. (4.12).

FCMTY) = my(Te(t)) / mg,
o (T )= 2S5 CN/UTLON-1('25°C))  (4.14)

4.3.2.1.2 Evaporglion Rate versus Tcmperature
The evaporation rate of the deposit at temperature (T4(t, )« Tq(t))/2 is
Mol (To(te1)*T¢(1,))/2), given by Eq. (4.15)

M) T(W))/2) @ K ({14, q) - 181}/ (3,41 1/ W) (4.15)

where w, is the Clausing transmission probability [10] for the aperture in the QCM case
through which the crystal views the surroundings and througl, which evaporation takes
place. W, is 0.89 for the QCM Rescarch, Inc. Mark 9 QCMs currently uscd in the
Lockheed apparatus.




4.3.2.2 QTA/MS Data

The QTA/MS data reduction procedure approach proposed for the fully-developed
test method assumes that the QTA/MS test is able to separate the individual species in a
condcnsed deposit of outgassed species with sufficient resolution to permit the mass
spectra of the individual species in the deposit to be obtained with sufficient qualitative and
quantitative accuracy to:

(a) Support the proposed data reduction procedure for deconvoluting the isothermal
test mass spectronieter data, Section 4.3.1.2.

(b) Permit the chemical identity of the outgassed species to be determined by
comparing :he mass spectra with a standard library.

In fact, the separation capability of QTA/MS had not been proven by the outset of the
Phase Il Extension and remained to be evaluated in parullel with the database measurement
program.  The results of this evaluation, described in detail in Section 5.2, show that while
this technique is clearly practical, it does not have sufficicnt species separe s capability in
its present state of development to permit the individual species mass fragnwntation patiems
to be determined by routine computerized data reduction procedures. Consequently, it was
necessary to use a manual procedure to perform the analysis in the current program.
Section 4.3.2.2.1 describes the procedure that will be used when QTA/MS is sufficiently
des eloped to pennit using completely computerized data analysis. Section 4.3.2.2.2
de.cribes the manual procedures which were used in the Phase Il Extension to work
around the current QTA/MS species separation issues. These issues and the manual data
analysis procedure are described in detail in Section §.2.
4.3.2.2.1 Computerized Data Analysis

If the QTAMS procedure is sble to adequateiy separate the individual <pecies in the
outgassing species condensed on the 90 K QCM the QTA/MS data is proc.ssed as follows:

() The average ion count {AIC) plot as a function of QCM temperature is printed

out by the mass spectrometer data system. '

(ii) The QCM temperatures at which the species pcaks in the AIC data plot cccur are

recorded. -

(iif) The mass spectra comresponding to the QCM temperature peal locations are

obtained from the mass spectrometer data system in the following surms:

- A hard copy tuble. )

- A format, to be determined, svitable for entering into the computerized
isothermal test mass spectrometer data deconvolution algorithm of Secdon
4.3.1.2,

- A format, to be determined, suitable for entering into the computerized NBS




mass specira library for detennination of the chemical identity of the
outgassed species.

4.1.2.2.2 Manual Data Analysis
If the QTAMNS procedure s not able to adequaiely separate the individual species in

the outgasung ecies tondensed on the 90 K QCM the QTA/MS data is processed as

follows:

()

(1)

()

(iv)

(v)

(vi)

Hard copy plots of mass spectrometer ion count data versue QCM temperature
are made for cach m/e value monitored .

The plots of 10n count versus QCM temperature for all m/e values are inspected
to identtfly the QUM temperatures at which peaks in ion count occur. These
peaks comespond to the evaporaten of speaific species from the QUM. The
specics are then referenced by thair evapocation temperatures,

The value of the ion count for each peak in the mot of ion count versus QCM
temperature are entered into a table for «  r me valuc. in columns
corresponding to the specics at whose reference temperature the peak occurred.
The fraction of the jlh species, f), in the mixture of outgassing products is
calculated by dividing the sum of the tabulated 1on counts for all m ‘e values for
the )8 species by the sum of the tabulated ion counts for all nve vaiues for all o’
the specics.

The mass fragmentation pattern and/or unigue nve values are determined {or each
species from the ion count versus m/e data contained in its appropriate table
columa,

The species are identificd chemically by munual comparison of the fragmentation
pattemn duta in their table columis with the fragmentation pattemns provded by
GC/MS.

4.2.3 GC/MS Test
The pnmary data acquired in the GC/MS test are mass spectra as a function of scan

time. The GC/MS sysem software processes these dita 1o provide tonal 1on count (TTC) as

a funcuon of scan tme, relative proportions, and the chemicalidentity of the individoal

species.

The TIC is calculated by summing the individual mass prak intenditics 1n the

measured macs spectra for each tme an the scan. A chromatognim s created by plotting

TIC aganstthe scan ime, The d-tection of a particular (peaies s edicated by a peak an the

Chrommatog e am.

The mmount of a particular specicsan the evolved pases s approamately propottional

1o the arca of the TIC peak reconded for that species, whinchas cgual to the heipht of the
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peak integrated ovrer the width of the peak. The aprroximate fraction of a given species in
the total gases evolved is defined as the ratio of the area of he peak for that species to the
sum of the areas of the peaks of all species

The mass fragmentation pattern measured at & chromatogram peak is the uaigue
pattem of a particular evolved speies. The chenucaladentity of the species is detenmined
by comparing the measurcd mass fragmentution patiern with a computer-based

fragmentation rattern hibrary. Because species identification is not an ¢xact science, the
library search will frequently suggest more than one possible Wentity for each species, and
final idertification is made by an experienced analytical chenust.




Seztion 5

DATA ANALYSIS

The objectives of the Phase I1 Extensicn were to exercise and evaluate the test method
by perforinirrg the database measurement program described in Section 6. The evaluation
tasl covered the apparatus performance, the test procedure effectiveness, and the data
analysis methodology. The apparatus performance evaluation involved mainly operational
issucs and is presented in Section 3. The test procedures presented in Section 4 were very
satisfactory and were followed succ. .sfully throughout the measurement program. The
major aspect of the test method requiring detailed evaluation was the data analysis
methodology, which includes data reduction, interpretation, and presentation,

This section presents a detailed evaluation of the test method data analysis
methodology. Since the same approach was used to analyze the data from all material tests,
a convenient way to descrive the data analysis methodology is to select a typical material
test and follow the data from this test through all steps of data analysis. The example
selected is the 125°C test on R-2560 adhesive.

The overall data analysis methodology, Fig. 2-2, shows that the isothermal test total
ovigassing and deposition data can be reduced directly using the procedures of Section
4.3.1. However, the isothermal test mass spectrometer data cannot be analyzed without
information on the different outgassed species gencrated by the QCM thermal analysis
(QTA) test, which is performed following the isothermal outgassing/deposition test. These
three major steps in the cata analysis are therefore discussed in this order.

Section 5.1 presents the analysis of the total outgassing and deposition data, which
consists of sitnple and straightforward algebraic processing of the QCM data.

Section 5.2 presents the analysis of the QTA test data, which includes both QCM
thermogravimetric analysis (QTGA) and mass spectrometer analysis of the outgussed
spe.ies (QTA/MS). The QTA/MS test is included in the test method to determine the mass
fragmentation patterns of the individual species, which are then used to determine the
contrihutions of the individual outgassed species to the (otal outgassing/deposition
behavior. The QTA/MS test technique is a novel fiim of in situ gas chromatography which
has many potential benefits. However, the QTA/MS icst technique is relatively complex,
and this database measurement program is the first time that iis capability has beea
investigated in any depth. Section 5.2, therefore, nicsents a very detailed analysis of the
QTA/MS data,

Because of the undeveloped, tigh risk natuie of the QTA/MS test, preliminary ex situ




gas chromatography/mass spectrometry (GC/MS) tests were included in the test method to
provide additional supporting data on the type, abundances, and mass fragmentation
patterns of the volatile species. The GC/MS data are analyzed in Section 5.2 in conjunction
with the QTA/MS data.

Section © 3 presents the analysis of the isothermal outgassing test mass spectrometry
data to resolve the outgassing rates of the differcnt outgassed species.

5.1 ISOTHERMAL OUTGASSING/DEPOSITION TEST

This section describes the tesi sample used in the outgassing test, analysis of the total
outgassing and deposition data measured in situ by QCM collection, and the mass loss data
obtained by ex situ weighing.
5.1.1 Test Sample Preparation

The material sample used in the example test is R-2560, which is a two-part,
flowable, red, room temperature vulcanizing silicone used in bonding, potting, and sealing
applications. R-2560 is made by McGhan-NuSil Corporation and is nominally equivalent
to RTV 560 made by General E':ctric Company. The adhesive is prepared by mixing 0.5
percent of the dibuty! tin dilaurate catalyst to R-2560 base, and curing for 24 hours at 25°C.
Since outgassing from this material is diffusion-controlled, the test sample was prepared in
a tubular holder, causing outgassing to take place by one-dimensional diffusion alorg the
axis of the tube to the free end faces. The sample holder was an open-ended aluminum
tube 1.00 inch long by 0.375 inch inside diameter. The tube was filled by completely
submerging it in a dish of uncured R-2560. A‘ter the adhesive had cured the tube was cut
from the dish and the ends of the sample were trimmed flush with the ends of the tube.
This method of preparation ensured that the sample was homogeneous. The exposed
sample area was 1.43 cm? and the initial sample weight was 2.40841 g.
5.1.2 Isothermal Total Qutgassing and Deposition Data

This section discusses how the experimental QCM data are used to calculate total
outgassing and deposition data, and ex situ percent total mass loss.
5.1.2.1 Isothermal Total Outgassing Data

The outgassing data of most interest are the sample total mass loss, TML(T, t), and

total outgassing rate, Qy(T, ¢}, where Y, is the temperature of the sample and t is the time
since the beginning of evacuation. These quantities have been calculated using the
measured frequency data for the 90 K QCM using Eqgs. (4.4) and (4.5), respectively, and
are plotted in Fig. 5-1(a) and 5-1(b).

Figure 5-1(a) shows the total mass loss, TMLIT, t), as a function of time. This plot is
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equivalent to a plot of measured QCM frequency versus time, multiplied by a constant, and
so is a direct representation of the experimental data. The curve shows the usual outgassing

. characteristic of high initial mass loss, followed by a tendency towards an asymptotic value
corresponding to depletion of volatile material components.

Figure 5-1(b) is a plot of total outgassing rate versus time, calculated from the 90 K
QCM frequency data using Eq. (4.5). The major features are a very short duration spike in
the rate right at the beginiiing of the test, followed by two additional longer duration peaks
during the first 4 hours. Comparison with the mass spectrometry data, Section 5.3,
indicates that the initial spike and the double peaks are real and not an artifact of the
measurement system. The auxiliary chamber pressure is not reduced to the same level as
the main chamber at the time the auxiliary valve is opened, so the initial spike is almost
certainly due to the collection of resicual atmospheric gas2s from the auxiliary chamber
when its valve is opened. The peak at about 1 hour is the balance point between the
increase of outgacsing rate due to the initial heating of the sample and the usual decrease of
outgassing rate with time. The peak at about 4 hours is unusual and was unexpected. The
most probable explanation is that the sample was initially incompletely cured and that
h=ating 10 the 125°C test temperature completed the cure. The peak at 4 hours would then
be due to the outgassing of the additional reaction products produced by the completicn of
the R-2560 adhesive cure. This explanation is supported by the mass spectrometry data of
Section 5.3, which also appear to indicate that curing continues throughout the outgassing
test.

The noise in the outgassing rate data is due to a combination of the method used to
calculate the rate from the measured QCM frequency data and changes induced in the QCM
frequency by cycling of the QCM temperature over a small range between liquid nitrogen
reservoir fills. The outgassing rate is calculated using a finite difference method to calculate
the outgassing rate from difference in measured QCM frequency data points spaced S
minutes apart. This method will tend to areplify irregularities in the raw data, especially at
the longer test times for which the mass accumulation between the 5 minute data points is
very small. Many sophisticated software techniques exist for filtering and smoothing data
but the scope of the program did not allow these techniques to be fully explored. Instead,
several relatively simple smoothing approaches were evaluated.

Figure 5-2(a) shows the outgassing rate calculated the same as Fig. 5 1(b), i.c.,
using 5 minute intervals, but the outgassing data are printed out every 25 minutes rather
than every 5 minutes. This approach is not strictly a smoothing technique, but it does
produce a less confusing plot.

Figure 5-2(b) shows outgassing rate calculated using Eq. (4.5) but using frequency
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data points separated by 25 minutes rather than 5 minutes. This technique smoothes by
determining the outgassing rate over a longer period. The figure shows that the technique
removes most of the random noise, leaving anly the cyclic effect of the QCM fiequency
variations with temperature. It also removes the initia! spike and rounds off the two peaks.

A third technique is to apply the smoothing technique of averaging over a larger ime
interval several times in succession. This approach can eventually remove all variation
from the data if used a very large number of times, and so must be used judiciously.
Figure 5-2(c) shows thc effect of repeating the 25 minutes averaging technique four
successive times. The additional averaging clearly removes all of the random noise and
further highlights the effect of QCM temperature cycling.

The most appropriate way to smooth a given set ¢ 1ata is a sgong function of the
properties of the data set. All three of the above techi* . s were used in reducing the
outgassing data for the materials in the database of Section 0. The techniques were applied
and modificd as appropriate for each material.

§.1.2.2 Deposition Data

An accepted practice in the industry has been to present deposition data in the form of
volatile condensable material (VCM). The VCM of a material at a specified temperature is
the fraction of the original mass of an outgassing test sample that will deposit on a collector
surface held at that temperature. The VCM of a material is a function of the sample
temperature, the collector iemperature, and the duration of exposure. However, VCM is
also denendent o apparatus geometry and so it is not a basic material property. Use of
VCM data is therefore not a rigorous way to characterize the deposition characteristics of
material outgassing products.

Because of the limitations of expressing deposition characteristics of the YCM, we
should develop a data reduction approach which removes the effect of apparatus geometry.
However, the effect of geom.etry cannot be removed without making some assumptions
about the kinetics of deposition. Sincz no standard deposition kinetics model has been
adopted by industry, any further processing of the deposition data would have to be based
on Lockheed's understanding of the deposition kinatics, and it would be présumptuous and
costly to present the deposition data in a manner that has not been generally accepted. This
dilemma has becn resolved here by presenting the main deposition database in the form of
VCM, while proposing a mcthod for removing ihe effect of apparatus geométry from the
VCM data. It is then lefi 0 the user 1o decide whether or not to use this method. The
method proposed for removing the effect of apparatus geometry is presented in Section
5.1.2.2.2.
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§.1.2.2.1 Volatile Condensable Materia' 'YCM)

The VCM has been calculated for each QCM temperature using Eq. (4.7), and has
been plotted in Figs. 5-3(a), (b), and (c). The form of these plots is very similar to the
TML data of Fig. 5-1(a), and indeed, the VCM for a 90 K surface is, by definition, equal
to the TML.

The data of Fig. 5-3 can be used to make a rough estimate of the fraction of the total
outgassing flux which is condensable at the three collection temperatures as a function of
time. Table 5-1 shows TML data taken from Fig. 5-1(a) and VCM data taken from =ig.
5-3 for various exposure times. The ratios of VCM to TML. ¢ culated for each
temperaturc and time, are plotted in Fig. 5-4. The fiei: o~ . the more volatile
components are outgassed in the first 10to 2™ ., atter which time the ratios do not
change much with time. This figure can be uscd to quickly estimate the fraction of the total
outgassing flux which will condense on a surface at one of these temperatures. However,
we must remember that these data are a function of the apparatus geometry.
5.1.2.2.2 Kinetic Interpretation cf the Deposition Data

This section proposes a simple model for representing the deposition prox.
Deposition is a kinetic process in which the net deposition rate is the differencc between .
impingement rate multiplied by a sticking or condensation coefficient and the surface
desorption or evaporation rate. This relationship is expressed by Eq. (5.1).

Mg = (mxC)-m, (5.1

where m, is the net deposition rate, m,is tl.e impinging flux, C i5 the condensation or
sticking coefficient, depending oa whether deposition is in the bulk condensation or
adsorption regimes, respectively, and m, is the cvaporation rate from the surface. Because
the impingement rate will vary with the distance between the outgassing source and the
collector, the net deposition rate is geometry-deperident . On the other hand, the desorption

or evaporation rate is a property of the surface/contaminant system, and for low
impingement rates is independent of \he impingement rate. It is therefore more useful to

present the deposition data in the forin of the desorption/evapcration rate, m,, rather than in

the form of the net deposition rate, my. Given the desorption/evaporation rate and an

estimatcd value of €, the modeler could then estimate the net deposition rate for an arbitrary
impinging flux, Experimental evidcnce suggests that for a species impinging on its own
condensed phase, C is close to unity, Assuming that C is unity Eq. (5.1) can be rcaranged
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Table §-1

Fraction of Total Qutpassed Products Condensable at
Three Surface Tempcratures

Time TML(0) VCM(I50) * YCM(130) VCMQ20) YCM(220) VOM(Q298) YCMQOR)

() TML(90) TML(90) TML(0) *
4 0.565 021 0.371 0.105 0.186 C.008 001416

8 0.778 03s 0452 0.17 0.219 0.0118 00148 .
12 ¢.89 0.445 0.5 0.22 0.247 0.014 0.0157

16 0.96 0.5 0.521 0.255 0.266 0.01¢4 0.0171

20 1.018 05s 0.542 0.282 0.278 0.018 0.0177

24 1.058 059 0.558 0.305 0.248 0.019§ 0.0184

28 1.1 0.622 0.565 0.33 03 0.021 0.0191

32 1.138 0.655 0.5Mm 0.355 0.313 0.0223 0.0196

36 1.17 0.685 0.585 0.375 0.321 0.0238 0.0203

40 121 on 0.587 039 0.322 0.025 0.0207

44 1.238 0.735 0.595 041 0.332 0.026 0.0211

48 1.258 0.758 0.602 0428 0.339 o 0.01s

w0 give the following expression for the evaporation rate

my = ey (5.2)

The impingement rate, m,, is the same on all QCMs because of the symmetrical apparatus :
geometry. It is equal to the deposition rate on the 90 K QCM, which can be estimated from S\
the slope of the TML data, Fig. 5-1(a). The deposition rates on the 150 K, 220 K, and 298 L
K QCMs can be estitnated from the slopes of the YCM data plots, Fig. $-3. Since the TML
and YCM data are expressed as a fraction of sample mass ihe slopes of both the TML and

VCM plots are converted to deposition rates on the QCMs by multiplying by the factor
(my / F), where my, is the sample initial mass and F is the effusion cell orifice-10-QCM view

factor (Section 4.3.1.1.2). The evaporation rate is then found from Eq. (5.3), which is .
obtained by substituing the TML end VCM slope dara into Eq. (5.2).

me e« ((slopaof TML date) - (stope of YCM data)) my /F (8.3)

]

Evaporation rates have been calculated for the 125°C R-2560 test using Eq. (5.3) and
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the TML and VCM daia of Figs. 5-1(a) and §-3, respectively, and are plotted in Figs.
3-5(a) and 5-5(b). The lincar plot of Fig. 5-5(a) shows that at all three surface
temperatures, the deposit evaporation rate is much higher in the earlier stages of outgassing
when the more volatile, lower molecular weight species are being released. The
evaporation rate falls rapidly with time as the more volatile specics are compleiely
outgassed. There is a marked change in the rate of decline at about 10 hours as the most
volatile specics are almost completely depleted.

The log plot of Fig 5-5(b) shows the evaporation rate at longer test times more
clearly. The net deposition rate for an arbitrary impingement rate can be calculated by
substituting the impingement rate and an evaporation rate taken from Fig. 5-5(b) into Eq.

(5.1). Note that the values of rl;\e given in Fig. 5-5 are not unique functions of the surface

temrerature and time. The effective evaporation rate at 2 given time also depends strongly
on the amount of mass deposit=d and the types and propcrtions of species in the deposit at
that time. '
$.1.2.3 Fx Situ Total Mass Loss

The initial and final sample masses determined by ex sii: weighing were 2.40841 g
and 2.37165 ¢. respectively, which corresponds to an ex situ TML of 1.53 percent. This
is about 20 nt higher than the TML of 1.25 percent determined by QCM collection.
The level ¢ eement obtained in Phase II for similar compansons was much better -

about 12 pe. The lower level of agreement ubtained in the Phase II Extension is
belicved to t. te weighing ervors; in Phase Il sample weighings were made with
greater care bew f the need to determiine absolute eccuracy of the test method. In the

Phase Il Extension sumple weights were determined by singie routine weighings.
5.2 QCM THERMAL ANALYSIS

This section discusses the results of the QCM thermal analysis (QTA) test on the
outgassing products deposited on the QCMs at the end of an isothermal outgassing test.
The NOTA test includes QM thermogravimetric analysis (QTGA), in which the QCM
deposit mass is measurcd as a function of tempcrature, and QCM thermal analysis plus
mass spectrometry (QTUA/MS), in which the outgassing prodi: ts evaporating from 3 QCM
are analyzed with a mass spectrometer. The QTGA test is rel..ively simple to execute and
interpret and has been used routinely at Lockheed since the nud 1970°s. The QTA/MS test
is a new development, and to the authors’ knowledge has not been described previously.
Although the validity of the concept had not been verified previously, the QTA/MS test was
included in the test methid becau-c 1t offered the orly conceptually straightforward means
for dctermining the mass fragmentation patterns of the individual outgas.ed specier.
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It is thus a key e'ement in the ambitious strategy of Fig. 2-2 for resolving the outgassing
rates of the individual species from the 1otal outgassing flux. Since the QTA/MS test is
such a key elemend °n the overall test method while also being its most ccnplex and highest
tish component, this secuon analyzes QTAMS in a relatively detailed manner.
£2.1 QCY Thermogravimetric Analysis

InaQTUA test a QCM is heated from its base collector temperature to 125°C at a rate
of 19C/min, »nd its frequency and temperature are recorded as functions of time. These
data are reguced using Egs. (4.10) and (4.11) to Cetennine the fraction of the iaitial deposit
mass remuning on the QCM, FCM, and the evaporation rate, m,, as functions of
cperiare,
§.2.1.1 Fruction of Initial Deposit Mass Remaining on the QCM (FCM)

F.gures 5.6 and 5-7 show FCM as 2 function of temperature during the QTGA test on
the R-2560 outgassed species deposited on the YO K, 150 K, 220 K, and 298 K OTMs.
The FCM data & 2li four QCMs have been nonnalized to the 90 K data by expressing them
as fractions of the mass on the 90 K QCM a: .he Ieginring of QTA.

The form of Fig. $-6(a) implies the evanoration of four different major species, or
groups of specics, evaporating in the temne ature regimes of 158 K, 198 K, 238 K, and
290 K respectively. The results of the GG/MS and QTA/MS tests, presented later, show
that the 183 K and 198 K groups consist mainly of a single species, but the «ooK and 290
K groups include several species.

The relative mass fractions of cach species or species group can be readily estima.. ¢
from Fig. $ 6(a). The 158 K, 198 K, 238 K, and 290 K species have mass fractions of
atout 0.43,0.22,0.17, and 0.18, respectively.

If the QTGA test were to be performed u.ing a heating rate slow erough for the
deposit mass to equilibrate at each QCM temiperature, then the #CM data at 150K, 220 K,
and 28 K should be equal to the value of VCM/TML for each of these temperatures
recorded at the end of the outgassing test.  The FCM at 150 K in Fig. 5-6(a) is falling
rapdly 10 an equilibrium value of about 0.57, which compaies with a VCM/TML at 150 K
from Table 5-1 of 0.6). The FCMs 1t 220 K and 298 K from Fig. §-6(a) are about (.33
and 0.02, respecuively, which compare with VCM/TML figures of 0.34 and 0.02,
respecuvely, f om Table S-1. The Fc™M data at a given temperature thus do indeed agree
well wath the VOM/TML dats. The data can therefore be used to estimate VCM/TNL ar
hence VOM for temiperatures in between the standad isothemal test VCM mecasuremient
temperatures of X K, 150K, 220 K, and 298 K.

Since the impingement rite of each outgassing species and the relanve amounts of
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each species in the outgassing flux is the same on all four QCM:s, the same amount of &
given species should condense on all QCMs, as long as the QCM is opereting below the
evaporatict temperature of that species. The QTGA plots for all four QCMs could,
therefore, be expected to be qualitatively and quantitatively similar in form. The only
difference expected between these four QTGA plots was that for the higher temperature
QCMs there will be no data for the temperature range between 90 K and the normal
operating temperature of that QCM. The qualitative nature of the four QTGA characteristics
and the relative fractions of each component implicd by the plots do agree well. However,
the temperature at which a particular species or group evaporates is higher for the higher
collection temperature QCMs. The differences in evaporation temperature are too large and
too systematic to be explained as random measurement errors.

Section 2.2.1.3.1 discuissts the performance of QTGA and lists several factors which
could produce a temperature displacement of the evaporation characteristic. The effect of
most of these factors is to Jisplace the evaporation characteristic to a higher temperature for
larger inital deposit masses. This is the opposite of what is observed in Figs. 5-6 and 5-7,
since the higher collector temperature QCMs have smaller initial deposits.

Another way of viewing the QTGA data is that the lower collector temperature QCMs
appear to have their evaporation characteristics shi“ed 0 lower temperatures. The only
major systematic facto. which could explain the displacement of a tenyperature characteristic
to lower temperatures for higher initial deposit masses is a mixture effect such as the
formation of azeotropes. For example, consider the hypothetical case of two species A and
B whose evaporation propzrties are very similar but are such that A alone will not condense
on the 150 K QCM but B alone will. The deposit on the 150 K QCM will contain no
species A, so as the QCM is heated, B will evaporate in its normal characteristic
temperature regime. However, the 90 K QCM will carry a mixture of B and A ,and if these
two species form an azeotrope, species B may evaporate at a lower temperature than normal
due to the influence of A.

The precise cause of the temperature displacement phenomenon could be investigated
further with the help of the QTA/MS data because the mass spectrometer is able to resolve
the different species. Since it is not necessary to identify the evanoration temperature of
each species accuritcly in the present test methodology and since funding was limited the
issue was not pursued further in this program. However, this phenomenon is deserving of
a more rigorous explanation in the interests of improving our understanding of QTGA.
§.2.1.2 QTA Evaporation Rate Data

Additional information can be obtained from the QTGA data by plotting the

differential of the mass data, i.c., the rate of evaporation from the QCM, m,, versus




temperature. A plot of evaporation rate verssus temperature is analogous to a conventional
) differential thermogravimetric analysis (DTGA) characteristic and hence by analogy can be
referred to as DQTGA. Two types of DQTGA plot are presented here. First, it is shown
that the latent heat of an evuporatiag species can be deduced from a log-linear plot, so this
type of plot is useful to the modeler who wishes to obtain more information about the
properties of the ouigassed species from the data. However, the log-linear plot gives
background noise the same degree of prominence &s real mass changes, and does not show
the qualitative nature of the differential evaporation process very clearly. The different
evaporation regimes of the different species are more dramatically highlighted on a
linear-linear plot. The log-linear and linear-linear plots are presented and discussed in
Sections 5.2.1.2.1 and 5.2.1.2.2, respectively.
5.2.1.2.1 The Log-Linear Plot

The evaporation rate of a species can be expressed by the Langmuir relationship:

mq = P, (M/27RAT)V2 (5.4)

where

m, = evaporation rate, g/cm?s

= cvaporation cocfficient

DL
[}

vapor pressure, dynes/cm?2
= ‘molecular weight

temperature, K

D X
)

= uaiversal gas constant, 8.31 x 107 dyne cm/g mol K

For most species, the relationship between the vapor pressure and temperature can be
expiessed by an equation of the form of Eq. (5.5) '

P, = Pyexp(-H/RT) (5.5)
) where
P, = aconstant, dynes/cm?
H = latent heat of evaporation, cals/mo!
R = universal gas constant, 1.98 cals/mol K
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Equations (5.4) and (5.5) can be combined to give the following relationship between
evaporation rate and temperature.

InmeV'T) = In(ecPy(M/27R)V2)-H/RT = - (5.6)

Equation (5.6) indicates that if in(m4\/T) is plotted against 1/T, a straight line should be

obtained whose slope is Hi/R.  In a QTGA test on the evaporation of water ice [11] it was
demonstrated that the latent heat derermined from the slope of the evaporation rate data
agreed very well with published latent heat data for water. The absolute value of the
measured evaporation rate also agreed well with the rate calculaied from Eq. (5.6) using
published vapor pressure data for water.

Figure 5-8 shows the DQTGA data for the test following the 125°C ouigassing test on
R-2560 plotted in the form of in(mqV/T) vs 1/T. The prominence given to the noise in this
type of plot is quite apparent.-

For the two species which evaporate in the temperatuse regimes of 158 K and 198 K,
the evaporation data produce distinct straight lines. These lines have been further analyzed
using Eq. (5.6). Figure 5-9(a) shows the data from Fig. 5-8 on an expanded scale which
covers the evaporation temperature regime near 158 K. The experimeatal data in this
regime fall on a straight line whose slope is found from the linear curvefit . ~ation given
on the graph to be 5,669.4 K, whick implies a heat of sublimation of 11,225 cals/mol.
Analysis of the mass spectrometer dac later in the report indicates that the 158 K species is
1-propanol, for which the CRC Handbook gives the following equation for vapor
pressure.

logP = 9518 - 2069/T . (5.7)

Equation (5.7) implies a latent heat of 11,256 cals/mol, which is very close to that
determined by QTGA from Fig. 5-9(a). '

The theoretical evaporation rate of 1-propanol has been calculated by substituting Eq.
(5.7) into Eq. (5.4), with the assumpticn that the evaporation coefficient is equal to unity,
and has been plotted in Figure 5-9(a). The temperature used in the calculation is the
temperature indicated by the QCM platinum resistance thermometer (PRT). The thecretical
cvaporation rate has the sams slope ss the measured data, but the theoretical line lies above
the measured data. There are several possible explanations tor the difference between these
two characteristics. If the temperature distributio:: in the QCM is such that the temperature
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of the QCM crystal is less thar{ the temperature of the PRT then the measuced evaporation
rate will be systematical'y less than the theoretical rate. The crysial will in fact always be
cooler than the PRT because o surface cooling caused by evaporation and radiative cooling
by the cold walls. The crystal temperature would have to be ubout 4.5 K less than the PRT
temperature in order to explain the observed difference. Alternatively, if it is assumed that
the crystal is-at the same temperature as the PRT, the difference implies that the measured
evaporation rate is a factor of 4.4 times lower than theoretical. This could be caused by the
reduction in evaporation rate that occurs when a high volatility species, which will be
deposited nearer the QCM surface becwuuse it is outgassed earlier, has to diffuse through a
lower volatility deposit to reach the free surface. Finally, the published data for the latent
heat of 1-propanol may not be valid in this temperature regime. Previcus experience
suggests tha* the most probable explanation for the difference between the characteristics is
a combination of a difference in PRT and crystal temperatures of onc or two degrees,
combined with a reduced evaporation rate due to diffusion effects.

The measurcd data for the 198 K species have been plotted on an expanded scale in
Fig. 5-9(b). These data have more scatter than the 1-propanol data, but are still clearly
linear. The curve fit gives a slope of 6513.3 K, which cctresponds to a latent heat of
12,896 cals/mol. Since the exact nature of this chemical species is no. known, it is not
possible to calculate a theoretical curve in the same manner as for the 1-propanol.

The slopes of the evaporation characteristics cf the species evaporating near 238 K
and 290 K are much lower than that those of the lower temperature species, when in fact it
would be expected that these species would have higher molecular weights and hence
higher latent heats. The smaller slopes are probably the result of the evaporation of a group
of species with a range of molecular weights over a range of temperatures, and so cannot
be used to determine latent heats. The log-linear plot is thus seen to be useful for
determining the latent heats of well separated species. When the evaporation tempeiatures
are not well separated, the log-linear plot is of linited value,
5.2.1.2.2 The lLinear-Linear Plot

Figure 5-10(a) shows the DTGA data on a linear-linear plot of mq vs temperaiure.

This plot suppresses the noise evident in the log-linear plot, and distinguishes the
evaporation temperatures of the different species in a much more dramatic manner, Also,
the linear DQTGA plot reveals the evaporation of a fifth species near 95 K, which is not
apparent in the QTGA plot of Fig. 5-6(a), or the lcg-linear DQTGA plot of Fig. 5-8.

To enhance clarity, the linear DQTGA data have bzen smoothedd by calculating the
average evaporation rate over time intervals of several minutes rather than the 1 minute
intervals used for the data in Figs. 5-8 and 5-10(a). Figures 5-1G(b), 5-11(a), and 5-11(b)
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are plots of m calculated from the measured frequency changes over time inu:nmk of 2,5,

and 10 minutes, respectively. Averaging over progressively longer time intervals clearly
further smoothes the data, but conceal; more and more of the fine structure and reduces the
absolute magnitude of the evaporation rate. For the 10-minute interval, the evaporation
peak for the 95 K species has been almost entirely suppressed. The figures suggest that,
for this example, an averaging interval of between 2 and § minutes appears to strike a
reasonable balance betwecn smoothness and definidon.

§.2.2 QCM Thermal Analysis Plus Mass Spectrometry (QTA/MS)

The QCM thermal analysis plus mass spectrometry (QTA/MS) test consists of
heating the QCM in a controlled manner and measuring the mass spectrum of the
evaporating species at 1-minute irntervals. The major objective of the QTA/MS test was to
separate the different components in the outgassed flux and to tag them so that they could
be tracked during the isothermal outgassing test. A secondary objective was to identify the
species chemically using their mass fragmentation pattems.

The concept of QTA/MS was explored in a preliminary manner in Phase II of tnis
contract using single species, but its ability to analyze the more complex deposits prodvced
by real materials with multiple outgassed species was not evaluated at that ime. Since the
Phase Il Extension database measureinent program provides the first opportunity to
critically examine the chromatograpkic capability of QTA/MS this section will, therefore,
assess this capabiiity as well as present the data. The capability will be judged against two
criteria. The first criterion is the ability o separate the major individual outgassed species
sufficiently for their mass fragmentation patterns and/or unique fragments to be identified.
The second criterion is its ability to identify the individual species chemically, which will be
evaluated by comparing the QTA/MS data with GC/MS data.
5.2.2.1 QTA/MS Species Separation Capability

The mass spectrometer system can provide several types of data output in both tabular
and graphical formats. The data of interest to the present tests were the mass spectra over a
selecied m/e scan range, the ion count for each m/e value in this range, and the average ion
count (AIC) at each point in time during the QTA/MS test. Since the heating rate was
constant at 1°C/min the QCM temperature-time relationship is lincar, so the mass
spectrometer data can be plotied interchangeably as functions of QCM temperature or time.
In this section, all QTA/MS data are plotted versus QCM tcr'npcrature to facilitate
comparison with the QTGA data. Even though the mass spectrometer was capable of a m/e
scan range of 2-1023, the scan range was limited to 10-500 in the isothermal outgassing
tests to restrict the amount of data to be handled. This same m/e scan range was, therefore,

also used during QTANMS.




The average ion count (AIC) at each point in time is calculated by summing the total
ion count (TIC) in a mass spectrum taken at that time and dividing by the total number of
mass peaks. The AIC and the TIC are thus the same except for a scaling factor equal to the
number of mass peaks being monitored. A plot of the AIC or the TIC versus time or QCM
temperature during QCM heating constitutes a chromatogram, analogous to chromatograms
generated by other techniques such as GC/MS. If the QTA/MS is able to separate the
species adequately, the chromatogram will display peaks corresponding to the evaporation
of discrete species. The mass spectra corresponding to the cl.roma.ogram peaks can be
used to determine the chemical identity of the spécics evaporating at that time.

Figure 5-12 shows the QTA/MS AIC chromatogram for the outgassing products
collected from R-2560 at 125°C  1e ordinate of the chromatogram has been normalized to
the highest AIC value. Since the evaporation of a discrete species from the QCM deposit
should be indicated by a peak in the QTA/MS chromatogram, the QTA/MS chromatogram
should be very similar in form: to the DQTGA plots, Figs. S-8 and 5-10. Comparison of
the DQTGA and AIC plots shows that the AIC plot does indeed have four peaks
conresponding to the four main DQTGA peaks but it also has at least two additional peaks
near 140 K and 170 K that do not correspond to evaporation of mass from the QCM. An
analysis of the data presented in Section 5.2.2.1.1 shows that the 140 K and 170 K peaks
wer. ious and due to detection of species evaporating from surfaces other than the
QCM crystal. The spurious AIC peaks from the 238 K and 290 K species groups do not
appear in Fig. 5-12 because they coincide with the real peaks at 198 K and 238 K,
respectively.

Because the mass spectrometer may detect species evaporating from more than one
suface at more than one temperature, the AIC at any point in the QTA/MS scan can include
contributions from more than onz species. The mass fragmeniition pattems of the different
species in the deposit on the QCM could thus not be determined by simply recording the
mass spectra corresponding to the AIC peaks, and the more intensive marual analysis
described in Section 5.2.2.1.2. had (o be performed.
5.2.2.1.1 Analysis of tue Spurious Pcaks

A more detailed analysis of the QTA/MS was made (0 confirm that the additional
peaks in the AIC chromatogram were, indeed, spunious and to find a way to work around
this problem in analyzing the present data. In the GC/MS tests the fragment with m/e=151
was detected for only one species - an alkyl silicate - and this species was one of the most
abundant. This species could therefore be expected to be a major component of the
outgassed species, and during QTA/MS the [ »o-nent at m/e=151 should be very stronz and
ideally should be detected only once, as the alky! silicate evaporates from the QCM. The
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m/e=151 fragment was_therefore, used to analyze the spurious peak problein further.
Figure 5-13 is a plot of the QTA/MS m/e=151 dara versus temperature.  The plot
shows two distinct peaks, at 198 K and 172 K, so the ionizer must be seeing two
evaporation sources for species with a 151 fragment. Comparison of Figs. 5-11(a) and
5-13 shows that the 198 K peak in Fig. 5-13 corresponds to evaporation of a mujor species
from the QCM, whereas the 172 K peak does not. Itis concluded therefore that the 198 K
peak is due to species evaporating from the QCM crystal and is the peak of interest to the
test method. The 172 K peak 15 due to detection of species evaporating from other surfaces
of the apparatus which heat up as the QCM is heated and is, therefore, spurious.
- Analysis of the QTA/MS peak height data at other m/e values with relatively simple
peak patterns unambiguously confirms the above conclusions.

The spurious m/e=151 peak produced by evaporation of alkyl silicate from surfaces
other than the QCM crystal occurs when these surfaces reach 198 K. Figure 5-13 implics
that these surfaces reach 198 K before the QCM crystal does. The surfaces whose
temperatures are higher than the QCM crystal temperature during transient heating are the
electrical leads, the heater windings, and the QCM casc. The major spurious evagcration
source is probably the case uecause of its arca and orientation. It is noted that the
temperature separation between the spurious and real peaks on the QCM crystal temperature
scale increases as the QCM temperature increases. This is because the heat input to the
QCM heater is higher at higher QCM temperatures. The temperature diffcrence between the
QCM cuse on which the heater is wound and the QCM crystal must also ve higher at higher
temperatures it crder to conduct this higher heat flux through the QCM.

The problem of the dual peaks due to evaporation from the case was encovntered and
addressed in Phase I1, and i< referenced in Section 2.3.1.3.2, At that time wie problemn was
eliminated in th: development test apparatus by placing an apersture plate between the QCM
and the mass spectrometer jonizer so that the ionizer had no view of the case and could see
only the QCM measuring crystal. It was hoped to incorporate this feature into the ne'w
apparatus by providing apertured shutters. The data indicate that this was apparently not an
effective way 0 incorporate this feature in the new apparatus,

The spurious peak in Fig. 5-13 shows several smaller associated shoulders which

indicates that the spurious peak is due to species evaporating from several other apparutus
surfaces besides the QCM case. These surfaces could include the electrical keater and other
service wiring.

It should be possible to eliminate the dual peak problem entirely by using a QCM
design in which only the QCM crystal has to be heated during QTA/MS. This feawre is
i now available commercially in units such as the QCM Research, Inc. Mark 16. As
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noted in Section 3.2.1 a Mark 16 QCM has been purchased and will be added to the
apparatus in the near future.
§.2.2.1.2 Analysis of QTA/MS Mass Fragment Data

The basic QTA/MS data acquired were the mass spectra for m/e values from: 10 to
500 taken at one degree temperature intervals from 90 K to 400 K. This creates a total of
about 152,000 data points per test. The mass spectrometer software can provide the total
mass spectrum at 2ach temperature step or the variation of the ion count for each m/e vaiue
with QCM temperature. All data can be provided in terms of actual ivn count or normalized
as a percentage of the highest peak. These data can be presented in either graphical or
tabular form. The software can determine the difference between a measured spectrum and
a reference spectrum. This capability was used to subtract the vacuum chamber
background spectrum, measured immediately before starting QTA/MS, from the spectra
measured during the test.

If there were no spurious peaks and QTA/MS were able to separate the species
adequately, then the normalized ion counts as a function of m/e, i.¢., 8 mass spectrum, for
a temperature in the test comresponding to a peak in the AIC data, Fig. 5-12, would be the
mass fragmentation pattern for the species responsible for that peak. In this case the
fragmentation pattern data for each species could be entered directly into a deconvolution
algorithm to resolve the outgassing rates of each species from the total isothermal
outgassing rate. The fragmentation patterns could also be entered directly into <ae
computerized NBS library to identify the species. It was not possible to obtain individual
species fragmentation pattern data simply by printing out a table at a given QCM
temperature because the spurious peaks discussed earlier excessively confused the patterns
at a given temperature. The body of QT A/MS data could, therefore, not be analyzed using
tt mass spectrometer system software and the data analysis had to be made manually.

The manual analysis began by printing out thic plots of ion counts versus QCM
temperature for all nve values between 10 and S00. A typical plot for a given m/e showed
ion count peaks corresponding to the evaporation of each species which had a mass
fragment at that m/e value. If there was only one species with a particular m/e, a plot
similar to Fig. 5-13 was obtained. If there was a small number of species with the m/c
value a plot of the form of Fig. 5-14(a) was obtained. The ion count for m/e=91 in Fig.
5-14(a) reveals several distinct species as well as their associated spurious peaks. If a
particular m/e value was common to mzny species, such as m/e = 73, 135, and 147 for
silicone species, the plot would show a high output continuum of peaks similar to Fig.
5-14(b). For many m/e values there were no associated fragments of outgassed species
and a plot similar to Fig. 5-14(c) for m/e=245 showing random backgmund was obtained.
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The teinperatures at which peaks occur in an ion ccunt plot for a given ro/e
corresponds to the evaporation of specific species from the deposit on the QCM. Since the
number of species is finite, all the peaks in the ion count plots for all m/e values should
occur at specific temperatures corresponding to the evaporation of one or other of these
species. The QTA/MS data can thus be extracted from the plots and placed in a table whose
columns correspond to specific species, identified in the first instance by their evaporation
temperatures, and whose rows correspond to specific m/e values. The heights of the ion
count peaks in the plots are ther. entered into the table at the location corresponding to the
m/c value of the plot and the QCM temperature at which the peek appears.

. The ion count peak data for R-2560 were extracted from the plots of ion count versus
temperature and entered into Table 5-2. Section 5.2.2.1.2.1 describes how the number of
resolvable species listed in Table S-2 was determined. Section 5.2.2.1.2:2 describes how
the table was completed.

5.2.2.1.2.1 Resolvable Species

The plots of ion count versus QCM temperature for all m/e values from 10 to 500
were printed nut. The plots were surveyed manually to determine the approximate number
of resolvable species. It proved to be possible to separate species with evaporation
temperatures as close as about § K. Separation of species with evaporation characteristics
closer than § K was hampered in part by the spurious peak problem and in part by the basic
resolution limitations of the QTA/MS tectnique. It was concluded that distinguishable ion
count peaks could be found at about 20 different temperature locations, each of which
corresponded to the evaporation of a specific species. Some of these species were not very
abundant, and it proved to be difficult to resolve them consistently, so the number of
species categorics was firalized at 15. The specific evaporztior: temperatures at which
separable species could be identified and which are usead to refcrence these species are
given in the column headings in Table 5-2.

For each of the separable species, a specific m/e plot which clearly showed the
temperature location of the ion count peak was selected as a reference. The selected
reference plots are shown in Figs. 5-15 through 5-2¢. The plots have all been normalized
to the highest pcak.‘

Figure 5-15 is the plot for m/e equal to 45, which was used to locate the 95 K
species. This is the best defined of all the reference peaks. There is no spurious peak
associated with this peak because it occurs right at the beginning of heating, at which time
the temperature differentials in the QCM are very small.

Figure 5-16 is the plot for m/e equal to 49, which was used to locate the 145 K
species. The peak is very clean, narrow, and well defined, and suggests that it may
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eventually be possible to resolve species with evaporation temperatures us close &s one or
two degrees with QTA/MS. The spurious peak is also very clean, which suggests that it
was caused mainly by a single spurious source.

Figure 5-17 is the plot for m/e equal to 18, which was used to locate the 150 K
species. The peak is very strong and reached the saturation level of 30120. This peak is
not unique to the 150 K species since there is also a small peak at93 K.

Figure 5-18 is the plo: for the m/e equal to 21, which was used to locate the 158 K
species. The peak also includes contributions from species evaporating at about 150 K and
153 K. The presence of these two lesser species is shown more clearly in the shape of the
spurious peak.

Figure 5-19 is the plot for m/e equal to 161, which was used to locate the 170 K
species. The main peak appears to include contributions fron: the spurious peak for the
198 K speci-s, as well as two species at sboui 168 K and 161 K. Again, the presence of
adjacent species is more evident from the spurious peaks than from the main peaks.

Figure S-20 is the plot for m/e equal to 281, which was used to locate the 175 K
species. The main peak includes cuntribudons from closely adjacent species. Peaks also
appear for many other higher temperature species, although the number cannot be estimated
because of the spurious peak problem.

Figure 5-21 is a plct for m/e equal to 170, which was used to locate the 185 K
species. This is a relatively weak peak and it appears also in many adjacent and higher
temperature species. ' :

Figure 5-22 is a plot for m/e equal to 64, which was used to locate the 198 K species.
This is a very clear and almost unique peak, but there appears to be significant
contributions from closely adjacent species.

Figure 5-23 is a plot for m/e equal to 280, which was used to locate the 210 K
species. This is a very weak peak and is surrounded by a relatively high background. It is
noted that the m/e of 280 is adjacent to the m/e of 281 which was used to locate the 145 K
peak (Fig. 5-16).

Figure 5-24 is the plot for m/e equal to 242, which was used to locate the 220 K
peak. The 220 K peak itself is very clearly defined and is surrounded by peaks from
adjacent species.

Figure 5-25 is the plo used for m/e equal to 327, which was used to locate the 230 K
species. The 230 K species appears to be but one of a number of species evaporating in
this general temperature regime. At least seven shoulders can bc seen on the main peuk,
and the presence of other species can be seen more clearly in the spurious peaks,

Figure 5-26 is the plot for m/e equal to 479, which was used to locate the 238 K




peak. The main peak is very well defined but is broza and ¢l=arly includes several adjacent
species as well as the 238 F. species.

Figure $-27 is the plod for m/e equal to 341, which wa: used to locate the 250 K
species. Although the 250 K peak is quite distinct, it is broau and includes a number of
adjacent species.

Figures 5-28 and $-29 are the plots for m/e equal 10 452 and 253, respectively, which
were used to locate the 285 K and 290 K species, respectively. The plots are very similar
in shape, in that they have a ceniral peak but also show a significant number of adjacent
species. In this temperature regime, there are clearly more than just two species, but
QTA/MS is not able to resolve them and they must be lumped in with the 285K and 290K
species.

In order to show the discrimination capability of QTA/MS more graphically, the
major peaks from Figs. 5-15 through 5-29 have been plotted in Figs. 5-30 and §-31.
Figure 5-30 is a superimposition of all nf the normalized peaks from Figs. 5-15 through
5-29 and shcws the ability of QTA/MS to id=ntify 15 specics in the outgassed products,
whereas only four major species groups could be identified by the QTGA mass
measurements, It is possible that several more species could be identified from the
QTA/MS data with more intensive analysis, but 15 is probably already more than can be
usefully accounted for in system coatamination modeling studies.

Figure 5-31 is also a superimposition of the peak data from Figs. §-15 through 5-29
but rlotted using true rather than normalized peak licight data. Since this plot presents only
one mass peak for each species, it does not give a reliable quantitative indication of the
relative amounts of each species. However, it does show quite clearly that usc of the mass
spectrometer greatly increases the ability of QTA to detect species with very low
concentrations. The most dramatic example in Fig. 5-31 is the ability to separate the 145
K species from the 120 K species. Using the mass-only measurement capability of QTGA
slone, the evaporation of the 145 K species would be completely masked by the
caporation of the 159 K species.
£.2.2.1.2.2 QTA/MS Peak Height Inventory

The entire body of QTA/MS data was analyzed manually, and the ion count peak
height data were entered into Table S-2. The plots of ion counts versus temperature fot
every m/e value between 10 and SO0 were compared with the reference plots, Figs. 5-15
through 5-29, by holding thera up to the light. In more than 98 percent of the cases, we
found that the peaks could te unambiguously matched with one of the reference
temperatures. Those that could not be matched were confined to minor species. Tne height
of Je peak was read from the ordinate and was entered into the table in the approgriate
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temperature column and m/e row. In determining ion count peak heights, the two-peak
phenomenon was noted and the heights were recorded only for the higher temperature of
each pair of peaks. The peax heights were recorded 1n terms of ion count.

The table entries fall into the following categories:

(i) If there was a clear peak in the m/e versus emperature plot, the peak temperature
location was correlated with one of the species igentified in Figs. 5-15 through
5-29, and its height was read from the ordinate and entered into the table in the
appropriate species column and m/e row.

(ii) If the ion peak height was less than twice the background ana the signal was
small (less than about 100 ion counts), no entry was made ia the table.

(iii) Certain m/e values were commen to a homologous series of materials and
although the signal was large, the ion count data appeaied more as a continuum
with temperature rather thar: as discrete peaks because of the large number of

" species with these fragments. In these cases, the table shows the same peak
height for the entire range of temperatures for which this phenomenon occurred.

(iv) The table shows many entries with the value 30120. This was the highest value
that the mass spectrometer could indicate before saturating. An entry of this
value means that the mass spectrometer was saturatud and that the true icn count
was higher than 30120.

The mass fractions of each species were determinad by adding up the total ion count
for each specics and expressing it as a fraction of the total iun connt for all species. These
fractions are shown at the bottom of Table 5-2. These numbers are not quantitatively
reliable because the ion counts recorded for some species peaks included contributicns
from the spurious peaks from other species which happen to coincids. Also, for those
specics which saturated the mass spectrometer, the recorded iun count is less than the true
ion count. Quantitative interpretaticn must also take into account that the ionization
constants of the different species will be different.

The cumulative total of the mass fraction detected by the mass spectrometer and
calculated from tke ion ¢unt at any QCM temperature should be quantitatively very similar
to the fraction of the initial QCM deposit that has evaporated by that temperature.
Consequently, the quantity (1 - cumulative ion count total) should be similar (o the QTGA
plot, Fig. 5-6(a), which skows mass fracticn remaining on the QCM as a function of Q"M
temperature. The quantity (1 - cumulative jon count toai) has been plotted as a funcoiun of
QCM temperature in Fig. 5-32. It does stronzly resemble the QTGA plot, with the notable
exception that Fig. 5-6(a) docs not show the presence of a 95 K species, The 95 K species
is apparent in the DQTGA data of Fig. 5-10, and so is not an artifact of the QTA/MS data.




Table 5-2
Inventory of Mass Spectrometer Ion Count Data
from the QTA/MS Test
MOV . [« EVAPORATION TEMPERATURE...o. . - ieessd
WT. 198 K 13 K150 K[us9 K[170 K[178 K[135 K]193 Kl210 K[220 K[230 K]238 K]250 K[288 Kj290 K
12_1 3400 l 2400 .
13| <800 $000 ~
[ 1.} 1080 17300 .
| s _[ 20000 30040
16 | 30120 FRON)
17_] 28360 15000 | somn
18 | so00 | 5000 {30120
9 11000 | 28180 | 13500
2 2000 [ 12920 L -
21 1400 | 2612 !
2 | 628 500
5] 196 -
24 1232
28 6980
% 28400 2000 | ]
4800 30120 90001 |
22 | 28000 30120 2%000] tkono | 1800 | 18000 | 19000 | 18070 ] 19000 | 16000
> | 25000 30120 25000 ] 17600 | 17900 | 170007 170007 17000 { 17000 | 17000
30 | 000 30120 21000 | 5000 | $000 | S000 | so00n | 4000 | 4000 | 4000
3N 30120 )00
32 113020 30120 -
33 1000 28780 6000 | 6000 [ 600 | 6000 | 6070 | 6000 | 7000 | 7000 | 7000
34 12800
3§ FYED)
¥ 1744
1 81360
38 15620 SO
39 29980 4009
40 2126 4000
4) 30120 16500 4000
42 30120 14500 4000
4)_| soo0 30120 1700) 000 6000 »
44 | 27u0] ss00 27430 15000 5000 6000 NS
4 ] 22240] 5000 14000 8500 | 2500 | 250¢ | 2500 | 2370 | 2500 | 2500 : :
46_| 3700 | 00 9780 6400 1100 _1800
471 | 650 | 1ioc 1804 1700 400
4 1% | 760 430 | T84 84 .
49 00
30 1220 252 300 300
] 1500 420 380 500 400 :
52 1220 1600 350 N 250
& 1 650 2034 | 200 | 200 | 200 | 500 [ 300 | 300 | 3.0 | so0 50
4 2500 IR60 _1700 2% | 2% |
[_ 35 2012 S080 | t 1800 2700 400
$6 6400 1300 | 1300 2400 | 00 *
s 2400 7380 %00 § 2100 2500 | s00
[T) 27260 1900 1000 N
5 20120 2300 ) %000 ;
&0 30120 35 4000 4000
& 14100 450 3500 2100 ~. v
62 2770 18780 800 - RN
63 1570 :
o4 ash _
63 14
] 1014
&1 172, ;
6 i 450
: & q 400 [ &M | 4y 1714 | 200 | 950 | 400 [ 1o | 200 | 100 | 400
) 20 20 | &an I 15 |4 R0 $30 ] 1100 | 300 | 200 | 300

552




Table 5-2 (continued)
[MO). T . EVAPORATION TEMPERATURP.- >
WT. |98 K [ras K150 KI158 K{170 K{178 K188 K[198 K[210 K[270 K[?30 K[238 K|130 K[288 K[290 K|
7 300 | 200 [ 1820 1 3850 | 400 | 700 | 300 | 12%0 | 200 | 200 | 200
T2 200 | 200 | 1652 | 1500 | 300 | 700 | 300 [ 1050 | 200 | 2co [ 200
73 3000 1070 | 1000 | 1500 | 10500 2000 | $000 | 2000 | 14080 ] 2000 | 2000 | 2000
74 3000 500 | 1000 § 9300 | 1300 | 000 [ 1500 | 12040 1500 | 1500 [ $500
73 6380 2700 $00 | 2:00 | 2400 | 500 { 3300 | 500 | 500 | 1500
76 6340 2300 1800 1200 _500
7 3520 2900 3520 600 650
oL 4220 2600 3400 600 500
79, 3500 27600
. 0 $00 26440
] 6400
[ 82 3194
8 - 4620 800
B4 4180 800
8 1802 | 200 | 200 | 200 | 1150 | 200 ] 200 [ 100
. 6 600 1456 1 100 | so0 {150 [ 1000 100 [ 100
37 1748 $00 650
88 800 1474 700
. [ 1200 1300 2414
90 900 1300 2700
] 1300 2132 200 1600
7 1500 2000 3156 1600 1200 |
7 000 $000 3400 600 800
34 6940
, > 1812
96 942 300
[ 2494 650
[ 23712 600
9 $84 600
100 192 300
01 2206 400 600
(7 400 2630 1300 600
03 1300 4920 1400
[ 04 1100 1960 700
108 5180 600 600
108 298 600 400
107 2526 900 700 ] .
08 1970 800 500
. 109 3046 400 400
. 110 2100 £} 1000
11 1530 400
4 [TF 1032 400 { 100 | 100 [ 100
. 1 516 250 | 80 10 80
] 114 690 45 ) 80 80 30
. 18 1392 800 330 00 | 100 | 100
6 1 _Tzxa 1250 2 500 600 :
17 _3400 2300 3000
[ 4260 1900 100 300 280
1 3880 500 400
200 9900 400 100 ~
12 _ 12060 400 200 |
. 122 [ 6420 300 150
12 4440 2%0
124 1834 330
. 128 160 su 300 80 80




Table §-2 (continued)
MOf.t_ ee EVAFORATION TEMPERATUPE=... >
WT, ,SﬁK_ 145 K[150 K{1S8 X170 K]|178 K]1xs K[198 K[210 K[220 230 K[238 K[250 K[288 K[190 K
900 18320 11000
137 5780 5000 3000
3 6340 1500 000
9 2788 600 200
140 2550 o)
14
142
143
144
143 1678 300 290
[ 14¢ 1375 300 2%
147 2200 2856 500 600 700 ] 1760 700 700 | 1400
48 2200 2966 400 50C 600 1600 | 600 600 | 1300
149 1300 2090 1 1000
150 1818 1100 1000
151 26900
152 24700
19 6400
154 2298 500 <c<c<<] 300
183 s 10 100 100 joo | 120 | so0
136 3000 4460 2000 1>>»>>
187 3000 A280 2000 | 2>>>>
158 1500 1960 700 [433>>
139 i
160
161 4780 500
162 4100 __]_600
163 $500 6600
164 $900
169 _2664 609 200
166 2016 60 | 1 600
167 636 40 340
168
169 —
170 574 20 200
7 6% | 150 | 150 150 150 | s00 | 29 s0
iy
73
174
174 578
176 900 2n 100
iz 10340
17 8460 500
» 3940 _900 1000
80 2598 _800 $00
2342 30 | 600 _|
2 1760 150 0
[}] 500 22 220 210
184 &4 _280 80
14 822 10
186 800 940
187 50 1394
188 00 974 |
189 0 386 |




Table 5-2 (continued)
MOL ]« EVAPORATION TEMPERATURE <ees >

WT. [ 93 K [148 K[150 K 170 K175 K[188 K198 K[210 K[220°K[230 Ki238 Ki2s¢ K 290 K
1 X 1200 2178 300
1224 | 200 | 200
})
204
1900
206 8181
| 207 1000 2504 $00 -
208 1000 : 1210 | 200 | 200 700_} 200 | $00
F_E’ 3 300 | 300 | 300 | 300 812 | 300 | 300 812
. 210
211
212
213
~ 14
218
216 <c<<<] 1362
N7 <ccc<] 131%6
218 ccece| 2174
219 930 |
20 846
2 4560 800 _[>>»»>lccece] 600
222 4620 _600_I>>»>»>lcccce] 200
.2 4720 300 _[>»>»>>]¢ccc<<! 300
4460 00 _[>>>>>|<c<c<] 300
- 1400 0 _{>>>»>lcccce] 300
| 226 s02 250 [»>>>>{<ccccc
227
228
ps,]
230
pa]l
233 576
234 1824 ;
rv 77460 b
2 28260
i} 13260
238 43
3 1058 430 200 ]
40 40 4% 150
A)
r 1058
% 890
F 254
243
246
241
249
ri}
51
: . 25 —
23
264
238
236
. F 7 il
i) —
-9
1760
] 626
&) 7
267 2216
264 13260
263 14100

5.55




Table -2 (continued)
e EVAPORATION TEMPERATURE >
WY |93 Kltes K113% K188 K[170 K173 K]isS K198 Ki318 K]220 ¥K!1230 LQL_E‘:“ Ki2eS K119 K|
266 A360
| _267 1594 700
[ 268 600 7% . 300
|29
270
7
m
[n
4
276
277
pel
p i) Y44
280 354
28 1326 200 | 200 | 200 | 200 | 200 | 200
282 266 200 | 200 | 200 } 200 | 200 4 200 |
| 283 490 150 150 150 150 150 150
| 284 250 100 | 100 | 250 | 150 | 150 | 2%
288
286
[ 287
L
| 289
| 290
| 29
297
293
4
206
L 20
298
299
300
&
]
04
206
X7
308
307
("] <<<<«] 362 «<cge<| 280
<<ce<| 600 <<<<c] 400
<<<<<| 600 <<<<<] 700
1 <<<<< 100 <<e<<] 680
4 <cgcc] 450 £gcce] 420 |
‘ €<g<g] 280 <<<<<] 380
] <<<c<c«| 3 <<<<<] 4
31 <€CeCC <gce<) 2
)
el
v
324
328
[ 326
144 2626 |>>>>> _
= 2334 1>3>>>
29 1506 {>>>>> 400
30 400 400




- Table §-2 (continued)

T< EVAFORATION TFMPEE~(URE
WT. | 95 K[148 K[180 K[188 K[170 K 17 188 K198 K[210 K

10 _K]230 K|

138_K[350 K[288 X[3% K
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Table 5-2 (continued)

OLJeooer EVAPORATION TEMPERATURE:

WT. [ 98 K]ie8 K[150 K[1ss K170 K 175 K[ias K[198 K[210 K[320 K[238 X] %0 K 90 1.
- 196 1

” p—

%
—ar 5%

A 506

40 1 R ETE) 3%
AT I N . - _ 9. 3

40 : 2906 M A

406 2580 ] ]

Tl 1520 1

w08 152

409

430

41

./ "l

413

414 B

4)

416

417 1590

4 1

419

4 i7]

I 16
'7%:: 46
| 423 23

4

425
i

4

4,

429 468 430 )

4 474 150 ‘1%
) 325
|43 -

43

4

‘ 4

236

a7

i)

49

440

44)
|44

&4 :

444 \.

Yy . \

248 \

A47

[ N\,
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Table 5-2 (continued)
oL EVAPORATION TEMPERATURE >
WT. 193 Klies KI1so htss Ki170 K178 K[i1as K198 K]310 K]220 K]230 K KJ2s0 Kjass Ki39¢ X
46]
462
<¢<<<| 200
464 €¢e<<] 250
<<ee<] 650
466 [T f
487 cec<<] §70
468 ccccc| 840
L 49 ccecee] S44
470 <<c<<] 250
47 <<<<<] 178
472
)
474
47§
__4‘]4
4
=
‘ R —
480 780
a 20
482 1300
483 364
484 152
48 S
426
487
488
48
490
491
o 2
493
494 520
499 458
4 300
4
498
499
300
PERCENT QF EACH SPECIES IN THE MIXTURF:.
8.89 3 273 | 24601 133 | 020 | 082 311 1L .6 .56 | 9.80 ] _E, .9

NOTE: In certain instances « mass peak could not be unequivocably assocsated with a single temperaase because of its breadth. In thess
instances the entire height of the peak has been entared in ths Lable in the column corresponding to the closest tamperanse match.
The possibility that 8 povtion of the ion count associsted with this peak could b due 10 an adjecent species has been indicsied by
ontering the amows “<<<<<<" ar ">>>>>>° in the column for the adjacent spocies.
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1 - CUMULATIVE TOTAL ION OOUNT (Percent)

4 ¥ R v 1]

L] v v L) L | § ¥
76 100 125 150 175 200 225 250 275 300 325 350 375 400 ; N

QCM TEMPERATURE (K) -

Fig. 5-32 QCM Thermal Analysis of the Outgassing Products Collected on the 90 K
QCM from R-2560 at 125°C. Fraction of Initial QCM Deposit Remaining
on the QCM as Determined from the Mass Spectrometer (1 - Cumulative
Total Ion Count) Data as a Function of QCM T:omperature,
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The general qualitative agreement between Figs. 5-6(s) and 5-32 provides a useful check
on the internal consistency of the data. .

Table 5-2 summarizes all of the information contained in the plots of 490 m/e values
as a function of QCM temperature. The vertical columns are the best estimate of the mass
fragmentation patterns of each of the separated species that can be obtained from the
QTA/MS data from the current tests. The use of the vertical column mass fragmentation
pattern data to identify the species chemically is discussed in Section 5.2.2.2. The
horizontal column data can be used to determine m/e values that are unique or nearly unique
to a given specics. The use cf these unique m/e values to track the outgassing of that

- species during the isothermal outgassing test is exploi :d in Section 5.3.
§.2.2,2 Chemical Identification of Outgassed Species

It is not necessary to know the chemical identity of the outgassing products in order
10 model the contamination environment of a satellite system, so chemical identification of
the outgassed specics is not an essential part of the test method. However, this information
is clearly desirable if it can be obtained at reasonable cost. It can be of help in diagnosing
sources of contaminants in thermal vacuum tests and pro&iding insights into how
outgassing problems could be minimized by changing material application processes such
as cure cycles time and temperature. Also, knowledge of the chemical family to which &
contaminant belongs gives insight into its probab'e infrared absorpiion bands. Hence, one
of the goals of this test method was to cotuin as much chemical identity data as possible
within the restrictions of a routine test.

Since the QTA/MS technique is a form of chromatography it is possible, in principle,
to determine the chemical identitics of ‘e outgassed species by entering the mass
fragmentation pattern data measured for each species as it leaves the QCM into a mass
fragmentation pattern library. However, the ability of QTA/MS to separate species
efficiently had not been demonstrated by the beginning of the Phase II Extension, so it was
decided to include a preliminary GC/MS test as part of the test method to support the
species identification task and help evaluate the QTA/MS technique. To this end Section
$.2.2.2.1 analyzes ihe results of the preliminary GC/MS tests. Section 5.2.2.2.2 evaluates
tihe species identification capability of QTA/MS by comparing its performance with the
GC/MS data.
5.2.2.2.1 Analysis of the Gas Chromatography/Mass Spectrometry Data
$.2.2.2.1.1 Basic GC/MS Data Output :

The GC/MS test separates the individual species evolved from a heated material
sample by collecting them in a liquid nitrogen trap, passing them through a capillary
column, generating a chromatogram by detecting the emerging species with a mass
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spectrometer, and identifying the species by comparing the measured mass fragmentation
pattern with a fragmentation pattern library. The relative amount: of eac. species in the
mixture are estimated using the total ion count detected for each species.

Figures 5-33 and 5-34 show GC/MS chromatograme for R-2560 samples wested at
125°C and 200°C. The figures are plots of total ion count detected by the mass
spectrometer versus the time at which a species was detected. Each peak in the
chromatogram corresponds to detection of a specific chemical species. '

Species are identified by comparing their mass spectra measured by the GC/MS
system with a standard library of mass fragmentation patterns. Mass spectra are a fuaction
of the instrument as well as the species, so it is rarely possible to obtain a perfect match
between a measured spectrum and a library spectrum. Because of this uncertainty the
library search presents a number of possible mutches, and although it selects a preferred
first choice, the final idcntification is made by an experienced analytical chemist. For
example, Fig. 5-35 shows the mass fraginentation pattern detected at a scan time of 768 s
during the 200°C test, while Fig. 5-36 shows the library search data for this pattern. The
upper plot is the fraginentation pattern detected during the test. The lower three pattems are
the closest three matches selected by the library search, presented in descending order of
preference. In this case, the search has identified the species as dodecancic acid and the
analytical chemist has concurred. :

The species 1dentified by GC/MS are listed in Tables 5-3 and 54. The chemical
identifications are given exactly as provided by the Analytical Chemistry Department at
Lockheed. In cases where identification was difficult, the tables indicate only the family
name, such as phenyl methyl siloxane, while some species could riot be identiSed at all. -

The major groups of volatile species identified were as follows:

(i) Low molecular weight species such as 1-propanol, benzene, toluene, hutine,

and xylene which may be present as solvents or as reaction by-products.

(ii) A series of methyl cyclosiloxanes and phenyl methy] siloxanes homclogues.

(iii) A number of unidentified species which appear to be closely related to the linear

and cyclic siloxanes by virtue of their peaks at m/e=73, 135, and 147.

(iv) A series of straight chain saturated carboxylic acids.

(v) A number of minor silicate and silicune oddments.

(vi) A major alkyl silicate species and an aromatic acid which appear in the 200°C test

but not in the 125°C test.

The total aniount of each species in the coliected volatiles is roughly proportional to
the area of the corresponding peak in the chromatogram. The GC/MS system calculates
these areas and determines the percentages of each species fourd in the total collected
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Fig. 5-33 GC/MS Chromatogram for R-2560 at 125°C. Norraalized Total Ion Count
’ Versus the Scan Time at which a Species was Detected.
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Fig. 5-34 GC/MS Chromatogram for R-2560 at 200°C. Normalized Total Icn Count
Versus the Scan Time at which a Species was Detected.
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at Scan Time 788 8.
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volatiles. The percentages of each species and the time in the scan at which the species was
detected are listed in Tables 5-3 and 5-4. Although the GC/MS data reduction system
provides these data to two decimal place precision, the experimental measurements are not
made to this level of accuracy, so the numbe:s should be interpreted quantitatively with
very great caution.

The 125°C and 200°C tests identified 24 and 30 species, respectively. In the 125°C
test, 12 species had mass fractions greater than 1 percent, and 6 species were present in
amounts greater than 2 percent. For the 200°C tests, the equivalent figurcs were 15 species
greater than 1 percent and 11 greater than 2 percent. The number of significant species
identified by GC/MS was, therefore, about the same number as could be separated using
QTA/MS.

§.2.2.2.1.2 GC/MS Mass Fragmentation Pattern Inventory

One way to evaluate the ability of QTA/MS to identify the individual outgassed
species chemnically is to compare the QTA/MS fragmentation pattern data with reference
data. There are two possible fragmentation pattern references - the actual fragmentation
patterns measured during the GC/MS tests and the NBS library patterns which were
dercrmined to be the best match to the measured GC/MS pattern. If the identities of the
outgassed species were known with confidence, the NBS library would be the preterred
reference because it is an accepted standard. However, the outgassed species are in the
first instance unknown chemically, and the identifications given in Tables 5-3 and 5-4
could be wrong. Although the GC/M ¢ -measured fragmentation patterns were obtained
using a different ionizer than that used in the outgassing test, they are by defirition those of
the volatile species in R-2560 and thus have been selected as the more reliable basis for
comparison.

In the interest of compactness, the fragmentation pattern data for the 125°C and 200°C
tests provided by the GC/MS test for each species in the form of plots such as Fig. 5-35
have been consolidated in Table 5-5. The list of species includes all those identified in
Tables 5-3 and 5-4. Spccies which were detect~d in both the 125°C and 200°C tests have
been listed twice to show the degree of correlation between the patterns. Because of the
large amount of data involved, it is not practical to enter it all into the table, so the
fragmentation pattern data have been summarized as follows:

(i) The major peak is listed in bold type.

(ii) Peaks greater than 0.2 of the major peak are listed in boid italics.

(iii) Peaks between 0.02 and 0.2 cf the major peak are lisied in regular type.

(iv) Peaks less than 0.02 of the major peak are listed in regular italics. Howe:er, not

all peaks in this category have been listed because many species show several
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Table 5-3
GC/MS Data for R-2560 at 125°C
Quantitation Report
' AMOUNT OF .
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(oec) ' (perceny)
RE] 1.14 COn artifact
75 2.2G CRCly
7 0.24 a-butaie
m 44,40 1-propunol & benzene
m 0.21 toluene
269 0.74 hexamethyl cyclotrisiluxane
6 0.31 xylene iscmer
410 1.07 octamethyl eyclotetrasiloxane
527 475 decamethyl cyclopentasilossne
(.vo) 14,38 octanoic acid & & .decam~thyl cyclohexsiiloxane
730 0.43 dibutyl dipropyl ilicate
758 1.61 tstradecamethy] cycloheptasiloxas
821 18.82 dndecanoic acid
848 . hexe. Jecamehyl cyclcoctasiloxane
862 0.28 . similar to dodecanoic cid
597 0.39 siloxane
913 0.54 unspecified silicone (alkyl nbm")
933 0.60 octadecamethy” cyclonmasioxane
964 1.56 unsnecified silicors (alkyl or myl silicore?)
1008 0.30 siloxane
1030 241 cosamethyl cyclodacasiloxans
1076 017
1102 1.27 docosamethyl cyckundecasiloxane
1182 021 tetacosamethyl cyclododecasiloxane




GC/MS Data for R-2560 at 200°C

Quantitation Report
. AMOUNT OF
SCAN TIME DETECTED SPECIES - SPECIES IDENTIF;CATION

(sec) (percen) '

69 028 Q07 artifact

15 213 n-bulane

104 UM 1-propanol

143 . 204 benzene
-389 0.71 octamethy! cyclotetrasiloxane

500 239 decamethyl cyclopentasiloxane

521 03§ siloxane

550 5.01 octanoic acid

596 3025 alkyl silicawe ?

657 1.08 decannic acid

716 0.93 tetradecamethyl cycloheptasiloxane

768 10.86 dodernoic acid

806 037 hraaor ~amelhlyl cyclooctasiloxans

870 233 te4radecancic acid

919 254 pheny) methyl siloxane

962 0.72 cotamethyl cyclodecasiloxanc

980 329 phenyl methyl siloxane
1025 027 docosamethy! cycloundecasiloxane
1045 027 phenyl methyl siloxane
1049 136 phenyl methyl siloxane
1086 030 tetracosamethyl cyclododecasiloxane
1127 1.01 phenyl methyl siloxane
1159 037 hexacosamethy| cyclotridecasiloxane
1226 1.10 phenvl methyl siloxane
1253 040 ocacosamethyl cyclowetradecasiloxane
1354 0.79 phenyl methyl siloxane
1382 0.64 triacosamethyl cyclopentadecasiloxane
1484 2,65 MW 456 aromatic acid
1535 0.38 unknown
1565 044 unknown
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groups of peaks separated by one m/e value, especially at m/e values less than
100. Since m/e values less than 100 are common to many species, minor peaks
in this range are of litle value in identifying a species. All peaks greater than
100 have been noted, regardless of how small they are.

(v) The highest m/e value giver on cach GC/MS plot is listed. However, the range'
of m/e values plotted is selected by the GC/MS test operator, and in some cases
the m/e range has been truncated because the peaks at higher ny/e were of
negligible height in the context of the GC/MS test. Hence the highest m/e value
listed is not necessarily the highest m/e fragment detected during GC/MS.

The species have been listed in order of the scan time at which they were detected.
While this time has no quantitative physical meaning, the species detected at earlier scan
times are generally more volatile than those detected at later scan tiines. The scan time is
used in this section as a convenient way to reference the species in later discussions. For
example, the several specics ideniified as phenyl methyl siloxanes can be distinguished by
their scan time of detection, e.g. "phenyl methy! siloxane 1045 s”. Note that there is a
small time difference between the scan time at which a given species was detected in the
125°C and 200°C tests.
8.2.2.2.1.3 Comparison with QTGA Data

The scan time at which a species is detected during GC/MS is the time that the species
takes 1o pass through the chromatograph capillary columa. This sransit or retention time is
a function of molecular weight, so the low molecular weight specics are detected first and
the higher molecular species are detected later in the scan. There is a rough correlation
between molecular weight and vapor pressure, .so the temperature at which a species
evaporates from the QCM during QTGA is also a function of its molecular weight. Hence
the order in which species are detected in the GGC/MS test should be epproximately the same
as the order in which they evaporate during the QTGA test. Finally, although the test
conditions are different, there should also be a rough correlation between the relative
amounts of each species evolved during GC/MS and during an outgassing test. Because of
this correlation a plot of mass fraction retained in the capillary column versus GC/MS scan
time should be qualitatively similar to a QTGA plot of FCM versus QCM temperature.
Figures 5-37(a) and 5-37(b) arc plots of the retention fraction versus scan time for the
125°C and 200°C GC/MS data of ‘Tables 5-3 and 5-4, respectively. The retention fraction
at a given scan imc was calculatzd by sumnmiing the percentages in the table from that scan
tme to the end cf the test. Comparison of Iigs. 5-37(a) and 5-37(b)with the QTGA plot of
Fig. 5-6(a) shows that the shapes of the plots are qualitatively very similar. The 200°C plot
has the strongest resemblancs, suggesting that the propcrtions and perhaps types of species
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evolved in the 200°C GC/MS test resemble those outgassed in vacuum more sumgly than
those evolved in the 125°C GC/MS test.

Figs. 5-37(a) and 5-37(b) also resemble Fig. $-32. The similarity betwezn these
three types of plots provides another useful check on the intemnl consistency of the data.

If the analogy between GC/MS retention time and FCM is valid, then the chemical
identity of some of the major species can be estimated by comparison of the two figures.
For example, by irspecting the 200°C GC/MS datz, the species evaporating from the XM
at 158 K could be assumed to oe 1-propar.ol, which appears at a scan time of 104 s in tae
GC/MS. Similarly the major species evaporating from the QCM at 198 K could be
assumed to be the alkyl silicate appearing at a scan time of 596 s in the GG/MS. These
identifications were confirmed by mass spectrometer data presented later. The species
evaporating at 238 K and 290 K are less well defined and are more difficult to identify by
analogy. According to the QTGA-GC/MS analogy the major species in the 238 K group
should be dodecanoic acid, appearing at a scan time of 768 s. However, identification
based on mass spectrometer data suggests that the 238 K species is cosamethyl
cyclodecasiloxane. The 290 K group of species is pmbably a mixture of several higher

~ molecular weight species listed in the GC/MS Tables 5-3 and 5-4.

The QTGA-GC/MS analogy is not perfect for the 125°C test either. The iaentification
of 1-propanol could still be made, but the alkyl silicate was not detected in the 125°C test.
Based on the analogy, the 238 K species would again be identified as dodecanoic acid
instead of cosamethv] cyclodecasiloxane,
5.2.2.2.2 Identification of Outgassed Species Uslng QTA/MS Data

- Table 5-2 lists the inass fragmentation pattern data for each of the species s¢ parated
by QTA/MS. If the separation capability of QTA/MS were fully developed, then these
species could be identified automatically by comparing them direcdy with the standard NBS
fragmentation pattern library. Because the separation capability is not fully developed, the
identification must be made manually. This has been performed by comparing the
QTA/MS fragmentation data, Table 5-2, with the GC/MS fragmentation pattern data, Table
5-%. This approach was taken because these should be a high degree of commonality
between th2 species evolved in GC/MS and those evolved in the isothermal outgassing test,
particularly with respect to the most abundant species. Also, using the GC/MS data rather
than the NBS library as a reference required making a smaller number of companisons,
which was an important consideration since the comparisons were made manually.

There are several reasons why the QTA/MS fragmentation pettcms may not match
with one or other of the GC/MS patterns: ]

(i) In general, different mass spectrometer ionizers will produce quantitatively and




qualitatively different mass fragmentation pattems for the same species. Henos,

differences should be expected between the QTA/MS and GC/MS mas,

fragmentation pattems, even if the species are identical .

(i) Because of the different test conditions, the outgassing test may evolve species
not detected by GC/MS and vice versa. Indeed, there are even significant
differences between the species evolved in the 125°C wnd 200°C GC/MS tesss.

(iii) The QTA/MS fragmentation pattern data given in Table 5-2 for a particular
species may not in fact be the pattern of a single species, for one of the following
reasons:

- Because QTA/MS uses a single evaporation process o separate species, its
temperature separation capability has limits. Hence, the fragmentation pattern
nominslly assigned to a single species evaporating at a particular QCM
temperature may corntain fragments fromn a slightly mcre velatile species

- which Las not completely evaporated at that temperature or fragments from a
slightly less volatile species which is just beginning to evaporate at that
temperature, ’ :

- Many specics form azeotropes, and, as a result, two or more species may
evaporate at the same temperature. Also, small amounts of less volatile
species can be carried away from the QCM at a lower temperature by the
evaporation of a raore abundant, more volatile specfes in which they are
soluble. ,

- Inthe present test, the presence of the spurious peaks made it pussible to
confuse the mass spectrometer peaks produced by evaporation from the
QCM crystal with peaks produced by evaporation from the QCM case.

The following section identifies each of the species listed by evaporation temperature
in Table 5-2. Each of the above issues is considered in making these identifications. The
identifications are summarized in Table 5-6. In Section 5.2.2.2.2.1 the fragmentation
patterns produced by QTA/MS and GC/MS are compared for the two most abundant, best
separated, and easily identified species. [n Section 5.2.2.2.2.2 the identities of the less
abundant and less well separated species are estimated.
5.2.2.2.2.1 The 198 K and 158 K Species

The most abundant species detected by QTA/MS were the 198 K and 158 K species.
The differential QTGA data, Figs. 5-8, 5-10, and 5-11, indicate that these two species are
relatively well separated from other species by QTA. Tue ability of QTA/MS to identify
species is first examined for these tv/o cases.
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The 198 K Species: Figures 5-38(2) and 5-38(b) show the raw experimental mass
spectra for the QTA/MS test at 198 K and the 20G°C GC/MS test at 596 s, respecively.
The 200°C/596 s GC/MS species is an alkyl silicate. The match is good qualitatively in that
the major peaks occur at the same m/e locations. However, the quantitative msatch is
poorer. The spectrum from the GG/MS shows fawer major pe:aks, while the heights of the
mingr peaks are less than 20 percent of the major peak. The degree of correlation is
sufficient to identify the 198 K species as an alkyl silicate. However, it is appropriate to
investigate the quantitative differences further,

Because cf the different plot formats, the QTA/MS and GC/MS data are difficult to
compare directly and so the data have been extracted from Fg. 5-38 and Tables 5-2 and 5-5
and have been entered into Table 5-7. Table 5-7 gives the magnitude of the 12 largest
QTA/MS peaks for the 198 K species and the magnitude of the GC/MS peaks greater than
10 percent of the principle peak for the 596 s alky! silicate specics. The table also gives the
magnitude of the GC/MS peaks correspoading to ths most abundant QTA/MS peaks.
Table 5-7 shows that the two spectra are qualitatively very similar, but that the QTA/MS
mass spectrometer system does not resolve the m/e peaks as precisely as does the GC/MS
mass spectrometer. For example, in the QTA/MS data the abundance of the m/e=152 peak
is almost the saine as the 151 peak, while in the GC/MS data, the m/e=152 peak is only 10
percent of the 151 peak.

To permit a beuter comparison of the two spectra, thc QTA/MS spectrum has been

ified by adding the ion counts from the poorly-resolved adjacent mass peaks at m/e

equal to 62/63, 79/80, 151/152, and 235/236 and renormalizing the peak heights. The
GC/MS and modified QTA/MS spectra are compared in Fig. 5-39. The three major
fragment ion peaks occur at the same m/e for both spectra. With the exception of the
m/e=27 and 30 peaks, which were not recorded in the GC/MS test, the 13 major peaks of
each spectrum appear at the same m/e. W:thdnsmodnﬁcauonmmeQTA/MSspecmmme
© two spectra now agree fairly well qualitatively.
The 158 K Species: The second most abundant species is the 158 K species.
Comparison of Tables 5-2 and 5-5 shows that the 158 K peak locations coincide exactly
with those of 1-propanol in the GC/MS test. However, as was noted for the alkyl silicate
above, the magnitude of the peaks in the two spectra is very different. For example, the
14, 15, and 19 peaks are very sr=all in the GC/MS spectrum but are major-pegks in the
QTA/MS spectrum. However, the peak heights cannot be compared quantitatively because
many of the QTA/MS peaks are saturated at 20120.

The 198 K and 158 K data clearly demon:trate the ability of QTA/MS to chemically
identify evolved species, at least for the most abundant, best separated species. The
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Fig. 5-38

Comparisor: of Mass Spectra Obtained Curing QTA/MS of the Outgassing
Products from R-2560 at 125°C and GC/MS of the R-2560 at 200°C.

(a) QTA/MS Mass Spectrum of Evaporating Flux at a QCM Temperature of
198 K and (b) GC/MS Mass Spectrum for Alkyl Silicate at Scan = 596 s.
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Tadle 5.7

Comparison of QTA/MS Mass Spectrum at 198 K
and GC/MS Spectrum for Alkyl Silicate

Muslcwge Alkyl Silicate Spectrum by QTA/MS Spectrum Modified QTA/MS
GC/MS - Peaks > 10 penent ~ 12 Largest Peaks Spectrumt

r4) - 672
30 - 63.1
41 9 519 -]
4 14 592 k |
62 1 664 0
63 17 649 664
™ 100 98.1 9%.9
80 6 936 0
8 12 152 17
93 19 273 13.7
105 10 177 9.0
121 27 428 20
138 n 300 150
151 a4 95.7 920
152 : 4 87.1 0
m 1] 368 186
193 14 553 280
25 kY] 9.7 100
26 6 100 . 0

1 Percentages from adjacent peaks 62/63, 79/80,151/152, 235/236 have becn added, totals have been
assigned to precominant mass number in GC/MS speczrum, and spectrum has bosn renormalized,
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1-propanol matchup is very good qualitatively, and if the mas. spectrometer gain had been
reduced so that th : system had not saturated, the spectrum would probably have been good
enough to have obtained this ideniification from a standurd library. The alky! silicaic
matchup is a better example of the capability of QTA/MS because the spectrum is mare
complex. It is concluded from these two examples that the caability of the QTA/MS test to
separate and identify species has been demons‘rated in principle.
§.2.2.2.2.2 The Less Abundant Species

This section proposcs ciicmical identities fcr the less coundant QTA/MS species by
comparing the QTA/MS mass fragmentation patterns from Table 5-2 with the chemicaily
identified GC/MS mass fragmentation patterns in Table 5-5.
95 K: Ion count peaks at m/e=12-18, 27-33, and 4348 suggest that this species peak
is due primarily to atmospheric gases. These may be absorved in the sample or an artifact
of the initiai effusion cell insertion into the main chamber. Since the auxiliary chamber i3 at
a higher pressure when the isolation valve is opened at the beginning of the isothermal
outgassing test, some residual atmospheric gases will pass into the main chamber.
145 K: Ion count peaks at m/e=89, 91, and 52 and the mid-40s suggest toluene. Peaks
in the high 70s and low 50s suggest benzene. The evaporation temperature is consistent
with the vapor pressure of .. . hese species. There are additional ion peaks for this
temperature at m/e=103. - ~ .nd 133 which do not correlate with any species with a
volatility higis cacugh to evaporate at this temperature. These three peaks appear
individually in the spectra of a!l the methyl cyclosiloxanes, but appear together only in
hexamethyl cyclotrisiloxane and uctamethyl cyclosetrasiloxare. Since many siloxancs are
soluble in toluenc, it is suggested that the 145 K species is a mixture of toluene and
benzene, with fragments of a higher molecular weight species such as onc of the smaller
methyl cyclosiloxanes appearing because of a carry-over effect.
150 K: Because of the value of the evaporation temperature, the najor ion peaks at
m/e=18 und 19, and absence of any other peaks, this species appeats to be water.
158 K: This species was identified as 1-propanol in the previous ssction.
170 K: This species is identificd as hexamethyl cyclotrisiloxane mainly on the basis of
the ion peak at m/e=207, which is the (M-15) peak. Other confimming matches cccur at
nVe=208-209, 176, 161-163, 147, 133, 117-119, 89, 75-78, and 73.
175 K: There are fuw ion peaks suituble jor identifying this species Itis believed to be
octamethyl cyclotetrasiloxanc on the basis of the peak at m/e=281, which is the (M-15)
peak.
185 K: There are few icn peaks suitable for identifying this species. 1tis believed to be
decamethy! cyrlopentasiloxane on the basis of the pcak at m/e=355, which is the (M-15)
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peak. There is also a match at mye=170.

198 K: This species was identified as an alky! silicatc in the previous sention. ’
210 K: This species cannot be identified with any confidznce. Tts most distinct peaks

occur at m/e=279-280 and no GC/MS-identified species has a peak at these values. /
220 K: This species matches with the "similar 1o dodecanoic acid” 862 s GC/MS species "
on the basis of peaks at m/e=102, 115, 171, 183, and 201. It has a prominent peak at
m/e=24. which was used to locate the species. However, no m/e=242 peak was found for
any of the species detected in GC/MS.

230 K: This species matches with the "unspecified silicone (alkyl or aryl)" 964 s
GC/MS species. The match is based on peaks at m/e=327, 343, and 405.

238 K: This species appears to be a mixture of several species. Table S-S gives the
mass fragmentation patterns for cosamethyl cyclodecasiloxanc as determined in both the
125°C and 200°C GC/MS tests. The patterns for the two test temperatures are slightly
different, and the 200°C pattern has been truncated. If these pattems have been comectly
identified and are taken together, then most of the 238 K species can be identified as
cocamethyl cyclodecasiloxane. However, some important peaks such as m/e=494, 403,
392, 387, and 156 cannot be associated with cosamethyl cyclodecasiloxane based cn the
the GC/MS data of Table 5-5. Of these, the m/e=392 and 494 peaks do noi appear in any
GC/MS pattems, while the m/e=403 peak appears in GC/MS at 1049 s and 1102 s, and the
‘m/e=156 peak appears in GC/MS at 919 s, 964 s, and 1008 5. It is suggested that the 238
K species is predominantly éosamcthyl cyclodecasiloxane, but may also include some 919
s and 1049 s phenyl methyl siloxanes. These latter two species are suggested because of
their higher abundance in the GC/MS test and their higher volatility than the 1049 s, 1102
s, and 1008 s GC/MS species.
; 250 K: On the basis of matches at m/e=341, 403, and 491 this species matches with the
: GC/MS 1102 s species, which was identificd as docosamcthyl cycloundecasiloxane.
: However, the fragmentation paitern does not match that of the GC/MS 1025 s species
! which was also identified as docosamethy| cycloundecasiloxane,
) 285 K: Most of the fragments from this species are common to a number of other
species and so cannot be used for identification. The unique fragments are in the m/e range
of 372-378 (maximum at m/e=373) and 451-455 (raaximum at m/e=452). Since no peaks
were found in this range for any of the species evolved in the GC/MS tests this species
cannot be identified.
290 K: The fragmentation pattern for this species matches very well with the pattem for
\ ' the aromatic acid detected by GC/MS at 1484 s,
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5.3 OUTGASSING RATES OF INDIVIDUAL SPECIES
In this section the mass spectrometer data obtained for the mixed outgassing flux
during the isothermal outgassing test are analyzed and processed to determine the
outgassing rates of the individual outgassed species. The data analysis procedure originally
proposed in this program (see Fig. 2-2) called for determining the individual species
=~ outgassing rates from the mass spectra of the mixed outgassing flux using individual
species mass fragmentation pattern data measured by QTA/MS and a deconvolution ,
algorithm. As noted in Section 5.2.2, the QTA/MS technique was not able to provide the
individual species mass spectra in a sufficiently refined form to enable the analysis to be
completed in the proposed manner. Also, the mass spectrometer data did not have enough .
dynamic range to be qualitatively accurate. However, it was possible to work around these
difficulties and determine the individual species outgassing rates by an ultemative method.
This section begins by discussing some fundamertal aspects of the measureC mass
spectrometer data in Section 5.3.1. The procedure for determining the outgassing rates of
the individual species from the mass spectrometer data is then presented in Section 5.3.2.
5.3.1 Mass Spectrometer Data - Basic Cunsiderations
5.3.1.1 Data Acquisition and Output
During the isothermal test, the mass spectrometer monitored the outgassing flux by
scanning the m/e range of 10 to 500 at S-minute intervals and recording the ion count at
cach m/e valuc. Although the mass spectrometer has an available rnve range of 2 to 1023,
the measurement range was truncated at 500 1o reduce the amount of data to be handied.
This range is generally adequate for chemically identifying most of the outgassed species,
since the most abundant fragments usually occur within this m/e ringe. However, the |
major fragments of homologous series of species such as the methyl cyclosiloxanes often
occur at the same m/e location as many other members of the series, in which case the
major fragments are useless for tracking the behavior of a particular member of the series.
{ Fortunately we found that many of the members of homologous series had minor but
clearly unique fragments at m/e values Ligher than i1/ = 200 and all the way up to m/e =
500, and these fragments were heavily depended on for tracking and ideatifying the
species. Itis highly likely that additional unique fragments for the higher molecular weight
species could bave been found at m/e values above 500. We, therefore, later regretted that
the data truncation had been made at m/e = 500 and it is planned to use an m/e range up to
at least 700 in future testing.
A basic limitation of the present data is saturation of the mass spectrometer
clectromater at early test times. The electrometer has an upper limit to its capacity to
measure ion count. When the icn count exceeds this capacity, the elecirometer output does

—_———. .
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not respond further, und instead indicates a constant maximum reading. The mass
spectrometer electrometer range can be adjusted down or up, either to accommodate the
high outgassing rates of the major species at the beginning of the west without saturating, or
to detect the low outgassing rates of minor species at lcnger test times, respectively.
However, with the present mass spectrometer system the electrometer range cannot be
automatically changed during a test. Changing the elecrometer setting would require
“stopping data collection, manually changing the electrometer range, ana then resuming data

acquisition with a new data file. While this requires only a few seconds to accomplish, the -

post-test correlation of the data from multiple files with different electrometer ranges is 00
tedious to be included in an alrealdy too complex data reduction procedure. A single
electrometer setting must therefore be used for the entire test and in selecting this setting, a
trade-off must be made between loss of carly time data because of satur..'on and Joss of
later time data because of low signal to noise ratio. We decided in the present tests to risk
sacrificing some of the early-time high ion count data for some m/e values in order to be
sure of detecting the lower ion counts at longer test times. The same electrometer range
setting was used for both the isothermal outgassing test and QTA/MS phases of the material
sample test, for al! materials. At this setting, saturation occurred at an ion count of 30120.
The primary experitental mass spectrometer data acquiced were the mass spectra for
nve from 10 to 500 at 5-minute intervals Whroughout the test. The mass spectrometer
software provides the total mass spectrum at each point in time and the variation of the ion
count for each m/e value with time. All data can be provided iri terms of actual ion cuunt or
as a percentage of the highest peak in graphical or tabular form. The vacuum chamber
background spectrum, measured immediately before insertion of the 1est sample, can be
subtracted from the spectra measured during the outgassing test to give the true contribution
of the outgassing species. .
§.3.1.2 Typical Raw Qutput Data
Figures 5-40 and 5-41 show examples of ion count data versus time for various
- typical low and high nve values, respectively, before subtraction of the empty chamber

background. All of the plots show an initially high outgassing rate followed by a d=cline to .

a Jower rate, which is characteristic of all types of outgassing mechanisms. Also, all of the
plots show considerable fine structure, including several maxima and minima in the first §
hours which are discussed in more detail in Section £.3.1.3. Some of the plots for the
higher molecular weight species also show a slight increase in rate at longer evacuation
tmes. This clearly cannot be explained by a simple depletion mechanism and may be due
to the production of 2dditional volatile components during the test as a result of continued
curing of the sample. '
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R-2560 at 125°C. Plots of Ion Counts Versus Time for Low m/e Values:
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Figure 5-40(a) shows the data for the m/e 18 fragment, which was unique to water.
The mass specnmﬁeta is saturated at early times but the count falls very rapidly to a fairly
constant value. Later, this section shows that when the pre-test main chamber water
background is subtracted, the net water ion count is zero after a few hours of outgassing.

Figure 5-40(b) shows the data for m/e of 35 which was unique to 1-propanol. It
shows that this species was almost completely outgassed within the first 5 hours.

Figure 5-40(c) shows the plot for m/e equal to 73. This fragment is common to all
siloxanes and was significant throughout the test. The siloxanes have relatively high
molecular weights and hence lower diffusion coefficients, and so they outgas more slowly
and over longer durations than water and 1-propznol. As a result, the initial peak is less
pronounced and the ion count falls more slowly with test time. The increasing peak height
in the latter half of the test was obscrved in a large number of the higher molecular weight
fragments and, as was previously mentioned, is believed to be the result of continuing
curing of the test sample at the elevated test temperature of 125°C.

Figures $-41(a), (b), and (c) show the time variation of the m/e=151, 481, and 451
fragments, which wer unique to the 198 K alkyl silicate species, the 238 K, and the 285 K
species, respectively. These plots show the gradual modification of the basic outgassing
characteristic towards smaller initial peaks and slower rate of decline with time as the
molecular weight of the parent species becomes larger.

§.3.1.3 Correlation of Mass Spectrometer and Mass Loss Data ,

Figure 5-42 shows the normalized average ion count (AIC) data as a function of test
time. The data show a major peak shortly after the effusion cell is inserted into the main
shamber, followed by several other peaks and valleys in the zero to S-hour time period. At
later times, the curve is fairly regular, with the exception that the AIC increases towards the
end of the test. AIC is a function of the total outgassing flux, and the ratio of AIC to the
total outgassing rate (TOGR) should depend only on the mass spectrometer electron
multiplier gain and the average ionization constant of the outgassed species. S.nce
experience has shown that the multiplier gain remains constant over periods of several
days, the ratio of AIC to TOGR should vary only with the average ionization constant.

Figures 5-43(a) and 5-43(b) presert a comparison of the time dependence of TOGR
and AIC data. The TOGR and AIC data were extracted directly from Figs. S-1(b) and
§-42, respectively. The very short duration AIC peak which occurs right at the beginning
of the test was excluded from the plots and is discussed later in this section. The ordinate
units in Figs, 5-43(a) and 5-43(b) are arbitrary and have been adjusted to permit making a
simple visual comparison of the AIC and TOGR on the same graph.

Figure 5-43(a) shows AIC and TOGR for the first 10 hours of the test. The plots are
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qualitatively very similar in form. Both the TOGR and AIC data show peaks and valleys in
the first 5 hours occurring at the same points in time. The coincidence cf these peeks and
valleys confirms that the twin peak effect observed in Fig. 5-1(b) is real and not an urtifact
of the QCM mass measurement system. The first peak is probably due to release of volatile
species present in the sample prior to the test, while the second peek may be due to
additional curing of the sample as it was heated to the 125°C test temperature.

A quantitative comparison of the TOGR and AIC curves indicates that the AIC is
relatively lower than the TOGR during the first S hours of the test, after which the two
curves appear to track each other very closely. The relatively lower values of AIC in the
first S hours is a consequence of the saturation of the mass spectrometer for many m/c
values during this ime period. When saturation occurs the ion count number used by the
mass spectrometer data reduction system to calculate the AIC will be systematically lower
than the true value. The ion count data presented later in Table S-8 show that the ion counts
for most m/e values fall below the saturation level after about § hours. Afier this time the
AIC does begin to track the TOGR accarately as shown.

Figure 5-43(b) shows the AIC and TOGR data for the entire test duration. The AIC
tracks the TOGR fairly closely after the first § Lours, indicating that the AIC is a good
quantitative indicator of mass loss rates. The AIC curve does fall slightly relative to the
TOGR curve as the test proceeds, possibly due to a slight decrease in the average ionization
constant of the mixed outgassing flux with time.

The initlal high but brief peak observed in the outgassing rate data, Fig, S-1(b), and
the AIC data, Fig. 5-42, occurs immediately following the opening of the isolation valve
for insertion of the test sample. This peak is most probably due to the detection of residual
ammospheric gases from the auxiliary chamber, whose pressure had not been reduced to the
the level of the main test chamber at the time of insertion. It is less likely 1o be due to
species desorbed from the surface cf the sampie, effusion cell, or auxiliary chamber since
the auxiliary chamber had been pumped on for 5 mirutes before sample insertion, and most
of the adsorbed atmospheric species would have been removed by this time.

5.3.2 Outgassing Rates of Individual Species

The outgassing rates of the individ'1al species were determined using the following
four manua; data reduction steps:

(i) The entire body of mass spectrometer ion peak height data was entered manually

into a computerized database.

(ii) lons for tracking the behavior of each of the outgassed specics were selecied

using the QTA/MS data of Section §.2.

(iii) The time dependznce of the outzassing rates of each species was determined
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from the time dependence of its seiected tracking ions.
(iv) The atsolute outgassing rate of each species was calculated by multiplying its
time-dependence characteristic by an appropriate proportionality constant.
These steps are described in the following sections.
5.3.2.1 Data Inventory

The jon count data for the full 10 to 500 m/e range were printed out in tabular form by
the mass spectrometer data system for test timnes of zero, 0.333, 1, §, 10, 20, 30, 40, and
48 hours. These data were then entered into a Miciosoft Excel database worksheet on the
Macintosh computer to create Table 5-8. The spacing of chese test times was considered to
be adequate for characterizing the time-dependence of the data for modeling purposes. The
zero time data characterized the main chamber background 15 ininutes prior % inserton of
the effusion cell and test sample. Sample insertion into the main chamber and initiating of
heating to 125°C occurred at 0.25 hour. The 0.333-honr data were recorded 5 minutes after
the time of insertion of the effusion cell into the main test chamber. By 1 hour, the sample
had reached the test temperature of 125°C. (The test start-up procedures and timing are
given in more detail in Table 4 -1.)

The data for 0.333 kour have been entered into the table in both absolute and
background-subtracted form tc show more clearly those m/e values that were saturated at
the beginning of the test. Many of the lower m/e values were saturated at 30120 at the
beginning of the test, as well as the m/e=121, 151, 177, and 235 ion peaks associated with
the 198 K alky! silicate species. By § hours, saturation occurs only at m/e values of 27,
42, and 43.

The data for times of 1 hour through 48 hour were entered into the table in
background subtracted fonn only.
5.3.2.2 Selection of Characteristic Fragments

There are two possible methods for tracking individual species in the mixed
outgassing flux. The first method is to determine the unique fragmentation pattern of each
outyassed species using QTA/MS and then to enter these individual pattems and the mass
spectra for the mixture of species measured at each point in the outgassing test into a
deconvolution aigorithm to resolve the contributions of each species. This option is not
feasible at this time because the QTA/MS test was unable to separate the species sufficiently
to produce reliable single species fragmentation patterns. Also, although deconvolution
algorithms are commercially availatle, there would have been insufficient time and funding
available to adapt thera to the present test. Finally, because of the saturation issue the ion
count data are not quantitatively accurate at early tcst times and so could not be used with
confidence in a deconvolution procedure.
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Table $-.8

Inventory of Mass Spectrometer Ion Count Data
from the Isotherinal OQutgassing Test
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The second option is to track a species using one cr more unique m/e fragments, if
such ions are available. The time-dependence of the outgassing rate of the parent species
should be the same as the time-dependence of these ions. ‘This was the procedure selected
for analyzing the data of Table 5-8.

A list of candidate ions for tracking ¢ach species v-ere identified by inspecting Table
5-2. Some species, such as the 198 K alky! silicate, had several unique ions, while other
species had few or no absolutely unique ions. For the latter species, ions were selected
which were not truly unique but which were considerably more abundant for that species
than for the others and so could poscibly be used to track that species with an accuracy
acceptable for the present purposes. For this reason it is more appropriate to refer to the
ions listed in Table 5-9 as "racking ions’ rather than 'unique ions'. The ions selected for
tracking each species are listed in Table 5-9.

It was more difficult to select unique ions for the lower molecular weight species
because the’r major peaks frequently coincided with fragments from high molecular weight
species. For the higher molecular weight species, many of the major fragments were
coincident, such as the 73, 135, and 147 peaks for the siloxanes. However, for the high
molecular weight species, it was generally possible to identify ions at high m/e values
which, although not very abundant, were clearly unique. During this search for unique
ions for the high molecular weight species, we concluded that during the outgassing test, it
would have been very useful to have recorded mass spectrometer data for m/e values
considerably higher than the arbitrary cut-off of 500.

The tracking ions for each species were then entered into the Table S-8 Excel database
worksheet as selection criteria. Using the Excel data extraction feature the data for ion
count versus time for each of the candidate unique ions were extracted from the main
database aid entered into a separate worksheet dedicated to that outgassed species. The ion
count data for each m/e were then plotied versus time.

As an example of this procedure, Figs. 5-44(a), 5-44(b), and 5-44(c) present plots of
the time dependence of the tracking jons selected for the 198 K, 210 K, and 150 K species,
respectively.

Figure 5-44(a) shows the time dependence for the 198 K tracking ions. For this
species there were several unique ions, and the figure shows that the level of agreement
between the time-dependent data for the various ions was good. The data for the ion at

‘m/e=177 show seme scatter, but only at ion count valués of the order of 100 or less, which
was in the noise range for this test.

Figure 5-44(b) shows the tracking ions for the 210 K specics. There were only two
unique ions for this species and these ions had low abundances, so the data had significant




Table 5-9
Tracking ions for the Various Qutgassed Species

SPECIES LOCATION IGNS SF* ECTED FOR TRACKING (nve)

95K 15;16;17;44:45
145K 49,0:51,75,89;91:92;103;117;133
150K 18;19
158 K 38:39,40:41;42;43:44;¢-.  2-59,60;61
170K 161;167,163;170,207, .3
175K 281;282
185 K 358
198 K 63;80;83;121;151;177,193,235:265
210K 279,280
20K 183;184;202;203,243;243,244
230K 327:328,329,365;366;367:405;406,407;408,420;421:422
218K 344;401;417;418,419,480,481,482,494,495.496
250K 341;342:403:404;491,492:493
285K 373:374:375:376:389,390,451,452,453,454,455
290K 187,197:198,209:216:217:218:219:259:260;391,392;465; 466,467,468

scatter. :
Figure 5-44(c) shows the ion count for the m/e=18 ion, which was associated only
with water. The curve fit on Fig. 5-44(c) shows that the ion count clearly decreases
exponentially with time. Characteristically, diffusion-controlled outgassing decreases with
a -1/2 power dependence on time in the initial stages of outgassing and then exponentially
with time at later times. Figure §-44(c) is thus consistent with the later stages of
diffusion-controlled outgassing of water. '
5.3.2.3 Outgassing Rate Time Dependence for Each Species

The contributions of the tracking ions for each species were summed,- The summing
process served to reduce random noise and generate the best available time-dependence
characteristic for each species. For example, Fig. 5-44(b) shows how summing smooths
out some of the noise in the limited data available for the 210 K species. The summed ion
counts for the various species were then entered into another data base for final processing.

From this procedure, we found that wates, the 150 K species, is the only species
outgassed from R-2560 which had a time-dependent outgassing consistent with depletion
of a fixed initial concentration by diffusion-controlled oxigassing, i.c., a -1/2 power
dependence on time in the initial stages of ouigassing, followed by an exponential
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dependence on time during the later stages. The outgassing rates of all other species tend to
. be more extended with time, as though additional volatile species are being actively
produced during the test. The explanation may be that water occurs in the sample only as a
result of its exposurc to the atmosphere and outgasses by simple diffusion of this fixed
initial concentration. The other outgassed species occur as a result of the chemistry of
curing of the RTV and so continue to be produced as the sample cures at the elevated test
temperature of 125°C. As a result, their outgassing rates at longer test tmes remain at
higher values than would be expected from the fixed initial concentration model.
5.3.2.4 Calculation of Individual Species Outgassing Rates

If the iorization constant of the outgassing flux is constant, the outgassing rate of a

particular species at 8 given time, t, should be directly proportional to the total ion count of
its racking ions. This relationship is expressed by Eq. (5.8).

OGﬂJ(ﬂ - PJ X lj(‘] (5 8)
[locrmiae = Py x [Phwet
where OGR,(t) is the outgassing rate, I)(t) is the total ion count of the tracking ions, and P, is
the proportionality constant for the jh species at time, t. The outgassing rate of the jib

species is related to the total sample mass loss by Eq. (5.9).

A JlOGRMA - TMLx my x 1) (5.9)

where TML is the saniple total mass loss, my is the sample initial mass, R, is the exposed
surface arca of the sample, and f, is the fraction of the jih species in the outgassing
products. Combining Egs. (5.8) and (5.9) gives the following expression for P,

Py = (TMLx mg xf) + (R (') ct) (5.10)

The icn count integral for the tracking ions is related to the area under a plot of the
total tracking ion count versus time for the jtll specics, A, by Eq. (5.11)

f'ywat = Ay x 3600 (5.11)




‘The factor of 3600 in Eq. (S5.11) accounts for the abscissa of the time~dependent ion count
plots being prese:.ted in hours rather than seconds. A, can be calculated from the ion count
plots using the following modified Trapezoidal Rule expression:

A} = L(0333)x(05-025) ° (5.12)
L4 IJ(" x(15-05)
o (LM -0 - 1(S)) % 2.25/4)) x (S -15)
L4 (UJ(S) . 11(10)3/2) x (10-5)
+ ((1,10) « 1,(202)/2) % (20 - 10)
« ((1;20) + 1(30))/2) x (30 - 20)
+ ({1,(30) + 1,(40))/2) % (40 - 30)
+ ((1(40) + 1,(48))/2) x (48 - 40)

The mass of the R-2560 sample tested at 125°C was 2.40841 g, and the TML measured in
situ was 1.255 percent. The exposed sample area was 1.43 cm2.  Combining the above
equations and data gives the following expression for the proportionality constant.

" P) = (001255 x 2.40841x f;)/143) + (A x 3600)

- S8N3x10% x (/A (5.13)

The fractions f; o: each species in the total mass outgassed as calculated from mass

specirometer data are given at the bottom of Table 5-2. The proportionality constants P,
have been calculated for each species using Eqs. (5.12) and (5.13) and the Table 5-2 data
for f;. The outéassing rates of each species at cach point in time have then been calculated
from the ion count data using Eq. (5.8) and have been presented in Table 5-10.

The data of Table 5-10 have been plotted in Fig. 5-45. The more volatile specics
show a much greater decrease in outgassing rate with time than the less volatile species.
Also, inspection of Table 5-10 and Fig. 5-45 shows that the outgassing rate of the more
volatile species is highest right at the beginning of the test, at 0.333 hour. On the other

. hand, the outgassing rate of several of the less volatile species rises from 0.333 hour to 1
hour. This lends suppoit to the proposition that the sample continues to curc as it is heated
to 125°C, and perhaps all through the test period.

Figure 5-46 compares the total outgassing rate, extracted from Fig. 5-1(b), with the
total cutgassing rate calculated by adding all of the individual rates in Table 5-10. When it
is remembcred thet mass spectromstry is not a quantitatively precise technique and that the
mass spectrometry-derived outgassing curve is based on manual analysis of the data, ihe
agreement between the two curves is gererally good. The two peak structure in the
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0.5-hour time period does not appear in the mass spectrometer-derived curve because of the
specific test times selected for analyzing the isothermal test mass spectrometer data. At later
times, the mass spectrometer data indicate a slightly higher outgassing rate in the 5- 1o
20-hour period, and a slightly lower outgassing rate in the 20- to 48-hour time period than
the QCM collection data. The calculation of total outgassing rate from the ion count data
was made orf the assumption that the ionization constant does not change throughout the
test. In fact, the changing relationship between the two outgassing curves with time could
be credibly explained by a decrease in the icnization constant with time as the species-mix
in the outgassing flux changes with time.

We reached a similar conclusion by comnparing the AIC and total outgassing ratc data
in Section 5.3.1.3 and Fig. 5-43.
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Section 6
MATERIAL DATABASE MEASUREMENTY : ROGRAM

This section presents the results of the measurement program in which the test
method was exercised and demonstrated by using it 1o create u material datatase. Section
6.1 describes the macerial test program. Section 6.2 reviews the types ot data included in
the database. The irxin body of the database is presented in the Appendix.

6.1 MATERIAL TEST PROGRAM
6.1.1 Test Matrix

Table 6-1 lists the 20 sample materials testeG. The materials were selected by the Air
Force Materials Laboratory. The list includes five principal groups of materials -
adhesives, films and sheet materials, oils and greases, paints and thermal control ¢natings,
and carbon-reinforced composites.

The original nominal goal of the test program was tc test 25 materials. Because of the
developmental nature of the test method, some evoiutionary changes were made to the
apparatus, test procedure, data acquisition, and data output during the cariy pa~t of ke test
program. Because of these changes, we decided to re(> * a rumber of materials. Also, a
number of tests had to be repcated because of unexpected events such as storm-caused
power failures. As a result, although 26 material tests and an additione] 7 emp'y effusion
cell checkout tests were performed during the program, the database contains only 20
materials.

6.1.2 Material Sample Sources

The adhesives and films and sheet materials were all standard aerospace materials and
were obtained from controlled Lockheed stock. In the absence of an industry-wide
standard specification system to estzblish compliance and traceability, the material sample
specification includus ths Lozkheed EPS (Engincering Purchase Specificaton) number. In
the Lockheed system, materials are identified by the LMSC Raw Material Convenience
Number, which approves a material and identifies it by a seven-digit Engineering Purchase
Specification (EPS) number which descnibes its peculiar characteristics {type, class,
dimension, etc.). Compliance of the matcrial 1s verified, before asceptance, by the
Lockheed Material and Process Control Laboraiory Standard test inaterial samples were
purchased according to the EPS number. Where applicable, standard material samples sre
prepared and applied according to a Lockheed specification.

The Brayco oil and the Braycote grease viere donated by Burmah-Castrol Inc. Ths
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VacKote and the Krytox oil samples were supplied by AFWAL Materials Division and E.1.
Dupoat 4v Nemours Co., respectively. All nf t-e vils and greases were supplied in sealed
plastic or glass containers.

The $/13G/LO-V10 paint samples were prepared and shipped to Lockheed by the
University of Dayton Research Institute. The LMSC 1170 thermal control coating was a
developmental material prepared and supplied by the LMSC Materials and Processes
Engineering organization. The remaining paints and thermal control coatings were obtained |
from controlled Lockheed stock, and test samples were prepared according to standard
Lock!.ved specifications.

Tre AS4/PEEK, AS4/PPS and AS4/3501-6 (Source A) carbon-reinforced composite
materials were prepared and supplied by Martin-Marietta of Oak Ridge, TN. The
AS4/3501-6 (Source B) material was nominally the same as the composite supplied by
Martin Marietta but was prepared and supplied by AFWAL/MLBT.

All standard materials were prepared and handled according to standard Lockheed
procedures, which should be typical of the industry. For nonstandard, and/or
developmental materials, the need to maintain sample cleanliness, the nature of the intended
testing, and the necessity that the samples be representative of the bulk parent material were
stressed to the suppliers.

6.1.3 Test Sample Preparation

-The test sample geometry for each material was selected according to the guidelines of
Section 4.1,

The four adhesives tested were poured or injected before curing into cylindrical
open-ended stainless steel tubes approximately 1.00 inch long by 0.375 inch diameter.
This geometry constrained diffusion within the sample to be one-dimensional flow along
the the axis of the tube.

The five thermal control coatings and paints were aupplied to aluminum disks 1.00
inch diameter by 0.25 inch thick.

Fi!m and sheet materials were tested ir as-supplied form. Test samples of the 1 mil
FEP Teflon and the 5-mil Mylar films were cut from 48-inch-wide rolls of sheet matcrial.
Test samples of the 1-mil Kapton were cut from 18-inch-wide -olls of sheet material.

The greases and oils were placed in small aluminum foil or stainless steel dish holders
in the effusion cell. The holders maintained constant surface arca for evaporation and
permitted «ne samples to be weighed. The aluminum foil holders weighed approximately
1.5 g while the stainless steel holders weighed approximately 9.0 g.

Composite materials were tested in as-supplicd form, without the use of special
holders. The composite materials were typically supplied as 1.00-inch-square samples
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about 0.050 inch thick.
6.1.4 Test Parameters

Table 6-2 list- the test carameters. The sample temperatures were selected acconding
t0 the grideiin=s of Sectio. 4 All materials were tested at 125°C and 75°C. Six materials
were also tested at 25°C, while a seventh was tested at 100°C. The remaining matcrials
were not tested at a third temperature in the interests of making the best use of available
funds.

6.1.5 Data Acquisition

Table 6-2 lists the data measured for each combination of material and tempcrature.
6.1.6 Data Reduction and Presentation

Table 6-2 lists data that have been reduced to date. All of the QCM collection data
have been reduced to obtain total outgassing rates and deposition data and are presented in
the database. GC/MS data for the materials are also presented in the database. No mass
spectromster data are included. Recause of the acknowledged level of difficulty involved
in analyzing the mass spectromecter data, the statement of work for the Phase Il Extension
did not require it to be reduced and presented. This level of difficulty is well demonstrated
for the example of R-2560 at 125°C given in Section 5. Also, because of funding
limitations, the deposition data for the 150 K, 220 X, and 298 K QCMs were not reduced
to the same level of detail described in Section 5 for the example of R-2560 at 125°C.

The contents of the database is described in more detail in Section 6.2.

6.2 DATABASE CONTENTS

Scction 6.2.1 lists the data presented in the database. Section 6.2.2 gives commen:s
on particular items of data.
6.2.1 Data Categories
The database contains, for each combination of mu.terial type and test temperature, the
following cat=gories of data: ‘
¢ TestInformation Summarty Sheet
*  Isothermal Quigassing Test:
- Total mass loss (TML) as a function of time.
- Total outgassing rate per unit exposed surface area as a function of time.
- Volatile Condensable Material (VCM) deposited on the 150 K, 220 K, and
298 K. QCMs as functions of time.
o Q. ATes:
- Fraction of total outgassing products remaining on the 90 K collector QCM
as a function of QCM teinperature during QTA.
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= Rate of evaporation frem the 90 K collector QCM as a function of QCM
temperature during QTA.
o GCMS Test:
« ldentification of the species evolved in the 125°C and 200°C GC/MS tests.
- Fraction of inaterial remeining in the GC/MS column versus scan time for the
125°C and 200°C GC/MS tests,
6.2.2 Comments on Data Categorics ' .
6.2.2.1 Test Information Summary Sheet
The data for each material are preceded by a data sheet which summarizes the tust
condiions and sample specifications. The compuier file numbers in which the raw data are
recorded are given. The sample surface area, the initial sample weight, test duration, and
the ex situ total mass loss calculated from the pre. and post-test laboratory balance
weighings are included in this section,
Comments on the conduct of the test are included where approprate. Comments
3 include the sample description, source, gecometry ard any test variations from the siandasd
procedure. If the comment is lengthy or applies to several material tests, there is a
reference to a numbered note in Section A.1.4,
6.2.2.2 Isothermal Qutgassing Test Data
The TML and VCM data presented include all recorded data points, with no

omissions or smoothing. Some of the data show periodic frequency shifts which are
‘" functions of the apparatus data acquisition and/or temperature contro: system. This is
3 particularly apparent for tests in which the amount accumulared was very small. It is

sppropriate for the user to smonth these data graphically, since these periodic variations do
not reflect real changes in either outgassing or deposion kinetics.

Because outgassing rates are calculated by dircect differencing of the QCM frequency
data, the effect of random and systematic fluctuations in frequency are amplified. As

discussed in Section $.1, this source of scatter can be reduced by averaging over longer
' data intervals. The outgassing rate data presented in the database have ail been smoothed
_,’"* by differentiating the frequency data over time intervals appropriate for reducing the noise ’
] and defining the character of the curve. These time intervals and the repetition of the

- smoothing technique varied between materials, In general, as the test method maturced and
" apparutus modificatioas were made to reduce the apparatus induced anise, the quzlity of the
{ outgassing rate curves also improved. Thus, less smoothing or sveragirg was required to
& firmly define the curves. This was also the case for the high outgassing materials which
had large deposition rates on the Q“Ms and, therefore, large signal to neise ratios.

As discussed in Scction 5.2, the VCM dara can be further reduced to obtain




deposition and evaporation rate data. 1his sdditional data reduction has not been performed
for the main body of data because of insufficient funding. However, the user should be
able to perform an analysis similar to that of Section $.1 using the VCM data provided.

No isothermal outgassing test mass spectrometer data have Leen included because the
magnitude of the necessary data analysis and presentation task was outside the funding
capacity of this contract.

6.2.2.3 QTA Test Data
Only the QTGA data for the 90 K QCM have been included, because, as shown in
Section $.2, the QTGA plots for the 150 K, 220 K, #nd 298 K QCMs do not contain any
additional usefu! data.

The linear-linear plot of evaporatiot. rate versus QCM temperature is included since it
clearly defines the evaporation rate regimes of the dif :rent species. The evaporation rate
data have been calculaied by differentiating the frequency data over time intervals
appropriate for resolving the different evaporating species. Sce dection 5.2 for an analysis
of the effect of interval size on smoothness and definition.

No QTA/MS data have been included in the database because the magnitude of the
task of analyzing and presen.ing them as described in Section 5.2 would be outside the
funding capacity of this contract. However, the data will be retained on computer disk and
tape files by Lockheed for future retrieval and dissemination.
6.2.2.4 GC/MS Tes: Data

The GC/MS data include a species summary of the normal data output {rom this type
of test. The mass fragmentation patterns of the various evolved species are not supplied
due to space limitations. The GC/MS mass [ragmentation patiem data would be required if
an analysis of the QTA/MS data in the manner described in Section 5.2 were to be made.
Since the QTA/MS zre not included in the the cutrent database there is no reason to include
the GC/MS data on this account. The GC/MS data would also be useful if the user wished
to verify the chemical identification of the evolved species made by the Lockheed Analytical
Chemistry Group. It was belicved that the number of users who would wish to make this
verification on a routine basis would be too small to justify the manpower and space
required for inclusion of this immense amount of data. These data, however, will be
retained on file by Lockheed, to be consulted upon request.
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Jection 7
CONCLUSIONS AND RECOMMENDATICNS

Section 7.1 presents the conclusiors that were reached about the performance and
utility of the test methad. Scction 7.2 presents reconunendations for improviag the test
method, implementing the data, and extending its scope.

7.1 CONCLUSIONS

The test method has bean demonstrated to be capable of measuring detailed data on
the kinetics of outgassing and deposition with ¢ nigh degree of accuracy and repeatatulity.
The apparatus is sufficiently robust for the ricthod to be used for routine testing with
minimum down time.

The capatility for measurirg the outgassing and deposition rates of each individual
outgassed species was established as an objective at the beginning of tne program. It was
recognized at the time that this was a very ambitious objective thai could not be reached
without developing what amounted to a new analytical chemistry tool. The new tocl was
an in situ chromatography technique referred to as QTAMS, which combines QCM
thermal analysis with mass spectometry. QTA/MS has not yet been developed to the point
at which it can be used to support the ambitious fully-computerized data reduction
procedures for determining individual species outgassing rates originally proposed as a
program objective. Howeve., Section S presents 8 manual method for determining the
individual specics outgassing rates which demonstrates that this cbjective has been reached
in principle. The manual data reduction technique is verv labor intensive, and funds were
insufficient 10 analyze all of the experimental data obtained in the datsbase measurement
program in this .aanner. It is believed that the ultimate objective of a fully computerized
method to determine individual species behavior is reachable if we make the minor
apparatus modifications discussed below,

. The major overall issue to emerge from the program is that of cost efTectiveness and
utility. The motivation for conducting the program veus to generate the detailed kinetic dna
needed to support system axndching. The contamenation madeling coramuaity traditionally

. likes to obtain as i kinetic data as possible to support their maodels in onder to maximize
realiun, However, kinctics data arc imuch mote costly to obtain per material than the
ASTM E 595 type screening test data, and cost elfectiveness censiderations will place a
limit to the amount of data detail that can be profitably uced to support systens desizn

analyses. Itis believed that the new test mettuxd can curtently provide a more detailed ' ovel



of material outgassing/depotition kinetics characterization than is necessary for most
program applications. Some input is now needed from the user community to help identfy
the most cost effective format for the test method and databare, .

The following sectivns discuss specific aspects of the test method apparatus and
procedure,

7.1.1 Basic Test Approach

The QCM collection technique has proven to be a very convenient and accurate
method for measuring total mass loss and total outgassing rate. The major potential
systematic weakness of the collection method is its inability to detect species which do note
condense at the collector temperature. However, the percentage of these species in the
outgassing products of polymers is usually negligibly small, and the inclusion of a mass

_spectrometer in the apparatus reduces the possibility that these species will not be detected.

Measurement of deposition rates using 8 QCM to simulate a surface is a very accurate
procedure and Las been used to perform basic research on surface deposition kinetics.
Deposition kinetics will, in general. de surface dependent, so strictly speaking, the data
presented here apply only to the swface of the particular QCM crystal used. However, it is
impractical to perform depusition tests for mec ¢ than one type of QCM surface because of
the cost. Also, most contamination deposition modcls currently used by industry do not
sccount for differer.ces in the deposition characteristics of difTerent types of surface.

Mass spectrometry is the most practical way to identify gaseous species in vacuum in
real time. The mass spectrometer was integrated into the test method with minimsl impact,
and proved to be very ieliable and casy to use.

The QTAMS technique, which combines mass spectrometry with the QTA test to
scpanate the different outgassed species and determine their mass fragmentation patterns, is
8 new form of gas chromstography. Development of a new chromatography technique
nonmally requires considerable dedicated research and development effort. The present
program atiempted to create, develop, and routirely implement the QTA/MS technique as a
subtask of the overall test method development and datahase measurement program. Not
surprisingly, evaluation of the QTA/MS technique took a large portion of the program
effort, and the description of this evaluation in Section 3.2.2 created the largest single
scction of this report. It is shown in Section 5.2.2 that the QTA/MS technique has been
demonstrated to a point at which its separation capability is adequate for suppcrting &
manual determination of the mass fragmentation patterns and chemical identity of the
outgassed species. 1t is believed that QTA/MS can be Geveloped into a routine test with
fully computerized data reduction if the ininor hardware charges listed in Section 7.1.2 are
made, and If the appropriate algorithms and data intcrfaces referred 10 in Section 7.1.5 are




cevtablinhed.

The test plan called fur deternunation of the outgasung 1atey of cach individual

curgassed speaics by computeazed deconvolution of the masy fragmentanon parten v
measured st cach pontan time an the nothermal outgasang tect vang mass fragmentation
pattem data for the individual species obtained fromthe QTAMS 1ot Althomph v was
teasible i ponaple, it regared many factors such as mass speciromter gan, 1mnizaton
constanty, wndividual (pecies fragmentation patterns, etc, to remain ¢onstant over the
dutation of a testan order for meaningful quantitative resulte to be obtained.  Alvo, 1t
reginred the many spectromerer to have a boplo dynanne range 1 order to ook the less
abundant pecics These grantitatve porformince requitements cou b not be mct by the
current massapecrometer system, which s best ued in a manly quaitative made. Hence,
even if QTANS had been able 1o provide ddean fragmentation pattern data, quantitative
performar e hmitavons on mass spectiometry would have prevented the goal of
determumng individual species outgasang rates using fully cemputenzed data reduction
from being reached. However, the cutrent himntations are not basic to mass spectrometry,
and conversations with the mas< spectrometer hardware and software supphiers indiwcate that
many inprovements can be made using exising trchnology to improve the quantitauve
performance of the system. Thivas discussed further in Section 7.1.2

1t has proven to be a good idea to include GC/MS tests in the test methuxd. Although
the specics evolved and deiected in GE/MS are not cxactly the tame as those evolved in the
vacuum outgasung test because of the different pressures, temperatures, and test durations,
they are sufficiently sinular for the GT/MS <peaies identification and relative propoition
da:a to be 2 very useful addition to the test. GC/MS wall thus be retained in he test mcthaod
for the foresceable future.
7.1.2 Test Apparsius

The bauc design of the apparatus was very satisfactory, The apparatus was easy to
uw and was able to funkion automancally for long peniods with & high degree of sehatnlity.
Three years operational expeonience with the apparatus has shown that the main st falure
mades are external mechanisms such as building electrical power or cooling water faiture.
Tre appatatus measurement accutacy was amfactonly demonsated in Phace 1T The few
modificanions that ceem decirable mthe Light of expencace are divcussed in the fohiow g
patagraphs, and are evolunenary rather than fuad ureatal,

The temperature conttollers onganally selectad ard use 0y i progrom cmploy
on off control of the 110 8 Line voltage 1o mandulare power to the QUM and 1he v, le

holder, Thewe contralictswere selected bocanse of thear lower proce and because thes had

been used successfully before st Lockhired. However, in the previous app'e atior the




QCMs had deen mounted in holders with substantial thermal mass which reduced the heat
flow transients expenenced by the QCM crystals during power cycling. la the presem
apparstus, the QCMs are heated directly so the cryctaly experience a larger heat flur
transient and show mignificert power axndulation induced roise. This noise source can te
elinunated by using mare expennive de voltage modulation to control power. This
mudification is already ir progress.

The heat leak into the liquid nitrogen reservoirs, snd hence the liquid nitrogen
consumption rate. could be reduced considerably by hetter use of mululayer insulanon snd
shiclds, and by uung struciural supports and service wires and tubirg wirth smaller cross
sections, lor zer iengths, and differsnt matenals. Redcing the liquid mitrogen consumption
rate would lower the cost per test, and would also reduce the fill frequency and hence the
impact of fill ransient noise in the data. It would also mduce the prohability of test fa;lure
owing o problems with the hiquid nitrogen supply control system end tan'a.

The apparatus could, in principle, be kept cold uuing 8 mechanical refngerator, and 8
cost analytuis might show that this approach would be less expensive. However, a
mechanical refrigerator would be '253 reliable and could introduce additional noise to the
data. Use of a mechanical refr:geration system is, therefore, not recommended.

DBecause the entire QCM housing hiad to be heated in order 10 heat the sensing crystal,
an excessive amount of power was required to raise 8 QCM 10 400 K. The excessive
power increased liquid nitrogen consumption and csused unnecessary thermal transients in
other components. It should be possible to eliminate this problem entirely by using a
newer design QCM such as the QCM Research Mark 16 in winch only the measuring
crystal is heated. This modification is in progress,

The n ajor problem encountered in the QTA/MS test was that the mass spectroneter
detected species evaporsting from the QCM holder as well as the meawuring crystal. This
problem could be eliminated by using 2 QCM design in which the crystal can be hea‘ed
indepengently of the housing, such as the QCM Research Mark 16, As noted in the
previous parsgraph, this modification is already in progress.

The mass spectrometer used represented more or less the state of the art in smail
computer controlled systems and was equipped with more software options for data
manipulation than could usefully be exploited by the test method. However, the ucable
dynamic range of the mats spectrometer was hinuted by companson with the QCMs. The
dynanuc range of the macs pectrometer at & constant ¢lectrometer range and mluplice gain
sestung 8 about four onders of magnuude. The dynamic range of the QCMuin atw ut five «r
it orders of magnitude. There wos a difference of about four onlers of magmitude

between the outgasang rates measured for high ontgasang raaterials at the teginming of 8
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tert andd the cates meavarcd for ow ovigasung materacy st the end of 8 e, so the rarg
carta ey o e mastapecomeicr wers Cle iy aiteaned 1Y dvnanug range of the mwas
yertioe eter wan tanthor atresaad by ghe voed oy reinait munos aon pead s an the
frag: wntasnwy patfernn of geaiey whose b culance wavlewvthan ten penient The high e
Tow detection Tavat can be adiaaed an the POt Qv e prod 10 8 1ost, trst il o2 vt B
abyonted i e nudde of a test withont 8 major ampact on the dats coliettnm fecmet.
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Al wbhahw o S G e the e tarce prstaem Tatas ol e ey tem g vt e
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708 Yot Procedure

The bavie test prov cdure worked very well, pave no problens, amd no changes are
recommeded,
7.0.4 Data Acquinition

With the tnctcaung asalability of selavvely lew cost computenzed data s Qaaition
sutems, it iy pescible to accumaiare Lagpr amoante of hggh g ality evpermental tare woth
Lide eftont This program ook advantage of this techionlogy, vurg twe campat (¢ to
control the teat apparars *nd s gure and store & very large sincunt of QOM and imga
prctroaeter dara I Somputer aystems perlommed thear conttol and daa acg ionen
functions very well, due atimost eniircly (o the avadatility of versatle software fon tahihe
QUM and mass spectnmeter systems. The QUM system software was deseoped 1 houe
by Lochnced pooe 1o s program,  chile the mass wpeciiometcr sytem softaare was
par hased commenaally o frequently the case that sdving g probleim in one area crearra
a rew probleman another arca b this case, the atniity (o sogre Laige amweunte of dan
placed preatdemands on e data cedin o, anaty as and precootaiton tade Thicpeatdom
1cditcussed inthe lollosing <ection
2.4.8 Data Redudtion, Analysis, and [Presentation

The mapor onerall conclavion poganding data ceducnon concerpe e sre of (he
problom oot ebe techpe at e Tty The o me thoal pronton e a very Targe oot of
v b epe i ot b QA Gnd i s cpe oo tee data s ety el peariatinge vven
e Cea e e s ol rat b sodoar s tach av e peak daaan b o os = S (00
tary o) The by cect oo e o enptoaaegp the Gl casameas oo Sals Gl b e e o
cihod e e Lo kol crdlans ter pedoannng the tedicne maenad e dan e
Powscarey diceiaban Seveea Y e eftoat eequned aondesel e a1
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algnthems ir this et methd was well ornside the funding copmity of this progrs.a
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Hardware mualific 300t 10 innrste mose a1ty s € are div ateet in Sxtpn 712 |
shiuld therrfiwe be posarhie to reneve most of the mute from the data in the future widh »
Giffuliy

In the curent spparstus configuranion dats s quivtion end data teduction are
perfmmad vung two separare slgieithni, w dats could mot be rediced at the same tine (hat
8 test wmas being conducted  To pecform data reducion, the 1aat peogram had 1o be
nerrupiad (8 ancther campatible computer had 10 he b ated The setungm g thie prohlem
1100 (Oinine the two coded o perant el e viewing cad printet of ponetend (XM
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simple 10 prinecs the VOM date 90 08 1 remuwe this apparates dependemcd  However,
here wos ineufTicient funding to make the neceasary nuulifloation % the dats reda tion
mfrware and 10 praeas all of ihe teat date in this nwriner

Cimvgnaerired redin tom of the (JTA/MS data firet regoires sicy eatful dovehprent of
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species in the total isothermal outgassing flux, and to the NBS fragmentation pattern library
for species identification. . |

There is no incentive to use the GC/MS data in a quantitative manner because the mix
of species evolved in the GC/MS test is not the same as that evolved in the vacuum
outgassing test. Hence the GC/MS test presented no problem in data reduction, analysis,
or presentation because the standard data provided by the GC/MS system were quite
adequate. Indeed, if the test procedure and software described in the previous paragraph
were successfully developed, there wouid b= no need tc include GC/MS in the test method
since species identification would be performed using QTA/MS data and the built-in NBS
library. Since development of this technology is not likely to occur in the near future it is
planned to keep GC/MS in the test method, because it provides useful supporting
information at minimal cost.

7.2 RECOMMENDATIONS

The following recommendations for future work address refinement and extension of
the test method capability, extension ~¢ the database, and implementation of the data at the
program level. ‘
7.2.1 Test Method Refinement
7.2.1.1 Hardware Modifications

The 90 K QCM shculd be replaced by a QCM whose design permits the crystal (o be
heated without heating the housing. The other three QCMs should also be replaced if
funding is available, but this modification is not as critical.

The current temperature controllers should be replaced by vohage modulatced de
supplies.

The thermal design of the apparatus should be refined so as to minimize heat transfer
from the ambicnt surroundings to the colder compenents. Reduction of heat leaks wil!
reduce liquid nitrogen consumption and thermal cross talk between QCMs and structural
components during QTA.

The mass spectrometer system controller software should be modified so that tke
electrometer sensitivity can be changed during a test so that the system does not saturate
when ineasuring the more abundant peaks but is still able to monitor minor peaks. -Also,
the data acquisition software should be modified so that data measureinent sensitivity
changes are automatically adjusted for in the data redretion and presentation procedures.

To a practical extent, the test chamber should be modified 1o penmit the test sample
and the surfaces of the collector QCMs to be exposed to ultraviolet radiation, protons,
electrons, and atomic oxygen to determine the effect of the total space enviroament on
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outgassing and deposition kinetics.
7.2.1.2 Data Reduction arid Presentation

A more sophisticated data filtering and smoothing subroutine should be added to the
QCM data reduction algorithm. A curve fitting capability should also be added so that the
data can be presented in a form more directly usable by the medeling community.

The QCM data acquisition and reduction algorithms should be comuined so that
reduced data can be viewed during a test, and test data can be made available immediately
following a test.

The QCM and mass spectrometer data acquisition and reduction software should be
integrated 1o permit single computer control and closure of the complete data reduction !c.p
without the need for manual intervention. '
7.2.1.3 QTA/MS Development

When the reccommended changes o the QCM, temperature control power supplies,
and mass spectrometer dynamic range are implemented, the QTA/MS test should be
revaluated to determine the degree of improvement that they make to the species separation
capability of QTA/MS.

‘The development of the QT A/MS test as an aralytical chemistry tool should be further
investigated, independently of it use in the outgassing/deposition test.
7.2.1.4 Individual Species Outgassing Rates

If the recommended development of QTA/MS successfully provldu ldequue mass
fragmentation pattern data for the individual species, an algorithm should be developed for
deconvoludng the isothermal outgassing test mass spectrometer data o as to resolve the
outgassing rates of the individual species. Commercially available deconvolution
algorithms may possibtly be used for this purpose, either directly or with minor
modifications.

7.2.2 Database Extension
7.2.2.1 Consolidation of Existing Data

The existing 'atabase should be consolidated by reducing the data that were measured
under the present program but which could not be reduced because of funding limitations.
This includes the following tasks:

(i) Further process the 150 K, 220 K, and 298 K deposition rate data to express
them in an spparatus geometry-independent form, such as instantaneous
evaporatiol. rate as described in Section 5.1.2.2.2,

(li) Reduce and present the QTA/MS data for all materials and tests in a manner
similar to that performed for R-2560 and described in Section 5.2 .

(iif) Reduce and present the individual species outgassing rate data for all materials




and test temperatures in a manner similar to that performed for R-2560 at 125°C
and described in Section 5.3
7.2.2.2 Extension of Database Parameters

An exploratory program should be established to assess the effects of the space
radiation, particle, and atomic oxygen environments on material outgassing and deposition
kinetics. The objective of the exploratory program would be to dctermine whether the
magnitude of these effects is sufficient to make it advisable to establish an extended data
measurement program to characterize them, and to help definc a logical, practical
measurement program. The exploratory prograin should be coordinated with other
programs currently addressing this general area, such as the Aerospace Corporation
progrmm to study photolytic effects.

If the exploratory program indicates that space environmental effects on outgassing
and/or deposition are significant enough to make formal characterization necessary, an
appropriaie systematic measurement program should be established.

7.2.3 Technology Insertion

The outgassing/dcposition database supports a systematic approach to contamination
control. A typical example of the systematic approach was described in Section 1.2 and
Fig. 1-1. Incorporation of the database into a systematic approach should be perforined 2.
part of a comprehensive effort to complete and consolidate all of the technology nezded to
establish such a methodology. The following actions are recommended for insertion of the
database into a comprehensive systematic contamination control methodology, and for
establishing the methodology.
7.2.3.1 Industry Workshop

An industry workshop should be held on modeling the generation, transport,
deposition, and optical effects of outgassing products; its purpose would be to present the
results of this and other Alir Force programs to the conumination modeling community and
to give guidance on how best 10 present and extend the database. The workshop should be
scheduled soon after the completion of this report.
7.2.3.2 Consolidation of Prediction Technology

The Air Force should establish & program to correlate and, where possible,
consolidate all existing on orbit molecular contamination prediction technology. This effort
should be undertaken jointly with NASA. The scope would couver characterization of
material outgassing, plume, and liquid dump sources; transport modeling codes for plume
flow, frce molecular flow, molecular backscatter, etc.; impinging flux depositiun models
ard data; and optical effccts of contaminants, including reflectance, transmittance, ard
scatter, at all relevant wavelengths and at ambient and cryogenic temperatures. Such an
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cffort would identify deficiencies in the technology, prevent duplication, and help identify a
future unified course of action to complete the needed technology development. One of the
recommended courses of action should be 1o establish the program described in the
following paragraph.

7.2.3.3 Standasrd Model Development and Verification

The molecular transport models used by the industry are, in general, proprictary and
are not standardized. Hence, different organizations will predict aifferent rates of
contamination accumulation for the same system even though they use input data from the
same database. It is highly desirable that these models cither be standardized, or, as a
minimum, be compared with each other, One possible way to compare models is via a type
of round robin prediction test. A typical set of spacecraft specifications could be prepared
and organizations could be invited to predict accumulation on various surfaces. If the
differences between the various predictions are serious, then the need to develop a single
saandard model would be demon.aated.

The major deficiency in prediction technology is the almost complete absence of
comparisons between predicted and actual on-orbit contamination levels. A program
should be established to systematically compare prediction with messurement. The first
phase of the program would perform measuiements on 8 mockup satellite in a vacuum
chamber. After model verification on the ground, a second phase would measure on orbit
accumulation rates. On orbit rates are currently measured on some space-raft, but the
number of sensors used is invariatly small, and no comparisons are made with Mght '
predictions. »
7.2.3.4 Insertion Into Prograins

The Air Force should require analyses of system contamination sensitivity,
predictions of contamination levels anticipated from all sources, and contamination control
developed 10 a level of detail TBD to be provided &5 2 CDRL item at PDR and/or CDR.
The CDRL requirement could call for use of specific computer models and daabases. The
currently imposed requirement that materials must have TML and VCM values less then 1.0
and 0.1 percent, respectively, establishes the precedent for placing contamination control
requirements in a contract statement of work. '
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Appendix
MATERIAL DATABASE

This Appendix contains outgassing/deposition data for the 20 sample matcrials ested
during the Air Force Wright Acronautical Laboratories contractual program

F33615-82-C-5025, entitled "Characterization of Contamination Generation Characteristics

of Satellite Materials™. Section A.1 describes the contents and presentation of the database.
Section A.2 contains the database itself. The database is preceded by 8n index describing
where the test data for these materials are located in the Appendix. The Appendix and the
material test matrix are discussed in more detail in Section 6 of the final report text.

A.1 DATABASE PRESENTATION AND CONTENTS
A.1.1 Materials Tested

Table A-1 describes the materials tested and their manufacturer or other source.
A.1.2 Test Summary

With minor exceptions as noted in context the following measurements were
conducted on cach material as part of the outgassing/deposition test.

(i) Material samples were weighed ex situ on a laboratory balance before and after

the isothermal outgassing test.

(ii) The outgassing rate and mass loss of an isothermal samplc were measured as &
function of time by coliecting outgassing products on a liquid-nitrogen-cooled
QCM. All samples were tested at 125°C and 75°C, while some materials were
also tested at a third temperawure of either 25°C or 100°C.

(iif) The outgassing flux was monitored by mass spectrometer during the isothermnal
outgassing/deposition test.

(iv) The deposition rates of outgassing products from the isothermal sample on |
surfaces at 150 K, 220 K, and 298 K were measured by simulating these
surfaces with QCMs.

(v) Fol'owing the isothermal test. QCM thermal analyscs (QTA) were consecutively
made on the outgassed products conden.ed on each of the QCMs.

(vi) The flux evaporating from the QCMs during QTA was menitored Ly a mass
spectrometer (QTA/MS).

(vii) Ex situ gas chromatography/mass spectrometry (GC/MS) analyses of the
materials were performed for sample temperatures of 125°C and 200°C.







A.1.3 Test Data

The test aata for each matenial consist of a Test Information Sheet followed by s set of
graphical and tabular data. ’
A.1.3.1 Test Information Sheet

The Test Information Sheet (T1S) contains the following informaticn pertinent to the
testing of a particuiar matenial, '

¢ Material Tested: The material tested is identified by its commonly used name. A
more detailed description of the naterial is given in Table A-1. Additional matenal
information is provided in the Comments section of the TIS.

0 R *  Date Test Started: The date on which the test was started is provided for histcrical
: and traceability puiposes.
q v +  GC/MS Data Files: The codes identifying the computer files on which the

GC/MS data are permanently stored are given.

«  Material Sample Data: The test sample surface area, the pre-test sample weight,
and the ex situ total mass loss determined from the difference between pre- and
post-test weighings are given. '

+  Isothermal Test Data: The duration of the isothermal outgassing and deposition
portion of the test, and the codes identifying the computer files in wkich the QCM
mass accumulation and mass spectrometer ion count data are stoced are given. Where
the test duration given is less than five days the outgassing rate reached a virtually
conatant or negligible value by the time indicated.

*  QCM Thermal Analysis Data: The cndcs are given which identify the computer
files in which the QCM thermogravimetiic analysis (QTGA) and mass spectrometer
ion count data obtained during QCM thermal analysis (QTA/MS) are stored.

»  Comments: This section contains additional data and comments unique (o the
specific material tested, the test sample, or the conduct of the test. If the required
comment is lengthy or if a comment is common to more thar. one material test, this

. section will refer the reader to a numbered comment in Scction A.1.4. In the absence
of an industry standard numbering system, the Lockheed Engineering Purchase
Specification (EPS) number is given for the test material when available in order to
establish material source traceability. The EPS number is part of the Lockheed Raw
Material Convenience Numter Syste:n, which idcntifies a material by a seven-digit
number describing its peculiar characteristics (type, class, dimension, supplier, etc.).
Lockheed EPS numbers exist for most materials in current use in the acrospace
industry, but are no! assigned to developmental materials,
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A.1.3.2 Graphical and Tsbular Data
The following test data are presented in grapnical or tabular form for each material,

. Mass Loss/Deposition Data: The following QCM measured outgassing and

depo-ition kinetics data are pres-nted for each sample temperature:

«  Total Mass Lcss as a function of test time during the isothent.al outgassing trst
as deterni‘.ed by the towal nass accumulation on the 90 K QCM.

- Tmal Outgass.ng Rate as a function of test time during the isothermal
outgassing test as determmined b+ ke rave of accumulation on the 90 K QCM.

- Volatile Condensatle Maiciial as a functicn of tcst time during the isothermal
outgassing test as determi  d by the mass accumulaiion on the 130 K QCM.

- Voulaule Condensable V .erial as a function of test tirae during the isothermal
nutgassing test as detern  .2d by the mass accumulation on the 220 K QCM.

= Volatile Condensable Material as a function of test time duting the isothermal
outgassing test as determined by the mass accumulation ~ the 298 K QCM.
Mase Remeining on the 90 K QCM (Fractional Condensable Material) as a
function of QCM temperature during the QCM thermngravimetric analysis,

- Evaporation Rate from the %0 K QCM as a function of QCM t+mperature during
the QCM diermogravimetric analysis,

GC/MS Data: The following GC/MS data are presented for sample temperaturcs

of 125°C and 200°C:

«  Quantitation Report including the percentzge of each cpecies found in the
GC/MS, the scan time at which the species was detected, and the chemical
identity of the species when possible,

«  Plot of the Amount of Collected Volatiic, P.2maining in the GC/MS Colum.i as
a function of scan time.

..,
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A.1.4 Test Information Sheet Annotations
The following notes are referred to in the Comments section of the TIS.

*  Notgl: Theinitial and final ex sit: weights of the Krytox 143 AD oil samiple were
not measured at the time of testing. In the carly stages of the measurement program it
was felt that, since the rate of mass loss of liquids depended upon free surface arca
rather than mass, reporting of percent mass loss would not be rel~vant for these
matcrials. Later in the program it was decided that perce 9t mass lo<s data should be

- presentad for all materials in the interest of data consistency. At this later time the
absolute weight loss for Krytox 143AD could be deiermined from the QCM
accumulation data, but the initial weight had to be estimated since the origini! sample
had been disposed of by that time. An estimated weight was determined based on the
density of the material and the volume of the holder, and was checked by refilling the
sample holders with Krytox oil and weighing. The accuracy of this weight esumate
is believed to be atout 2 1C percent.

* Note2: The DC Q9-6313, Aremco 569 and LMSC 1170 thermal control coatings
were supplied by Lockheed Space vystems Division (§SD) Materials and Processes
Engincenng. The coatings were suppiicd already sprayed on aluminum substrates,
whose weights were unk. 2wn. In order to messure the subsurate weights, and hence
detennine the initial weight of the coating alone, (e substrates were clesned by
chemically and mechanically removing the coatings after the outgassing tests had been
performed. Because of the destructive mai.ucr of coating removal there are
uncertainties in the original substrate weights deie mined in this mauner, which
decrease the certainty in the initial coating weights to £10 peroent.

¢« Noted: Accurate ex situ mass ioss data are not available for som.e oils or greases
becuse of spillage from the saniple holders. This problem was eliminated n later
tests by uting more stable sample holders. The test was not repeated because the ex
sicu mass loss wei not considered (o be a critical data {tem foi oils. (See slso Note 1)

. Notg 4; Film maicrial absorb water vapor very rapidly upon post-test exposure (0
the atmosphere. Uquilibration of these films 10 the ambicnt humidity after removal

from the vacuum chamber prevented imeaningtul post-test weights finm heing
obtained.




Note £ GC/MS test results are not available for Brayco 8152 oil, Braycote 600
grease, DC QY 6113 thermal control coating, Arcinco 569 thermal controi coatirg,
and LMSC 1170 thermal contrul coanng. GC/MS tests were petformed on these
samples between July 1986 and July 1987 concurrensly with the outgassing tests. At
that timie the manncer in which the G72/MS test data would be incorporated in the test
mcthad had not been firally established so the data were stored 1n the GU/ S
computer for later retneval. By tne time the utility of the GC/MS data had been better
defined some data had been inadvertently discarded during the chemistry department
annual computer storage househeeprng. Since representauve samples of these
matenals lisicd were no longer avinlable the tests could not be repeated. The data
from the original GC/MS test on Krytox 143AD was also lost in this manner, but a
sufficient quantity of the uriginal sample of this maicrial was «till available for retest.

Note 6. This program was the first field application of the newly-devcloped
Teknivent software for controlling the Balzers mass spectrometer with an IBM 1 C
computer, and so some developmental pmblems were encountered. Because of t1 +se
proble..is the mass spectrometer was inopcrative at the time that Brayco 81927,
Braycote 600 and F.rytox 143AD were scheduled to be tested. GC/MS analy . «f
these materials prior to the outgassing test had shown that tneir outgassed prodi~ts

cansisted of fluorocarbon (CxFy) species with a wide and essentially continucus

range of molecular weights, with no uniquely ident.fiable species. Because of the
absence of clearly identifiable species it was felt that minimal sdditional useful data
would be gained by delaying the test schedule until the mass spectrometer system was
fully operational, and so these materials were tested without the mags sjectrometer.

Note 7; DC Q92-6313, Aremco 369 and LMSC 1170 themal conunl coatings were
tested during the early part of the test propram while familiarity with capatulities of
the mass sp.ctrometer and its software was still being gained. As a recult, the system
sensitivity was not fully utilized during these three material tests. (See slso Note 6)

Hote i A formal QUM thermogravimetric analysis (QTGA) was not performed on
all of the higher temperature QUMs (ie. 150 K, 220 K, and 298 K) if there way
mummal or no deposit on them at the end of the isotheanal ovepasang test. However,
all QCMs were always heated 1o 128°C at thic end of atest o ensiie that there was no

contatmnait residue on them befure starting the next t2st.




M

*  Note 9: Malfunctions in the sutomatic cortrollers used to maintain liquid nitrogen
levels in the reservoirs and failures in the liquid nitrogen supply dewars have been
been responsibie for occasional test interruption of truncation. These events have
heen noted in the T-ct Information Sheets under the genenic description of “hquk
mitrogen falure ",

*  NotelQ: In carly July 1987, a bearing failure caused the intemal desauction of the
turbomolecular pump used for evacuating the effusion cell interlock chamber. A
replacement for this pump was not availible until October 1987, Duning the intenm
the interlack chamber was evacuated uning only the mechancal pump. The matcnals
tested dunng this penod including LMSC 1170 thermal control coating, DC Q9 6311
thermal control coating, VacKote MLD 73-91 oil, RTV 566 adhesive and DC 93.500
adhesive.
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A2 MATERIAL DATA
This sy (e contare the gf'd;‘.‘\l\ al andtatalar ogatang and .|nr\\~_iq“m dara [ the
matenals dew nhed i Table A1 The page knanony are as follows
Material I'age Number )
Adhcsives: R 2s6() A-Y
K1V At allcuve A 1Y
DC9Y SO0 adhesne A
DC 61104 adhesive A-1
Films and Sheet Kapton film (1 mul) A-49
Materials; Mylar filin ($ nul) A- S
F1.P T flon film (1 nul) A
Oirs and GGresres: Rrayco 8157, oil A-T9
Nraycote (4X) grease A.92
Krytox 143 AD ol A 108
VaKote MLLD 73 91 il A-HR
Paints and Thermal  8/13GA.0 VIO paint A-13
Control (Coatinge: Chemglare 7 MM paint A 141
DC Q7 63V thermal contn) coating A1
Arenwo S04 thermal control coating A 16s
LMSC 1170 thermal control costing A1 .
Carhon Relnforced ASAAT UK (athom fitwy Nhertmoplasiu resr) A '
Compeniten: ASATES (o abon Tl /i crmeplasin tean)d A 200
ASYVSOL G (cbon (e Shermueset epouy)i houtie A) A D
ASH 500 O (caten Lile ahrimume ] epoty Vmrnoe 1) A XD




LEST INFURMATION

MATERIAL TESTID R 24/d) adbeave
DATE TESNTNTARIED, Deceniwr 1], 19K)
GUNMSDATA ML N
129°C Test KitxIn (s R
2UrC Tex 2G21DELECR )

Frat T ey getwture « ¥ )

129 .

MATERIAL SAMPLE DATA : o

Areg (nmé) 140 1 41

Weight, pretest (g) 2 40m4) 2 Wty

Tnal mass kws (%) 183 HAY S
ISOTUHERMAL TEST DATA

Teat durnteom (h) aR '

QUM Tengwratinre Dats e G218 Gl

Mass Spetmunsier Dats ) ole

QUM THFRMAL ANALYSISOATA
UM/ Teonguasture hawa Fole ar1217Q Ga11Q
Mass Spes romiceer Data Hile - -

COMMENTS : .
- mntenial i s Aven lempersture vak anizing ‘R TV) Glcone elasknmes pasluo s by
McCihan NuSi (Coup
o EMSCTESN #.40 (0d) (101000d)
«  samples purchawed from MoGhan TeaSd Covp
< sample holdery were Al nbee f(ham b Jong by O Y9 h I D
- sample configirstion (12870 teat) § Al tube £l with cample
- aamgple configmation (78°C 1eat) | Al ti b filied with samyp
~ VOROCMaabnier aopen ot apertured  doning QOTA after 125°C Juvthosonal Tes
s TS AP tNMPter wanming mie » 1) o 41D
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Fig. A-1  Total Mass Loss and Outgassing Ratc as Functions of Time for an
R-2560 Sample at 125°C.
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Fig. A4  Total Mass Loss and Outgassing Rate as Functions of Time for an
R-2560 Sample at 75°C.
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Table A-2

GC/MS Data for R-2560 at 125°C
Quantitation Report

AMOUNT OF

SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sex) (percent)
73 1.14 Q02 antifact
75 220 CFC12
79 ou n-butane
111 440 n-propanol & benzene
222 021 toluene
269 0.74 hexamethy! cyclotisiloxane
306 031 xylene isomer
410 1.07 octamethyl cyclotetrasiloxane
Lyq) 47¢ decamethyl cyclopentasiloxanc
622 14.53 «tanoic acid & dodecamethyl cyclohexasiloxane
730 (143 dibuty! Jdipropy! silicate
758 1.61 tetradecamethyl cycloheptasiloxane
821 18.82 dodccancic acid
848 .n hexadecamethyl cyclooctasiloxane
862 028 similar to dodecanoic acid
897 039 siloxane .
913 0.54 unspecified silicone (alxyl sificate )
933 0.60 octadocamethy! cyclononasiloxane
964 1.56 unspecified silicone (alkyl ov aryl ailicate 7)
1008 0.30 siloxane-
1030 261 cosamethy} cycludecasiloxane
1076 0.17
1102 1.27 docusamcthy! cyclcundecasiloxane
1182 o021 tetracosamethy! cyclododecasiloane




Table A-)

GC/MS Data for P.-2560 at 200°C
Quantitati::n Report

— a—

AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
* (sec) ' (peroeny)
. 6) 028 Q07 artifact
5 am -butane
104 un o-propencd
143 2.04 benzene
389 on octamethyl cycleserrsiloxane
500 2.39 decamethyl cyclopentasiloxane
521 035 silorane
550 5.01 ¢ .anoic acid
596 3025 alky! silicais 7
657 1.05 deranoic acid
716 093 teaudecamethyl cyclohepeasiloxane
768 1086 dodecanod acid
806 0 hexadecamethyl cyclouctssiloxane
870 233 tetiadecanoic acid
919 254 phenyl methyl siloxano
96 on cosanethyl cycicdecasilorane
980 329 phenyl methyl siloxane
1025 o7 docosamethyl cycloundecasiloxane
1045 027 phenyl methyl silozane
1049 1.36 phenyl methyl siloxane
1080 030 tetracommethy! cyclododecasijoxane
n2" 101 phenyl methyl siloxane
1159 0.3? hexscosamethy! cyclotridecasiloxane
1226 1.10 phenyl meth, * siloxane
128 040 octacocamethyl cyclosetradocasiluzane
1334 0.7 pheyl methyl siloxsne .
1382 0.64 triscoramethy] cyclopentadecssilozane
1434 265 MW 4356 sromatic acid
* 1538 038 unknown
1565 0.u unknown
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MATERIAL TESTED: RTYV 366 aahesive
DATE TEST STARTED : September 18, 1987

GC/MS DATA FILES:
125°C Test : JG27AUGR7B
200°C Test : JG27AUGS?C
* Test Temperature (°C)
s 7s
MATERIAL SAMPLE DATA :
Area (cm?) 8.5 8.55
w;;ijm. pretest (g) 15.90798 15.672°0
Total mass loss (%) 0.26 0.11
ISOTHERMAL TEST DATA:
Test duation (h) s1 48
QCM/Temyperature Data File 50918 G092)
Mass Srectrometer Data File " -
QCM THERMAL ANALYSIS DATA :
QCM/Tenperarire Data File 00918Q G0925Q
Mass Spectrometer Data File " *
" COMMENTS :
- mu.terial is 8 low-temperature, controlled-volatility silicone. compound produced by

Ceneral Electric Co.

LMSC EPS # 40-203-0050161

samples supplied by C.C. Chappell, LMSC Materia! & Process Laboratories (0/48-92)
sample holders were alurninum tubes 1.0 inch long by 0.375 inch L.D.

sample configuration (125°C est): 6 Al tubes filled with sample

sample confignration (75°C test): 6 Al tubes filled with sample

interlock chamber evecuated with inechanical pymp (Note 10. Sec. A.1.4)

mass spectrometer scanning e 10 1o 400

no QTA performed on 298 K QCM afier 125°C Isathermal Test (Note 8, Sec, A.1.4)
no qTA performed on 298 K QCM afier 75°C Isothermal Test (Note 8, Sec. A.1.4)
125°C {sothermal test teminated when chamber was accidentally veuted to atmusphere

L] s 5 & L L] L] L »

effusion cell was removed and samples were weiphed

chamber remained in low vacuum condition with QCMs at corroct temperatures for 4 hrs
high vacuum was then restored and chamber was allowed to equilibrate for 15 hrs
outpassing contaminants frixn bvothermal test were still or QCMs

300 Hz of contaminant (probably water) accumulated on QCM #1 during down-time
essentially no change in frequency for the other three QCMs diming down-time

QCM thermogravimetric analyais proceeded as nonnal
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Fig. A-12
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Table A-4

GC/MS Data for RTV 566 at 125°C
Quantitation Report

AMOUNT OF
SCAN TIME DETECTED SPECIES

(c) (pescent)

SPECIES IDENTIFICATION




Table A-§

GC/MS Data for RTV 566 at 200°C
Quantitatiom Report
. AMOUNT OF T
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
_ . (sx) (percent)
138 0.78 butano!
* 179 1.09 1-butanol

295 - 058 : hexanwethy! cyclotrisiloxane
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Fig. A-14  Amount of Collected Volat:les Remain ng in GC/MS
Column from RTV 566 a1 125°C and 2 V°C




TEST INFORMATION

MATERIAL TESTED : DC 93-500 adhesive
DATE TESY STARTED : September 28, 1987

GC/MS DATA FILES:
125°CTest: KN28SEP27B
200°C Test : KN28SEP87D
Test Temperature (°C)
128 75
MATERIAL SAMPLE DATA :
Area (. 8.5 : 8.55
Weight, pretest (g) 11.40281 11.24696
Total mass loss (%) 0.08 c.o7
ISOTHERMAL TEST DATA : ' ‘
Test duratioa (b) 48 49
Data File G0928 G1001
Mass Spectrometer Data File " "
QCM THERMAL ANALYSIS DATA :
QCM/T DataFile G0930Q G1003Q
Mass Spectrometer Data File " "
COMMENTS :

material is a two-ccmponent, controlled volatility, room tempersture vulcanizing (RTV)
silicone adhesive produced by Dow Coming Corp.

LMSC EPS # 40-188-0010245

samples supplied by C.C. Chappell, LMSC Matecial & Process Laboratories (0/48-92)
sample holders were aluminum tubes 1.0 inch long by 0.373 inch LD.

sample configuration (125°C test): 6 Al tubes filled with sample

sample configuration (75°C test): 6 Al tubes fil'ed with samrle

interiock chamber evacuated vvith mechanical pump (Note 10, Sec. A.1.4)

no QTA performed on the 298 K QCM after 125°C Isothermal Test

(Note 8, Sec. A.1.4)

no QTA performed on 150 K, 220 K, and 298 K QCM:s after 75°C Isothermal Test
(Note 8, Sec. A.1.9)

mass spectrometer scanning mys = 10 to 500
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Fig. A-16
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Table A-6

GC/MS Data for PDC 9S00 ot 128°C
Coantitativa Report

AMOUNT OF
SCAN TINME TCTTDSFLCILS SPY.CIES (IENTIUCATION
(mex) {porent)
 §} $ 83 CO; rnifart

101 rom

120 114 nmaethyl siianol
m 29 hesamc iyl disiloxane
m 1.04

258 0.33

98 1.04 silorane
n? (B )

wm L X sllonans
1% 013 .
4 o

m 0.2y

18 o

%0 1.7 silonane
398 034

400 052

405 0ss

414 422 slloxsre
a8 038

432 0.26

440 723 silonane
“s ) 1.16 Irydrocarhon
450 1.13 Rydrocarbom
466 12.24 silonane
479 0.54 piracerton
a2 043 ydrocarton
491 044 ydrcatam
309 04 ulane
R 029

19 01y

$26 m silotne
%) 476 sukonane
817 a0 i eng
A0 on sk e
AX) 14 slotane .
42 29 silosae
~M? 149 siintane
109 0N gilogana
A’ 0ORd ahmne
'(n. 10 ;iat

1204 14 2) wula

— — e i m e e T ——e o - %8+ e A gy vt tr am




Table A.7
GC/MS Dats for X 91-%00 st 200°C

Quantitation Report
AMVOUNT OF
SCAN TIVG: DLTICTIL SMcns S CIHS IDENTIHICATHON
(o) (percent)
1] 19 07 anifat
8 794 wimethy! ulane
91 149 setraneys ! ulane
' ) (Al LR.1) vimrihyl silamdd
190 112
178 N heramethyl disiorane
o453 on
80 0.\s
29 16¢ tilorane
P o) 401 sk ane
27 490 alon gre
w? 196 sabit ane
»we o wimethy! benrene
404 03
414 PR ) slorane
417 (BT
4% 211 siloagne
a1 %4 a0 gne
449 [11."8 hydnsahn
460 101 fydrocarbon
2 . 04)
40 80 sikv ane
473 048 Mg rhm
491 049 Sydr rbon
0} L) diorane
S8 060
326 1% siloaans
59 R )
%) L3 | silnzane
®? 66 silntane
ol 0% ®iorane
640 0 silcaane
670 s27
()] 4% sliotane
744 044
. 764 799 o ane
195 1902 s one
Lt 784 .
e (NN fil g
10 N ks wne
$7 0on prlotane
1 on
A7
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Fig. A-21 Amount of Collected Volnules Remaining in GC/MS
Column from DC 93-500 ut 125°C and 200°C




IESTINFORMATION

MATERIAL TESTED : DC 6-1104 adhesive
DATE TEST STARTED : February 11, 1988
GC/MS DATA FILES :
. 125°C Test : JGSAPRSSC
200°C Test : JGG6APRSESC
. Test Temprature (°C)
125 75
MATERIAQI’;BAMPLE DATA : -
Area ( 8.55 8.55
Weight, pretest (g) 11.43941 11.36444
Total mais loss (%) ' 0.58 029
ISOTHERMAL TEST DATA:
mmn o Data File G(:Zall 0022";4
emperature Data .
Mass Spectrometer Data File " -
QCM THERMAL AN&LY%}S DATA : 00213 s
emperature Data File o
Mass Spectrometer Data File ' " no datz
MENTS : '

CoM

. 5 0 & 0

material is a controlled- volatility, silicone sealant produced by Dow Coming Corp.
LMSC EPS# 40-191-0050169
samples supplied by C.C. Chappell, LMSC Material & Process Labortories (0/48-92)
sanwple holders were aluminum rubes 1.0 inch long by 0.375 inch 1D.
sample configuration (125°C test): 6 Al tubes filled with sample
un‘zle configuration (75°C test): 6 Al tubes filled with sample
zl?; l;oglamalA ;I':;t terminated after 29 hours due to liquid nitrogen failure
cte 9, Sec. A.1.
no QTA performed after 75°C Isothermal Test due to liquid nitrogen failure
(Note 9, Sec. A.1.4)
mass spectrometer scanning nve = 10 to 500
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Fig. A-27
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Table A-$

GC/MS Data for DC 6-1104 ot 128°C
Qusriitation Report
AMOUNT OF
SCAN TIMB DETECTED SPECIES SPECILS IDENTIFICATION

(oux) ooy ’

8 04 002 anuifacy .

7] 023

103 .16 isopvopancl

118 e >4

123 054 wimethy! silancl

175 Qs 1-butanol
240 0.4 wivens artifact
250 013
47 03s
m 049
- | Ln hexamethyl cyclorisilorans
«0 023
408 (A}
426 (X))
oM on
453 017
4% 1239 2ethyl-1-hananol
463 1.06
47 03¢
44 020
516 0.11 ,
M3 023
43 0.20
360 124 wepecified siticuns compound
612 0
69 036
663 0.12
& 0.7% ,
720 0.16
- 0.12
ns 0.7
7 043
73] 027 .
32 (X}
Mo L artilacy

031




Table A9

GC/MS Datas for DC 6-1140 at 200°C
Quantitation Regort
AMOUNT OF
SCAN TIME DETECTED SPECILS SPECIES IDENTIFICATION

(sex) (percent)

 §) 49 Q02 anifacy

1, ] 041

103 300 isopropanol

120 0.73

122 4 grimethyl silanol
1m2 5886 1-butanci

184 0.78

w4 108 toluene artifact
ral) 04}

291 in hexamethy cyclotrigiloxane
428 036

458 946 2-cthyl-1-hexanol
562 0.76

680 046

736 0.73

786 0.1

( 3] 061

artfact scen in blank run
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IESTINFORMATION

MATERIAL TESTED : Kapton film (1 mil)
DATE TESTSTARTED ; February 19, 1988

GC/MS DATAFILES :
. 125°C Test : JGSAPRSSF
200°C Test: JG6APRERG
. Test Tempenatire (°C)
128 75
MATERIAL SAMPLE DATA : )
Area (cm~ 20%0.32 2090.32
Weight, pretest (g) 3758 3170
Total mass loss (%) no dsta no data
ISOTHEFMAL TEST DATA :
Test ¢ mation (h) 24 p/ ]
QCM/Temperanmre Data File G021y . Go221
Mass Spectrometer Data File " -
QCM THERMAL ANALYSIS DATA :
QCM/Tempenanure Daia File - Q0220Q G0222Q
Mass Spectrometer Dats File " .

COMMENTS:
- material is a polyimide plastic film (0.001 inch by 18 inch roll) produced by
E.L du Pont de Nemours & Co., Inc.
LMSC EPS# 22-527-0000000
samples supplied by J.J. Sgaulding. LMSC Materials & Processes Pngrg (0/62-92)
samy. confiquration (125°C test): 2 sheects - each 9.00 inch by 9.00 inch by 1 mi}

sample configua. . “75°Cest). 2 sheeets - each 9.00 inch by 9.00 inch by § mil
final sample weights veay,  **abie - unable to confirm (Note 4, Sec. A.1.4)

s QTA performed on the 298 A J7™™ afier 75°C lsothermal Test

(Note 8, Sec. A.1.4)

- mass spectrometer scann ag m/e = 10 to S00
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Table A-10 _
GC/MS Uata for Kapton ac 125°C

Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sec) : - (percent)

NO CONTAMINANT SPECIES FOUND IN THIS SAMPLE AT THIS TEMPERATURE
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Table A-11

GC/MS Data for Kaptow ut 200°C
Quantitation Report

AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION

. (ﬂ) w Sre
) 84 3655 007 antifact %
90 1.11 propane g

98 1.16 %

14 6.19 acetone isopropanol ¥

108 061 iy

m 087 d

121 224 Cslly4 Py

127 085 :

134 227

148 105 v

161 14.69 acetic acid .

167 246 ) benzene artifact R

170 12 aliphatic hydrocarbon srtifact o
184 288 el

231 00 . 3

24 329 woluene artifact E

405 0381 {
a 8.16 phenol 5.
842 121 artifict soen in blank run X

A
3

k

" .
r
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Fig. A-35  Amount of Collected Volatiles Remaining in GC/MS
Column from Kapton st 125°C and 200°C




JESTINFORMATION .

MATERIAL TESTED : Myiar film (S nili)
DATE TEST STARTED : February 77/, 1988
GC/MS DATAFILES:
125°C Test : JGSAPRSSD
. 200°C Test : JG6APRRSD
Tui Tempenature (°C)
125 75
MATERIAL SAMPLE DATA :
Arca (cm 522.58 522.56
Weight, pretesr (g) 4.58020 4.64210
Total mass loss (%) no data no data
ISOTHERMAL TEST DATA
TQCM/I‘“t e Data Fil 60%7 0022‘29
emperature c
Mass Spectrometer Data File . "
QCM THERMAL ANSLY;}S DATA: 0 G030
QCM/Temperature Data File G0228 1
Mass Spectrometer Data File " “ Q
COMMENTS

material is a polyethylene tere zhthalate film (0.005 inch by 48 inch roll) produced

by E.I du Pont de Nemours & Co., Inc.

LMSC EPS# 22-501-0005694

samples supplied by J.J. S auldmg. LMSC Materials & Processes Engrg (0/62-92)

sample co guradon (1 ’5 Ctest): 1 sheeet - 9.00 inch by 4,50 inch E S mi}
Iulalc configuration (75°C test): 1 sheeet - 9.00 inch by 4.50 inch 5 mil

final sample weights very unstable - unable to confirm (Note 4, Sec. A.1.4)

mass spestrometer scanning mye = 10 to 500 .
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Table A-12

‘GC/MS Data for Mylsr at 128°C
Quantitation Report
AMOUNT OF .
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(e2c) (pescent)
82 7.16 . ©07 antifact
88 2950 propane
159 3s47 2-methiyl-2-propenol & unknown
404 on avtifact
™1 357
840 1328 artifact
1030 208 phthalse ester
1183 462
1247 356
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Table A-13

GC/MS Data for Mylar at 200°C
Quantitation Report

. AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION

(sex) (percent)’

87 40.94 QO antifact

95 5.66 propane

10§ - 1.60 2-methyl butane

111 1.17

130 1.95 CsHi4

170 41.08 2-methyl-1, 3-dioxolane

179 082

193 338 aliphatic hydrocarbn srtifact
238 091
251 136 toluene artifact
408 1.12 stifact
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Fig. A42 Amount of Collected Volatiles Remaining in GC/MS
Colema tiom Mylar at 125°C and 200°C




JESTINFORMATION

MATERIAL TESTED : FEP Teflon film (1 mil)
DATE TEST STARTED : February 23, 1988

GC/MS DATAFILES :
125°C Test : JGSAPRSSE
200°C Test : JG6APRSSE
Test Temperature (°C)
125 75
MATERIAL SAMPLE DATA ;
Area ( 2090.32 2090.32
Weight, pretest (g) 5.6330 5.60420
Total mass loss (%) no data no data
ISOTHERMAL TEST DATA :
&Wmﬁm o Data Fil Go‘%s 0022425
e ata File
Mass Spectrometer Date File " "
QCM THERMAL ANALYSIS DATA
QCM/Temperature Data File G0224Q G0226Q .
Mass Spectrometer Data File " "
COMMENTS :

LI T I T T

material is a fluorinated ethylene propylene plastic film (0.001 inch by 48 inch roll)

oduced by E.I. du Pont de Nemours & Co., Inc. ‘

C CPS# 22-304-0000000

samples s:;}plied by JJ. Sgaulding. LMSC Materials & Processes Engrg (0/62-92)
sample configuration (125°C test): 2 sheeets - each 9.00 inch by 9.00 inch by 1 mil
sample configuration (75°C test): 2 sheeets - each 9.00 inch by 9.00 inch ? 1 mil
final sample weights very unstable - unable to confirm (Note 4, Sec. A.".4)
mass spectrometer scanning m/e = 10 to 500
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Table A-14
GC/MS Data for FEP Teflon at 125°C

Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
{ssc) (poceny)

NO CONTAMINANT SPECIES FOUND IN THIS SAMPLE AT THIS TEMPERATURE

it
s

NE

%

o

. 5_'.1

52

Ly

W s




Table A-1S

GC/MS Data for FEP 1.Non at 200°C
Quantitation Report

SCAN TIME
(sex)

AMOUNT OF

DETECTED SPECLES

SPECTES IDENTIFICATION

1]

103
121
148
134
243
403
416
453

841

arufact

aliphaiic hyJdrocsrbons
aliphatic hydrocarhor.s
aliphatic hydrocarbons

alipn: tic hydrocarbons
sliphatic hydrocarbon srufact

aliphstic hydrocaria srtifact
aifact

sufact

sufact

wrtifact seen in blank run




NO CONTAMINANT SPECIES FOUND IN THE 128°C SAMPLE
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Fig. A49 Amountof Collected Yolaulkes Remaiaing in GCMS
Column from 11 Teflon st 123°C sid 200°C




IEITINFORMATION

MATERIAL TESTED - Drayco 8152 ol
DATE TESTSCARTLD ; August 20, 1986
GC/MSDATAFILES
125°C Test: data not available
200°C Test : data not available

Test Temperature ()

..................................................

128 75 100

MATERIAL SAMPLE DATA: |

Arca (¢m?2) 8.3 15.07 1375

Weight, pretest (g) 1028824 2.695542 2641292

Total mass loss (‘) no data no data RIL
ISOTUERMAL TEST DATA

Test duration (h) 119 119 119

QUM Tenyperature Data File ON20 GOR2RA (G406

Mass Specrometer Data Hile no data no data o daia
QCM THERMAL ANALYSIS DATA

QCM/Temperature Data File G082 G09nN2 G

Mass Spectrometer Data File no data no data nod:ta

COMMENTS :
«  matrial is a low-wolatili .rrrﬂunn’natcd folvether ', wed by Pray Oil Co.
LMSC EPS# 34.464-0001260
samples supplied by Burmah-Tastrol Inc., Rray Proxluca 10 ison
semple holders were atairlecs stecd cups 0 9 inch LD by 2 1 inch deen
sample configuratior (125°C test): 2 SS cups full of oil
sample configurstion (73°C test): 35S cups 173 full of o
samp'e onnfiguration (100°C 1est): 3 88 cups 173 full of ol
no final saniple weights available for 125°C and 75°Crests (N ote 3, Sec. A1 4)
QCM shutters were apertured dunng [vothenaal Tests and full open dunng QTA tests
- GC/MS data not avaslable for this matenal (Nuote 3, Sec. A 1.4)
- mass spactrometer not in operation dunng this material test (Note 6, Sec. A.1.4)
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Fig. A-50  Total Mass Loss and Cutgassing Rate as Functions of Time for a
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Table A-16

GC/MS Data for Brayco 813Z at 125°C
Quantitation Report

AMOUNT OF :
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sec) (percent)

GC/MS DATA NOT AVAILABLE
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Table A-17
GC/MS Data for Brayco 815Z at 200°C

Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(s=¢) (percent)
GC/MS DATA NOT AVAILABLE




NO GC/MS DATA AVAILADLE
FOR THIS SAMPLE AT 128°C

NO GC/MS DATA AVAILABLE
FOR THIS SAMPLE AT 200°C

Fig. A-59  Amount of Coliected Volatiles Remaining ix GC/MS
Column from Rrayco 815Z at 125°C and 200°C




MATERIAL TESTED : Brayco.e 600 grease

DATE TEST STARTED:  july 25, 1986

CC/MSDATAFILES:
125°C Test : data not availabie .
. 200°C Test : data not available
Test Temperature (°C)
125 75 25
MATERIAL SAMPLEDATA: 777
Area (cm?) 718 7.18 718
Weight, pretest (g) 3.95355 3.6R%9283 3.74549
Total mass loss (%) no data 0.26 004
ISOTHERMAL TEST DATA :
Test duration (h) 120 120 120
QCM/Temperature Data Fiie GO0811 G0728 GO0801
Mass Spectrometer Data File no data no data no data
QCM THERMAL ANALYSIS DATA
Q~M/Temperature Data File G0816Q G0802Q G0809Q
Mass Spectrometer Data File no data no data no data
COMMEN::?:H 1 latil lyeth roduced by Bray Qil Co
ma s a Jow-volatility, uorinated polyether grease uc ray Qil Co.
LMSC EPS# 34-46.5-00004!1?';ﬂ Y g y

samples supplied by Burmah-Castrul Inc., Bray Products Division
samp)e holders were aluminum cups 0.6 inch 1.D. by 0.2 inch high
sample configuration (125°C test): 4 Al cups half-full of

sample configuration (75°C test): 4 Al cups half-full of grease
sample configuration (25°C test): 4 Al cups half-full of grease

Al cups are arranged inside cffusion cell not directly below the orifice
no finr) sample weights available for 125°C test (Note 3, Sec. A.1.4) .
ahutters were apertured during Isothermal Tests and full open during QTA Tests

no QTA performed on 298 K QCM after 25°C Isothermal Test (Note 8, Sec. A.1.4)
GC/MS data not available for this material (Note §, Sec. A.1.4)

mass spectrometer not in operation during this material test (Note 6, Sec. A.1.4)
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Fig. A-60  Total Mass Loss and Outgassing Rate as Functions of Time for a
Breycote 600 Sampie at 125°C.
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Fig. A-61
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Fig. A-62 QTGA Data for Outgassing Products Collected on the 90 K QCM from
a Braycote 600 Sample at 125°C. Mass of Collected Outgassing Products

Remaining on the QCM and Evaporation Rate from the QCM as Functions
of Temperature.
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Fig. A-63  Total Mass Loss and Qutgassing Rate as Functions of Time for a
Braycote 600 Sample at 75°C.
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and 253 K as a Function of Time for a Braycote 600 Sample at 75°C.
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Table A-18
- GC/MS Data for Braycote 600 at 125°C

! Quantitation Report
AMCUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(s=c) (percent) .
GC/MS DATA NOT AVAILABLE . .




Table A.19

GC/MS Data for Braycote 600 at 200°C
Quantitation Report

. AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTWFCATION

(sec) (percent)

GC/MS DATA NOT AVAILABLE




NO GC/MS DATA AVAILABLE
FOR THIS SAMPLE AT 125°C

NO GC/MS DATA AVAILABLE “
FOR THIS SAMPLE AT 200°C

Fig. A-69 Amount of Collected Vnlatiles Remaining in GCR A4S
Column from Braycote 600 at 125°C and 200°C
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IESTINFORMATION

MATERIAL TESTED ; Krytox 143AD
DATE TEST STARTEL : February 20, 1987
CGC/MS DATAFILES :
125°C Test : JG23MAYSSE
20C°C Test : JG23IMAYESC
Test Temperature (°C)
125 75 25
MATERIAL SAMPLE DATA ;
Area ( 10.09 10.09 10.09
Weight, pretest (g) 4.0 40 40
Total mass loss (%) no data no data no daa
ISOTHERMAL TEST DATA :
Test quration (h) 63 45 96
QCM/T ture Data File G0220 G0225 GO0305
Mass Spectrometer Data File no data nodaa no data
QCl\vagl;ZrRMAL ANSLYFS_JS DATA: Q 10 G0309Q
cmperature Data File G0223 G022
Mass Spectrometer Data File no data nodata nodata
COMMENTS :

material is a perfluoroalkylpolyether oil produced by E.I. DuPont DeNemours Co.
LMSC EPS# 34-402-0000%0

sumples supplied by E.I du Pont de Nemours, Chemicals and Pigments Department
samgle holders were stainless steel cups 0.9 inch 1.D. by 0.linch deep

samdle configuration (125°C test): 2 SS cups ful) ot oil

sample configuration (75°C test): 2 SS cups full o oil

sample configuration (25°C test): 2 SS cups full of cil

initial sample weights are estimatedto £ 10% (Note 1, Sec. A.1.4)

final sample weights are unknown

QCM shutters were apertured during Isothermal Tests and full open dusing QTA tests
no QTA performed on 298 K QCM after 25°C Isothermal Test (Noie 8, Sec. A.1.4)
mass spectrometer not in operation during this material test (Note 6, Ses. A.1.4)
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Table A-20
GC/MS Dcta for Krytox 143 AD at 125°C

Quantitation Report
: AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
o (sec) (percent)
. 192 139 unknown fluorocarbon
2 5.52 unknown (luoracarbon
300 - 2.10 unknown flucrocarbon
314 133 unknown fluurocarbon
344 | 3 unknown fluorocarhon
mn 3.86 unknown fluorocarbon
423 20.44 unknown fluorocarbon
449 234 unknown fluorocarbon
492 2 €2 unknown fluorozarbon
542 14.04 unknown fluorovareon
600 393 unknown fluorocarbon
639 351 artifact
673 1.66 unknown fluorocarbon
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Table A-2?
GC/MS Data for Krytox 143 AD at 200°C
Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECLES SPECIES IDENTIFICATION
(sex) (percent)
268 0.69 unknown fluorocarbon
342 24 unknown {uorocarbon
359 062 unknown fluoroctrbon
380 047 unknown fluorocarbon
415 533 unknown fluoracarbon
440 1.06 unknown fluorocarbon
502 821 unknown fluorocarbon
524 151 unknown fluorocarbon
569 8317 unknown fluorocarbon
588 0.70 unknown fluorocarhon
621 519 unknown fluorocarbon
640 159 unknown flu yrocarbon
640 0.36 artifact seen in blank run
654 0.73 artifact seen in blank nn
686 690 artifact seen in blank run
697 042 ‘ unknown fluorocarbon
738 940 unknown fluorozarbon
753 1.5t artifact seen in blank nmn
766 121 unknown fluorocarbon
707 1233 artifact seen in blank run
843 832 unknown fluorocarbon
882 6.4 unknown {luorocarhon
91?7 4.36 unknown fluorocarbon
946 3.76 unknown fluorocarbon
974 272 unknown fluorocarbon
995 267 unknown fluorccarbon
1017 1.79 unknown fluorocarbnn
1030 0.78 unknown fluoracarbon
1045 0.18 unknown fluorocarbon
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IEST INFORMATION

MATERIAL TESTED : VacKote MLD 73-91 oil
DATE TEST STARTED : August 17, 1987

GC/™MS DATAFILES :
125°C Test : KNI11AUGS7E
200°C Test : KNI1AUGS87C
Test Temperature (°)
128 75 25
MATERIAL SAMPLE DATA :
Area ( 15.14 18.14 15.14
Weight, pretest (g) 3.34692 3.26316 3.10824
' Total mass loss (%) no data 0.40 no data
ISOTHERMAL TEST DATA : '
Test duration (h) 26 24 24
QCM/Temperature Data File G0817 G0g27 GO830
Mass Spectrometer Data File " " "
QCM THERMAL ANALYSIS DATA :
QCM/Temperature Data File G0818Q G082z8Q G0831Q
Mass Spectrometer Data File " " "
COMMENTS :

samples supplied by Lt. P.M. Falco, USAF/AFWAL/MLBT
sample holders were stainless steel cups 0.9 inch LD, by 0.1 inch deep
sample configuration (125°C test): 3 SS cur's full of oil
sample configuration (75°C test): 3 SS cups full of oil
le configuration (25°C test): 3 €S cups fall of oi!

interiock chamber evacuated with mechanica' pump (Noze 10, Sec. A.1.4)

L2 T D I D D D T B ]

no QTA performed on 220 K and 298 K QCMs after 25°7 Isothermal Test
{Note 8, Sec. A.1.4)
mass spectrometer scanning m/e = 10 to 400

only first 5 hours of mass spectromieter data stored {or 25°C Isothermal Test

material is a parefinic hydrocarbon oil pruduced by Ball Aerospace, Systems Divisicn

ro sample weights available for 125°C and 25°C tests (Note 3, Sec. A.1.4)
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Table A-22
GC/MS Data for VacKote MLD 73-91 at 125°C

Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECIES . SPECIES IDENTIFICATION
(sec) (percent)




Table A-23
GC/MS Data for VacKote MLD 73-91 at 200°C
Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sec) (perceny) '
205 087 heptane
212 135 3, 3 dimethyl butanone
408 096 artifuct seen in blank run
456 047 artifact seen in blank am
466 0.19 . artifsct seen in blank run
63S 23 hydrocarbon
690 208 .
702 0.65 *
n3 047 *
n? 284 *
T24 091 .
749 038 .
805 049 .
837 1.18 .
858 0.70 .
879 054 *
883 0.76 .
931 0.65 .
973 ) 109 .
1019 280 b
1053 1.06 .
1062 431 *
1109 121 °
1128 34 .
1141 123 *
1161 0.90 .
1170 260 .
172 093 .
1182 181 ’
1187 205 .
1192 1.22 .
1239 . r ¥, °
1247 2.89 .
1284 5.18 °
1294 12,01 .
1326 23 .
1346 402 "
1386 189 .
1389 1.19 -
1392 1.10 *
1421 349 "
1431 2.16 "
1453 259 "
1549 1388 "
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IESTINFORMATION

MATERIAL TESTED: $/13G/LO-V10 paint
DATE TEST STARTED : March 25, 1988

GC/MS DATA FILES :
125°C Test: JG7APR88G
200°C Test : JG7TAPRS8C
Test Temperature (°C) .
125 _ 75
MATERIAL SAMPLE DATA :
Area (cm 26.74 26.74
Wﬁht. pretest (g) 1.46489 1.40055
Total mass loss (%) 1.00 045
ISOTHERMAL TEST DATA :
Test duration (h) 24 24
QCM/Temperature Data File G0325 G032?
Mass Spectrometer Data File " "
QCM THERMAL ANALYSIS DATA : '
Data File , G0326Q G0328Q
Mass Spectrometer Data File " ' "
COMMENTS :

material is a low-outgassing, white, thermal control paint with SWS Silicone Corp. V10
silicone binder and zinc oxide pigment _

material is produced by Illinois Institute of Technology Research Institute
LMSC EPS# 37-489-

sarnples supplied by CLff Cerbus, University of Dayton Research Institute
samplc substrutes were aluminum discs 0.945 inch diameter by 0.043 inch thick
sample configuration (125°C test): 5 Al discs sprayed on one side

sample configuration (75°C test): S Al discs sprayed on one side

initial le weights and substrate weights measured at University of Dayton
final sample weights measured at LMSC

mass spectrometer scanning m/e = 10 to 500
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Table A-24
GC/MS Data for S$/13G/1LO-V10 at 125°C
Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENITFICATION
(mec) (pescent)
83 is2 €02 anifact
104 036
403 405 etafact
455 189 artifact
463 0483
1S 121 norana) ?
558 3.06 srtifact seen in #2 blank run, 4-7-88
654 w8 sliphatic hydrocarbon
7nY 6.14 aliphatic hydrocarbon
1 kN, aliphatic hydrocagrbon
794 159
832 122
840 436 aliphatic hydrocarbon
843 189 : .
858 1486 dodacencic: acid
869 249
89¢ 538 ofiphatic hydrocarbon
- 900 244
902 0.96
M 125
9218 1.9
918 1.96
928 128
933 045
942 1768 wnspecificd ester
49 350 dodecns
9ss 200
961 459 tetradecanoic acid
1040 203 unspecified ester
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GC/MS Daia for S/13G/LO-V19 2t 200°C
Quantitation Report
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MATERIAL TESTED : Chemglaze 2306 paint
DATE TESTSTARTED:  March 19, 1988

GC/MS DATA FILES :
125°C Test : JG7APRSSE
200°C Test : JG7APRSSD
| Test Temperature (°C)
125 75
MATERIAL SAMPLE DATA :
Area (cm 39.15 39.15
Weight , pretest (g) : 0.59144 0.60470
Total mass loss (%) 2.52 240
ISOTHYERMAL TEST DATA :
Test duration (h) Data Fi 602349 GO%%
QCM/Temperature Dzta File 1 <
Mass Spectrometer Data File " ) "
QCM THERMAL ANALYSIS DATA :
QCM/Temperature Datu File G0320Q G0324Q
Mass Spectrometer Data File " *

COMMENTS : :
- material is a one-component, {lar-black coating with carbon black pigment and

ongueﬂmnc binder produced by Lord Corp.

MSC EPS# 37-494-0100134
samgles supplied by B.C. Petrie, LMSC Materials & Procasses Engineering (0/62-92)
sample substrates were aluminum discs 1.0 inch diameter by 0.13 inch thick
sample configuration (125°C test): 5 Al discs spiayed on one side
sempie configuration (75°C test): 5 Al discs sprayed on one side
mass specttometer scanning m/e = 10 to 500
mass spectrometer recalibrated between 125°C and 75°C Isothermal Tests

[ ] . * . L] [ ] L]
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Table A-26 ‘
GC/MS Data for Chemglaze Z306 at 125°C /
Quaniitation Report -
AMOUNT OF _ ' -/
SCAN TIME DETECTED SPECIES ' SPECIES IDENTIFICATION ¢ '
(sec) (percent)
137 0.07 ’
44 0.05
330 042
3 0.07
566 53.36 isoma of #574, (C7H1603) skohal
574 13.78 1-(2-methoxypropoxy)-2-propanol
619 035 aloohol
629 0.18
662 108 slcohol
671 067 alcohol
s 0.52 C14H1802 cyclic olefin kewone
801 2840 butylated bydroxy toluene (B.H.T.)




Table A-27
GC/MS Data for Chemgiaze Z306 at 200°C
Quantitativn Report
AMOUNT OF
SCAN TIME DETECTED SPEC(ES SPECIES IDENTTFICATION
. (sec) (percent)
. 83 295 ©07 anifact
103 023
129 098 2-methyl-1-pentene
138 1.00 4.methiyl-2-pentene
150 021
179 1.94 1-methoxy-2-propano! :
2% 021 4-methyl-2-pentanone -
240 0.73 4-methy)-2-pentanol
r2}) 0.11 )
278 0.12
297 0.08
330 042
Ko 040 .
188 223 2-(2-methoxyethoxy) ethanal
433 0.18 .
437 ) 068 1-2-methory - 1-tethyl ethoxy)-2-propanct
554 067 : .
566 40.03 isomer of 4573, (C7H16073) ulcohol
574 9.78 1-2-metozy propoxy)-2-prapanal
619 o . alcohol
629 0.15
662 0.72 skeohol
673 043 akohol
b 697 6.39 tolvene diisocyanate (T.D 1)
’ 725 031
| 75 0.80 C14H1507 cyclicokefin ketone
800 23.50 butylated hydroxy wluene (B.H.T.)
843 023
. 1273 424 tripheny! phosphate
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JESTINFORMATION

MATERIAL TESTED : DC Q9-6313 thermal control coating
DATE TEST STARTED : July 21, 1987

GC/MS DATA *ILES :
. 125°C Test: data not available
200°C Test : data not available
. Test Teraperaure (°C) ’
125 75 25
MATERIAL SAMPLE DATA : .
Area (cm 17.88 18.53 18.31
Weight, pretest (g) 0.69 0.43 0.54
Total mass loss (%) 39 40 19
ISOTHERMAL TEST DATA :
Test duration (h) 121 113 120
QCM/Temperatire Data File Go721 G0729 GO807
idass Spectrometer Data File " " "
QCM THERMAL ANALYSIS DATA : ’
QCM/Temperature Data Yile ' G0727Q G0803Q G0812Q
Mass Spectromeier Data File " " "
COMMENTS:
- material is a tharmal control coating with silver flakes and polysiloxane resin binder

manufactured by D.A. Vance, LPARL Thermal Eciences Laboratory (0/92-40)

the polysiloxane resin is produced by Dow Corning Corp.

samples supplied by H.B. Gjerde, LMSC Materials & Processes Engineering (0/62-92)
samp'e substrates were aluminum discs 1.0 inch diameter by 0.1inch thick

sample configuration (125°C test): 3 Al discs sprayed on one side

samplc onfiguration (75°C tes:): 3 Al discs spreyed on one side

sample configuration (25°C test): 3 Al discs sprayed on one side

initial sample weights are £ 10% (Note 2, Sec. A.1.4)

no QTA performed on 220K and 298 K QCMs after 125°C Isothermal Test

(Note 3, Sec. A.1.4)

no Q1'A performed on 298 K QCM after 75°C Isothermal Test (Note 8, Sec. A.1.4)
no QTA performed on 295 K QCM after 25°C Isothermal Tes: (Note 8, Sec. A.1.4)
interlock chamber evacuated with mechanical pump (Note 10, Sec. A.1.4)

GC/MS data not available for this material (Note 5, Sec. A.1.4)

mass spectrometer scanning m/e = 1010 600 -

mass spectrometer sensitivity very low (Note 7, Sec. A.1.4)
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Table A-28

GC/MS Data for DC Q9-6313 at 125°C
Quaniitation Report

AMOUNT OF
SCAN TIME DETECTED SPECIES SPECTES IDENTIFICATION
. (sec) (perceny)

GCMSD.. NOT AVAILABLE
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e
Table A-29
GC/MS Data for DC Q9-6313 at 200°C
Quantitation Report
AMOUNT QF
SCAN TIME DETECTED SPECIES SPECTES ICENTIFICATION
(xx) (percent)

GC/MS DATA NOT AVAILABLE




NO GOMS DATA AVAILABLE

FOR TI0S SAMPLE AT 125°C
NO GC/MS DATA AVAILABLE .
FOR THIS SAMPLE AT 200°C :
b
[

! , Fig. A-113  Amount of Collected Volatilcs Remaining in GC/MS g
Column from DC Q9-6313 at 125°C and 200°C ' e




IESTINFORMATION

MATERIAL TESTED: Aremco 569 thermal control coating,
DATE TEST STARTED :  June 29, 1987

GC/MS DATA FILES ;
125°C Test : data not available ’
200°C Test : data not available
‘Test Temperature (°C) ’
125 75 25
MATERIAL SAMPLE DATA : -
Sample Area (cm?) 17.88 18.53 18.31
n%ht' pretest (g) 044 0.78 0.80
mass loss (%) 3.58 2.28 1.39
ISOTHERMAL TEST DATA :
Test duration (h) 25 24 24
Data File G0629 G0701 G0706
Mass Spectromerer Data File " " ”
QCM THERMAAL ANALYSIS DATA :
Data File G0630Q G0702Q G0707Q
Mass Spectromsius Da'a File " " "
COMMENTS

materia) is an inorganic, thermal contrel wanng with al.tmmnm oxide pigment

and potassium silicate binder produced 8'

samples supplied by H.B. G;crde 1LMSC Matenals & gmeamg (0/62-92)

sample substrates were aluminum discs 1.0 inch diameter by 0. 1 inch thick

sample contiguration (125°C test): 3 Al discs sprayed on one side

sample configuration (75°C test): 3 Al discs sprayed on one side

sample configuration {25°C test): 3 Al discs sprayed on one side

initial sample weights are £ 10% (Note 2, Sec A.1.4) -

?I?JQFSA om on 150K, 220 K, and 298 K QCMs after 125°C Isothermal Test

ote )

- x(ﬂ'é\ omm:)on 150 K, 220 K, and 298 K QCMs after 75°C Iscthermal Test
ote A.l

- (NQI'A o;mlcgon 150 K, 220 K, and 298 K QCMs after 25°C Isothermal Test .
ote 8 )

- GC/MS data not available for this material (Note S, Sec. A.1.4)

- mass spectrometer scanning /e < 10 to 600

- mass spectrometer sensicvity very low (Note 7, Sec. A.1.4)
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Table A-30 W
GC/M8 Data for Aremeo 569 al 128°C '
Quantitation Report .
AMOUNT OF
SCAN TTMB DETSCIND SMACIRS SPECTRS IDENTIFICATION
(me) (anen) <
GCMBDATA NOT AVAILABLE .
}

i




Table A.31
GC/MS Data for Aremco £63 at 200°C
Quantitation Report
. AMOUNT OF
SCaN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sec) (percent)

GC/MS DATA NOT AVAILABLE




NO GC/MS DATA AVAILADLE
FOR THIS SAMPLE AT 125°C

NO GC/MS DATA AVAILABLE
FOR THIS SAMPLE AT 200°C

Fig. A-123  Amount of Collacied Volatiles Remaining in GC/MS
Column from Aremco 569 at 125°C and 200°C




—
IESTINFORMATION

MATERIAL TESTED : LMSC 1170 thermal contro) coating

DATE TF5y STARTED : July 9, €47
GC/MS DATAFILES :
. 125°C Test : data not a*silidle
200°C Test : data not availatle
. Test Temperature (°C)
125 75 25
MATERIAL SAMPLE DATA : :
Area (cm 18.53 18.31 18.53
Weight, pretest (8) 0.29 0.41 0.35
Total mass loss (%) 2.89 1.88 0.86
ISOTHERMAL TEST DATA :
Test duration (h) 24 24 23
+ QCM/Temperature Data File G0709 GO0713 GO0715
Mass Spectrometer Data File " " "
QCM THERMAL ANALYSIS DATA :
. QCV./Temperature Data File G0710Q G0714Q no data
Mass Spectrometer Data File no data " no data
COMMENTS :

- material is a transparert silicate thermal control cnating with aluminum oxide and

zinc oxide pigments and potassium silicate binder uced by LMSC

samples supplied by H.B. Gjerde, LMSC Materials & Processes Engineering (0/62-92)

sample substrates were aluminum discs 1.0 inch diameter by O linch thick

sample configuration (125°C test): 3 Al discs sprayed on one side

sample configuration (75°C test): 3 Al discs sprayed on one side

sample configuration (25°C test): 3 Al discs sprayed on one side

initial sample weights are £ 10% (Note 2, Sec. A.1.4)

no 25°C isothermal outgassing test data after 18 hrs due to liquid nitrogen failure

(Note 9, Sec. A.1.4)

- noQTA gerfmncd on 150K, 220 1, and 298 K QCMs after 125°C 1sothermal Test

* (Note 8, A.14)

» no QTA pcrformed on 150 K, 220 K, and 298 K QCMs after 75°C Isothermal Test
(Note 8, Scc A.14)

- no QTA performed on QCMs after 25°C Isothermal Test due to liquid nitrogen failure

(Notc 9,S¢ec. A 14)

interlock chamber evacuated with mechanical pump (Note 10, Sec. A.1.4)

GC/MS data no: avaiiable for this material (Note 5, Scc. A.1.4)

mass spectrometer scznning m/e = 10 to 600

mas: spectrometer sensitivity very low (Note 7, Sec. A.1.4)
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Fig. A-124 Total Mass Loss and Outgassing Rate as Functions of Time for an
LMSC 1170 Sample at 125°C.
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Fig. A-125 Volatile Condensable Material on Collector QCMs at 150 K, 220K,
and 298 K as a Function of Time for an LMSC 1170 Sample at 125°C.
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Fig. A-126 QTGA Data for Outgassing Products Collected on the 90 K QCM from
an LMSC 1170 Sample at 125°C. Mass of Collected Qutgassing Products
Renmaining on the QCM and Evaporation Rate from the QUM as Functions
of Temperature.,
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Tobdle A-23
. GC/M8 Data for LMSC 1170 ot 200°C
Quantitation Report

GCMS DATA NOT AVAILADLE

A1



NO GC/MS DATA AVAILABLE
FOR THIS SAMPLE AT 125°C

NO GC/MS DATA AVAILABLE
FOR THIS SAMPLE AT 200°C

Pig. A-133  Amount of Collected Volatiles Remalning in GC/MS
Column frotn LMSC 1170 at 125°C and 200°C




TEST INFORMATION
MATERIAL TESTED : AS4/PEEK (carbon fiber/thermoplactic resin)
DATE TEST STARTED : April 1, 1988
GC/MS DATA FILES :
125°C Test : JG18DECS7F .
200°C Test : JG22NECS87C
Test Temperanwre (°C) .
125 75
MATERIAL SAMPLE DATA :
Arca (cm?) $1.47 51.23
Weight, pretest (g) 6.46845 6.43252
Total mass loss (%) 0.04 0.03
ISOTHERMAL TEST DATA : _
Tes* duration () 48 48
QCM/Temperature Data File G0401 G04n3
Mass Spectrometer Data File " "
QCM THERMAL ANALYSIS DATA :
QCM/Temperature Data File G0403Q G0405Q
Mass Spectrometer Data File " "
TOMMENTS : -

- material is s composite using AS4 carbon fiber and a ‘Victrex' polyetheretherketone

thermoplastic matrix produced by Imperial Chemical Incustries Ltd.

samples supplied by R.G. Rudness, Martin Marietta Energy Systems, Inc.

sample configuration (125°C test): 4 squares, each 1.0 inch by 1.0 inch by 0.060 inch

sample configuration (75°C test): 4 squares, each 1.0 inch by 1.0 inch by 0.060 inch

les were cleaned with iso% | alcohol 24 hours before start of test

g@l‘: omedA”)on 150K, and 298 K QCM:s after 125°C Isothermal Test

ote 8, d¢c. A.l.

[ I T N I

- 0o QTA performed on 150 K, 220 K, and 298 K QCMs after 75°C Isothermal Test .
(Note 8, Sec. A.1.4)
- masxs spectrometer scanning m/e = 10 o0 S00
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Fig. A-134 Total Mass Loss and Outgassing Rate as Functions of Time for an
AS4/PEEK Sample at 125°C.
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Tabdle A-34

GC/MS Data for AS4/PEEK at 128°C
Quantitatinon Report

——

AMCUNT OF
SCAN TIME DETECTED S{ECICS SPECIES IDENTIFICATION
Py (sec) (percent)
- n 1738 QO anifact
15 93
90 1264 isopropanol
106 Ja 0 gropanct
127 2.04 chiactarm
225 47 © oluene
693 244 <14H30, MW 198, hydrocarbon, teoradecane?
754 348 C15H32, MW 212, hydrocarboq, pentadecanc?
812 163
s a3 CrelpOy diester

A-19




Table A.38
GC/MS Data for ASATEEK at 200°C
Quantitation Report
AMOUNT OF
SCAN IME DCTECTED SPECIES SPECIES MENTIFICATION
(<) (percent)
86 47 wopropanol

103 146 n pnt panal

1n 1.03 chloroform

ril] L9 wluene

593 0.64

638 1.03 Ci4Hio MW 198, hydrocarton, e g. tetradecane

mn r 31 Ciet32. MW 212, hydrocarbon, ¢.g. pentadecane

ns 14.66 Ci6H004¢ doesier

931 5593 1.1’ sulfony! bisbenzene
1092 120
1146 143 bis(2« thytheayDadipase
1xm 1.76
1243 2.1 phthalme diester, m/z 149 base pesk
1283 208
13 3.4

A-198




™

——

oy

pr—————Y

—

100
90
g 125°C
m -
3% | ﬂ
B
g o0 r L
. ;
3 or y
g C w - -
: 8z
3§ 0r <
E 20F -
35 o ;
o l— [P WY U I SR S DR
0 200 400 600 RO 1000 200 140 1600
SCAN TIME (sex)
100 v
90 o
2 w ;
g = ‘
g w ;
q %0 y
8 w0 4
4
. sy ‘
7. ? » .
¥3 10 -
« g
o P | a1 " e o d s A Saad & et
* 0 200 400 (0 RO 000 1200 1400 1600
SCAN TIME (s~)
ig A-140 Amount of Collrcted Volatiles Remamning in GC/MS
Column from AS4AT 1 K ot 124°C and 20°C
A-199




IESTINFORMATION
MATERIAL TESTHED ASAN'PS (carhon fiberAhermoplasiic resin)
DATE TSSTSTARTED:  Novenber 20, 1987
GCMS DATAFILES :
128°C Test : JIG2IDTCRID ' ' *
200°C Test : JG22DL.CBTD
Teut Temperature ("0O) .
B I.S ’ 75

MATERIAL SAMPLE DATA :

Area ((m?2) 26.12 2612

Weight, pretest (g) 681730 6 RauUS

Tou? mass loss (%) 0.06 003
ISOTHFERMAL TEST DATA

Test duratwn (h) $7 h})

QUM Temperature Data I'ile G120 01124

Mass Spectrometer Dauw Hile " °
QCM THFERMAL ANALYSIS DATA :

QUM/Temperature Data File Q122Q G1126Q

Mass Spectrometer Dta File * "
COMMENTS :

- material is 8 composite uting AS4 carhon fiter and a Ryton polyphenviene sulohide
thermoplasisc matnx prxiuced by Phidlips Petroleim

samples supplied by R.(). Rudness, Martin Masictis Fnergy Systems, Inc.

sample configuratkm (123°C test): 4 squares, each 1 Oinch by 1 0inh by 0 0 jrch
sample configuration (73°C test). 4 «quares, each 1.0 inch by 1.0 4-ch by D060 inch
samples were cleaned with iwpropyl alcohol 24 hours before stan of tesl

no JXA performed on 2908 K OCM afier 125°C Lusheriral Teet (Nte R, Sec. A 1 4)
no QTA performed (n 298 K QUM afier 75°C Isothermal Test (Nore 8, Sec. A L)
fnass spectrometer scanning nve » 10 to 300
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Fig. A-143 QTGA Data for Outgassing Products Collected on the 90 K QCM from
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Table A.36

GC/MS Data for AS4/PPS at 125°C

Quantitation Report

AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sec) (percent)
70 2140
” 8.3 CF2Ch (dichlorodifiuoromethans)
75 044 €02 anifect
1] 045 hopmnno! acetone, hydrocarbon
100 045
119 189 CﬂCIJ (chlotoform)
138 0.76 Z-mcmyl-l Jdiorolane
M 218
123 10.76 anmum-
us 041
k3] 09 +-mathyl-1, 3, Atrioxocane
17 039
387 038 J.methyl-dihydro-2-furancnons
3%0 042
393 04S timethyl benzene
7)) 6.16 N-methyl benzamine
147 134 C15H240 phenolic, MW 220
%7 0.36 ’
74 9.84 C16H3004, diesrr
780 1:36 €14H220 phenolic, MW 208




Table A.37

GC/MS Data for AS4TPS at 200°C
Quantitation Report

AMOUNT OF

SCAN TIMB DETECTED SPECIES SPECIES IDENTIFICATION
(pec) (percent)
[ 4
3% 068 butens
122 047 chloroform
1% 1.70 2-methyl-1, 3-dioxolane
218 0.64 , toluene .
n 1444 dihydro-2 (urmnome
352 082
35 0483 2-methyl-1, 3, 6-trioxocane
K 138 sishydropyrm.2-one
in 443 sniline
3% 069 phenol
408 (8] 2(2-athozyethoxy)ethanol
4 0483 1-melatyl-2-pyrolidinons
M8 1219 N-methy! benzenamine
441 087
330 2.00 2-[2-2-methoxyethoryethoxyJethano!
866 193
m 0.75 .
m 1468 2-(2-Qothoxyethoxy)ethoxyethanol
9 : 3.06 2-chloro-4-methyl benzenamire
n 058 srtifact frum jwevios run
728 148 similar 10 2.(2-(2-ethonyethoxy)ethoxy kethanol
% 128 similar 10 2-[2-(2-ethoxyethoxy e thoxy Je thanol
7% 330 C15H240 phenolic, MW 220
758 1.9 C17H2g sromauc compound
76 4.76 C16H3004, diester
s 758 C14H220 phenollz, MW 206
209 142 1-phenyl-2-pyrolidinone
m 113 similer 10 2-(2-(2-ethoryethony)athoxy Jethanol
900 an
9s n
929 1.10 .
999 047 o
1014 109 1-nitro-4 -phenoxybersens
1030 163
1043 148
1054 0.60 .
11" 223 8-chlorophenothiszin4 .ol
1163 098
1186 099 C20H3404 polyethoxyphenylether 7
1199 0.76
1312 049
1380 163

1420 175 phhalaie diesier
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JESTINFORMATION

M TE® AL TESTED: AS4/350i-6 (Sowcce A) (cardon fiber/thermos= epoxy)
~ DATETESTSTARTED:  Decembder 3, 1987

GC/MS DATA FILES :
125°C Test : JGISDECETD °
200°C Test : JG22DECS7B
Test Tempenatwe (°C) .
125 T
MATERIAL SAMPLE DATA :
m(cu#) 2622 262
t, pretest (g) 591837 5.84784
‘l’ mass loss (%) 0.20 0.08
ISOTHERMAL TEST DATA:
Test duration (h) 50 48
QCM/Tenpenature Dawa File - Q1203 G1207
Mass Spectrometer Data File ® "
QCM THERMAL ANALYSIS DATA :
QCM/Temperature Dats File G1205Q G1209Q
Maus Spectrometer Data File ® "
COMVENTS

material is a composite using AS4 carbon fiter and a DEGBA resin (MY720) thermioset
epoxy matrix produced by Hercules/Ciba Geigy
samoies piepaed and :up lied by R.G. Radncss. Martin Marietta Ener, tems, Inc,
sample configuration ( 12. °C test): 4 squares, each 1.0 inch by 1.0 inck 060 inch
sample configuration (75°C test): 4 uares, each 1.0 inch by 1.0 inch by 0.060 inch

lcs were cleaned with i nsom cohol 24 hours before start of test

ormed cn 150K, ﬁ. and 298 K QCMs after 75°C lsothermal Test

(Note 8 ¢c. A.1.4)
mass spectrometer scanning m/s » 10 to 500

A-210
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Table A-38 *
GC/MS Data for AS4/3501-6 (Source A) at 128°C

Quantitation Report
AMOUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sec) (percent)
74 0.89 €07 antifact
90 1739 isopropanol
108 743 n-propanol artifact
k)] 1.02 srtifact
625 213 antifact
693 2.60 C14H30. MW 198, hydrocasbon
754 13.97 C1sH32, MW 212, hydrocarbon
803 11.63 Dodecanoic Acid anifact
812 1649 CigH34, MW 226, hydrocarbon
867 137 C17H36, MW 240, hydrocarbon
870 0.78
1003 1.03
1029 27 antifact
on 203 polydimethy! siloxane artifact
1095 1.50
1102 491 antifact
1142 148
1184 6.11 stifact
1309 2.80 dioctyl phthalate isomer

[T TIEPITRY WA N B ofadt
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Table A-39
GC/MS Data for AS4/3501-6 (Source A) at 200°C

Quantitation Report
AMOQUNT OF
SCAN TIME DETECTED SPECIES SPECIES IDENTIFICATION
(sec) - (percent) '
73 525 Q07 antifact
78 0359 CFCl2
78 027
87 44 propanol
408 030
410 040 3cyclohexene-! -methanol
489 0.90
505 6.85
509 0.34
520 0351
544 759
91 0.74
Lig 030
659 038 tetradecane
663 058
703 1.12 long chained hydrocarbon
. m 128 pentadacane
™m 143 hexadecans
814 o7 Tong chained hydrocarbon
v/ ) 038 heptadecane
845 048
933 088
943 539
954 068 phthalate dicster
1008 0.5s
1029 1337
1040 7.19
1047 0.34
1050 019 :
119§ 149 diheptyl phthalate isomer
1254 kLYo diocty] phthalate isomer
A-218
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Fig. A-154 Amount of Collected Volatiles Remaining in GC/MS
Column from AS4/3501-6 (Source A) at 125°C and 200°C




JESTINFORMATIOfN

MATERIAL TESTED: AS4/3501-6 (Source B) (carbon fiber/thermoset epoxy)
DATE TEST STARTED:  February §, 1988
GC/MS DATA FILES : '

128°C Test : JGSAPRESD

200°C Test : JG7APRSSEB

125 75
MATERIA BAMPLE DATA:
39.5) 37.51
Wei t. pretest (& 6.98689 6.51814
mnass loss (%) ' 024 0.13
ISOTHERMAL TEST DATA :
Test duration (h) 48 48
QCM/Temperature Data File G0205 G0208
Mass Spectrometer Data File " "
QCM THERMAL ANALYSIS DATA :
emperature Data File G0207Q Q0210Q
Spectrometer Data Flle " "
COMMEN‘I‘S $

material isa compollus usin A.'A cmn ﬂbcf and 8 DEGBA resin (MY720) thermoset
epoxy matrix produced nv
umpm prepaed by D, Culln. USAF/A AL/MLBC

mud by Lt P.M. Falco, USAF/AFWAL/MLBT
umplc tion (125°C test): 1 square 1.76S inch by 1.738 inch by 0.092 inch
sample conﬂmdon $°C test): 1 square 1.710 Inch by 1,700 inch by 0.090 inch
samples were cleaned with hopmp{l hol 24 hours before stast of test -
mass spectrometer scanning ave = 10 to 500
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Fig. A-155 Total Mass Loss and Ouigassing Rate as Functions of Time for an
A84/3801-6 (Source B) Sample at 125°C. -
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Table A40
GC/MS Data for AS3/3501.6 (Source B) at 128°C

Quautitation Report
. AMOUNT OF
SCAN TIME DETLCTLD SPECIES SPECIES IDENTIFICATION
(sex) (prroav)
)
82 21.6% CO7 srtifact
' 8 .69 P oponc
100 pZRe 2-propenal (actokein)
110 862 CHx12
121 129 2-methyl-2-propenal
) M oluene artifact
154 238 aliphatic hydrocarbon
404 270 suiact
434 09s wuisct
436 L7 arifact
454 £l arufsct
Si14 264
57 s
588 14.18 wnepecifiod aldchyde

M1, 346 butylaicd hydrozy ioluene (VH T.)




Table A41

GC/MS Data for AS4/3501-6 (Source B) at 200°C
Quantitativn Report

AMOANT OF
SCAN TIME DETLCTED S15:CIES SPECIES IDUNTIFICATION 'S
(=) (percent)
1
)] Uk} )
1] 1.28 s,
1 188 feuymne
100 55.17 2 propenal (scrolein)
1l 1.2 methylene chlarde (CHC1p)
122 418 2-meNyl 2-propenal
189 0.40
x9 1.3
228 0As
U8 4.5 whuene artifact
299 083
Jag 1.21
401 YoO
404 100

633 1.02 1-methyl-3cycinhexene | carboraldehyds
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