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The quantitative and qualitative monitoring of contamination is an important issue for the mitigation of the risks
induced by contamination. In situ and real-time measurements of contamination levels are currently performed with
good accuracy by using quartz microbalances. However, they have to be completed by chemical analyses to identify
the nature of the contaminants. Unfortunately, in situ techniques are limited to a very rough characterization. A
transfer of the samples is then required, which prohibits real-time monitoring and may lead to the partial degradation
of the samples. To tackle this challenge, an experimental technique, coupling thermogravimetric analysis and mass
spectrometry, has been developed at ONERA. This method takes advantage of a preseparation of the species through
the thermogravimetric analysis. A numerical tool was moreover developed to process automatically experimental
thermogravimetric analysis/mass spectrometry data. It enables determination of the contribution of each species
(deconvolution of thermogravimetric analysis measurements species by species, both for quartz crystal microbalance
measurements and mass spectrometry spectra) and extraction of the mass spectrum of each of these species. The
results of this analysis are presented for the characterization of an adhesive widely used for space applications. The

click for updatas

deconvolution in species matches very well the experimental data.

Nomenclature
dm(f)/dt = total mass reemission rate in 1078 g - cm™2 - 57!
M;(1) = mass spectrometry measurement
for mass-to-charge ratio j arbitrary unit
m; (1) = dimensionless mass reemitted for chemical
species i
m/z = mass-to-charge ratio in u
Mg, = initial mass of the chemical species i
in1078 g - cm™
Sji = component of mass spectrum of species i
corresponding to mass-to-charge ratio j
in arbitrary units
TGA(?) = thermogravimetric analysis experimental

measurement in 1078 g - cm™2 - 57!

I. Introduction

OLECULAR contamination can seriously compromise the

objectives of a mission. It can indeed significantly degrade the
performance of measuring instruments and solar panels, as well as
thermal control systems. To mitigate this risk, a number of tests are
systematically performed on ground during the phases of design,
manufacture, and validation of the satellite [1,2].
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The most widely used test to characterize this contamination
consists of monitoring the mass of deposited contaminants per unit
area by using quartz microbalances [3—5]. This measurement is
both very reliable and very sensitive [6,7]. However, this technique
does not allow determination of the chemical nature of each of
the contaminants nor its relative proportion in the deposit. To
complement this measurement, various chemical analyses can
thus be carried out, such as in situ mass spectrometry, gas
chromatography coupled to mass spectrometry, Fourier transform
infrared spectroscopy, etc. [8—12]. Unfortunately, all of these
techniques have severe limitations.

To begin with, a large part of them in fact require a transfer of
samples. This transfer is undesirable for two reasons. First, a transfer
is highly likely to irremediably deteriorate samples (pressure or
temperature changes, spontaneous evolution of samples over time
such as reemission or phase change, etc.). This would raise doubts
extremely hard to clear up, for example, the extent to which the quartz
crystal microbalance (QCM) measurements can really be compared
with the results of the chemical analysis.

The second reason is that this transfer prevents the chemical
characterization from being performed in real time. The time
evolution information is thus definitively lost. This information is,
however, of particular interest. On the one hand, it allows a much
better correlation between the quantitative measurements (the
deposited mass) and the chemical analyses (nature of contaminants).
On the other hand, it enables the kinetic study of contamination
phenomena (outgassing, transport, reemission, etc.).

Some of the most recent physical models are indeed based on the
individual behavior of each chemical species of a mixture of
contaminants [4,13]. The same is true for models of contamination-
UV synergy [14,15]. As of today, however, common experimental
measurements only monitor the total contaminant deposit. In the
future, a real-time analysis able to quantitatively separate the
contributions of each species would, on the other hand, thus enable
1) a much better assessment of contamination mechanisms at work,
2) a much more realistic extraction of model parameters and a much
better characterization of the kinetic properties of each contaminant,
and 3) amore relevant and comprehensive analysis of tests performed
on ground.

Some techniques, such as Fourier transform infrared spectroscopy
and mass spectrometry (MS) can, however, be operated in situ.

Article in Advance / 1


http://dx.doi.org/10.2514/1.A33505
www.copyright.com
www.copyright.com
www.copyright.com
http://crossmark.crossref.org/dialog/?doi=10.2514%2F1.A33505&domain=pdf&date_stamp=2016-09-16

Downloaded by ONERA on January 6, 2017 | http://arc.aiaa.org | DOI: 10.2514/1.A33505

2 Article in Advance / VANHOVE ET AL.

Unfortunately, it can be pretty hard to implement them with the
required sensitivity and, above all, to interpret the measure-
ments, because they result from a complex mixture of a priori
unknown contaminants. As a consequence, these analyses are
generally not quantitative and are often limited to a very rough
characterization.

To meet this challenge, ONERA has developed an analytical
technique for the real-time and in situ qualitative (nature of each
deposited contaminant) and quantitative (deposited mass of each
species) monitoring of molecular contamination by coupling the
thermogravimetric analysis (TGA) and MS analyses [16]. In the
first part of this study, the experimental setup, the measurements,
and a preliminary analysis of these data are presented. The method
is applied to the characterization of a real contaminant, the Scotch-
Weld EC-2216, an adhesive frequently used in the aerospace
industry. Although TGA results in a kind of rough species
separation, this separation is incomplete. As a result, the mass
spectrum measured is still the one of an unknown mixture of
contaminants. Because such spectra are very complex, the analysis
of experimental data as shown in the first part requires a great deal of
expertise and is unreasonably time consuming. Furthermore, it does
not allow the extraction of the mass spectra of each one of the
chemical species. ONERA therefore upgraded its numerical tool
COMPEX to enable the automatic analysis of the TGA/MS
experimental data. The second part briefly describes this tool and
presents the results of this digital processing.

II. Coupling of TGA and MS Analyses

In this first part, the experimental setup, the protocol used, the
experimental data, and their analysis are explained.

A. Experimental Setup

Contamination photons synergy is the experimental facility
dedicated to the study of molecular contamination at ONERA. An
effusion cell (20-200°C) generates a controlled molecular beam of
contaminants toward a collection plate (steel plate of typically
10 cm?) and a QCM (Maxtek 6 MHz), both individually temperature
controlled from —100 to 100°C (cooling with liquid nitrogen and
resistance heating, system developed by ONERA). During the TGA,
contaminants reemitted from the collection plate are analyzed using a
mass spectrometer (Bruker). QCM frequencies are sensitive to
temperature. This dependence has been characterized and subtracted
to TGA measurements.

B. Experimental Protocol

The protocol used was specifically designed for the characterization
of real contaminants. It includes four steps of outgassing. At the end of
each step, a TGA/MS measurement is performed.

The four outgassing steps were performed at 75, 100, 125, and
150°C. Each step lasted about 20 h. The contaminants were collected
on the collection plate at —80°C. The temperature profiles of the
effusion cell and of the plate are given in Fig. 1. A TGA was
performed at the end of each step at the heating rate of 2°C/ min.
Reemitted contaminants were then analyzed by mass spectrometry.
The TGA/MS data recorded after the first outgassing step at 75°C
were not exploited because the amount of deposited contaminant was
too low.

C. Experimental Data

ATGA/MS experiment consists of one TGA and 250 mass signals.
For each m/z between 1 and 250, the intensity is measured as a
function of time, and thus as a function of temperature, because the
experiment carried out is a TGA.

Figure 2 shows the three TGAs monitored after the outgassing
steps at 100, 125, and 150°C (i.e., total mass reemission rate from the
QCM). By way of illustration, the measurements obtained for the
mass 47 for the three outgassing steps are given in Fig. 3.
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Fig. 2 TGA measurements, outgassing steps at 100, 125, and 150°C.
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Fig.3 TGAs performed after the outgassing steps at 100, 125 and 150°
C,m/z47.

D. Experimental Data Analysis: Deconvolution 1

Although TGA performs some species separation, it remains
incomplete. Furthermore, peak emissions partly overlap. The issue of
the deconvolution is therefore to use mass spectrometry data to
separate the contributions of the different chemical species and to
identify them (Fig. 4). However, several species contribute to each
mass signal monitored by mass spectroscopy, making the inter-
pretation of experimental data quite difficult.

As a consequence, the deconvolution was performed by
identifying the masses that stem from one single species. Such an
identification was based on the following criteria:

1) A mass signal having a unique and very narrow peak (e.g., mass
47, Fig. 3) most likely corresponds to a single species.
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Fig. 4 Species-by-species deconvolutions of TGA measurements, outgassing steps at 100, 125, and 150°C.

2) When masses separated by at least several unities have identical
complex signals (several peak emissions), they are very likely to be
emitted from a single species. By contrast, isotopes and, in particular,
carbon-13 lead to M + 1 and M + 2 masses that have identical
signals but may well correspond to several species.

3) The heaviest masses have a lower probability to correspond to
several species.

4) Finally, the temperatures that correspond to a peak or a shoulder
of the TGA performed after the step at 150°C were identified. The
analysis thus focused on the masses that show a sharp peak for these
temperatures.

These masses were called characteristic masses and were used to
identify the species. The TGA, measured by the QCM, is the total
mass reemission rate. It can be described as the sum of the masses of
each species. It is therefore a linear combination of the characteristic
masses of these species. It was thus finally possible to reproduce
the experimental TGAs with only five main contaminants, for which
the characteristic masses were the masses 106, 76, 109, 86, and 212
(Fig. 4). The mass 76 saturates for the outgassing step at 150°C.
However, as the masses 47 and 76 were proportional for all the
outgassing steps (Fig. 5), the mass 47 was used instead of the mass 76
for the TGA deconvolution. A very satisfying fit of experimental data
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Fig.5 TGAs performed after the outgassing steps at 100, 125 and 150°
C, m/z 47 and 76.

was thereby obtained for the three outgassing temperatures, although
the reemission profiles recorded after each temperature step differ
widely. In this first analysis, the less abundant contaminants were
deliberately neglected. Thus, for instance, for the outgassing step at
150°C, a contaminant, emitted at approximatively —45°C, seems to
be lacking.

The first part of this paper described how to determine in situ and in
real time the contribution of each species of a contaminant mixture
during a TGA experience by coupling the TGA and MS analyses.
This TGA deconvolution enables for each identified species a first
estimation of its reemission properties as well as of its total deposited
mass at the end of each outgassing step. Based on this deconvolution,
thanks to the masses identified as characteristic of a single species, it
is also possible to determine the contribution of each species to the
deposit during the outgassing step. This technique thus provides new
information that could be exploited to validate contamination models
(outgassing and reemission) and to extract their parameters. How-
ever, this method has two limitations: First, the interpretation of

experimental data is very tedious, and second, it is not possible to
extractin this way the mass spectrum of each species to identify them.
This is why the numerical tool COMPEX developed by ONERA was
enhanced to enable the automatic processing of TGA/MS data.

III. Numerical Processing of TGA/MS Data
A. Numerical Model

The available experimental data are the TGA measurements, on
the one hand, and the mass spectrometry data, on the other hand. A
TGA (total mass reemission rate) can be described as the sum of the
contributions of each species i.

TGA(r) =

dm(t) Z o, dm (t) 0

In the same way, we can break down the mass spectrometry
measurement M () monitored for each mass j:

dm.
M;(t) = Zsjimoin:i—lt(t) 2

The unknowns are then the initial mass and the mass spectrum s ;
of each species.

A higher weight (w > 1, here 50) is, moreover, given to the TGA.
The error function is thus

w[zimo, d":i’(t) - TGA(t)]

+ Z[Z, s, Dy, (t)] 3)

At each step, the optimum spectra s;; opt are computed using the
least-squares method, the masses bemg considered fixed. Current
spectra s;;(n) are replaced at the step n + 1 by spectra defined by
Eq. (4):
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Fig. 6 Species-by-species deconvolution of TGA measurements: (top) deconvolution 1, (bottom) numerical simulation.
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sji(n) + s;;0pt

sji(n+1) = )

“

Equation (2) being linear in s ;, the error decreases. The spectra are
then fixed and the masses are treated by the same method. Because the
error is reduced with each iteration, the algorithm converges and a local
minimum is found.

B. Simulation: Deconvolution 2

The TGA performed immediately after the outgassing step at 150°
C is simulated. Ten species are used for this simulation.

To evaluate the ability of our numerical tool to process TGA/MS
data, we compare the results of the experimental data analysis
described in the first part of this paper (deconvolution 1) with those
provided by the numerical tool (deconvolution 2). In particular, it is
important to assess whether or not the chemical species showing up in
the two deconvolutions are identical. To this end, we use the masses
(masses monitored by mass spectrometry) that had been identified as
characteristic of a chemical species. These are the masses resulting
from the contribution of a single species, or at least for which one
species is predominant. Thus, for the sake of simplicity, because no
other information is at first available, the chemical species are named
after their characteristics masses: For instance, the species which is
the (quasi) exclusive contributor to the mass 76 (Fig. 3) is called S76.

1. TGA

Figure 6 shows, at the bottom, the COMPEX simulation
(deconvolution 2) of the TGA performed after the outgassing step at
150°C and, at the top, the deconvolution 1 of this TGA. Overall, these
two deconvolutions are very similar, which is a very satisfying result.
The simulation perfectly fits the experimental TGA. The weights of
each species (masses initially deposited, S76, S86, S109, and S212)
are very close to the ones of deconvolution 1. The main differences
are slightly different reemission parameters for the species S109
(remission occurs at a lower temperature in the simulation) and the
appearance of some additional species (A, B, C, D, E, F), which
globally correspond to missing masses in deconvolution 1.

Indeed, although deconvolution 1 is robust (three outgassing
temperatures were properly described with a small number of
species) and, as a consequence, reliable, this deconvolution relies on
a number of approximations (modest contributions are neglected,
etc.). As a result, deconvolution 1 is not an absolute reference but
rather a good indication of the likelihood of the results.

2. Characteristic Masses

The masses that had been identified as characteristic of a single (or
at least predominant) species were the masses 47 (signals of mass 47
and 76 are quasi identical), 109, 86, and 212. These masses are shown
in Fig. 7. Again, areally good fit of experimental data is obtained for
these characteristic masses (Fig. 7) as well as for all of the monitored
mass signals (not shown).

The masses 47 and 212 result almost exclusively from the
contributions of the species S76 and S212, respectively, and the
species S86 and S109 predominantly contribute to the masses 86 and
109, respectively. The species S76, S212, S86, and S109 were thus
properly identified. The contributions of the species S86 and S109 are
a bit difficult to distinguish from each other because they have close
reemission parameters and mass spectra.

3. Mass Spectra

The advantage of the automatic data processing is that it now
allows extraction of the mass spectrum of each species. The proper
identification of these chemical species would, however, require
further data treatment, including the comparison of the spectra with a
database and or gas chromatography (GC)/MS data. Nevertheless,
typical fragment patterns can yet be observed. For example, in the
spectrum of the species S109 (Fig. 8), C,H,,_3 fragments clearly
appear, which could point at S109 being an alkyne.
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Fig.7 Species-by-species deconvolution of m /z 47, 86, 109, and 212.

C. Conclusions

The results of this simulation are very promising: They are self-
consistent and in line with the ones of the previous deconvolution.
The main species of the mixture of contaminants are properly
identified. Further data processing, including the comparison of the
spectra with a database, is, however, required to more precisely
determine their chemical nature. It would, moreover, be very
interesting to compare these spectra with the GC/MS analysis of the
EC-2216.
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Processing a complete data set (i.e., comprising several TGA
performed at different outgassing temperatures) would as well enable
a further validation and a more accurate evaluation of the results
(initial masses, reemission properties, and mass spectra).

IV. Conclusions

This paper presented the implementation of the coupling of the
TGA and MS analyses and the treatment of the experimental data thus
generated. This in situ and real-time characterization method allows
the analysis of complex mixtures of contaminants with the objective
of determining the nature, quantity, and outgassing and reemission
properties of each chemical species of the deposit. Analyzing TGA/
MS experimental data is, however, fastidious and unreasonably time
consuming. To overcome this difficulty, a numerical tool able to
automatically process such data was developed. This tool enables
the species-by-species deconvolution of a TGA experiment and the
extraction of the mass spectrum of each identified species. The
estimation of reemission properties is also greatly facilitated.
Ultimately, the determination of these mass spectra would also allow
the deconvolution of the contaminant emitted at each step species by
species (characterization of the outgassing properties of each
species). The method has been applied to the characterization of an
adhesive widely used in space, the Scotch-Weld EC-2216. The results
are very promising because the deconvolutions obtained are globally
consistent and the simulation fits very well experimental data (TGA
and MS data). Further data processing, including the comparison of
the spectra with a database, is, however, required to more precisely
determine the chemical nature of the species.
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