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Abstract A round-robin study for thermogravimetric analysis (TGA) of carbon
oxalate monohydrate was organised with thirteen participants. The main objectives
were to provide best practice in the use of TGA and guidelines on uncertainties in
the context of pyrolysis and fire modelling. The material studied, calcium oxalate
monohydrate, is often used to evaluate the proper functioning of a given piece of
equipment because its decomposition steps are well documented and known to be
repeatable and reproducible. The experimental procedure was described in as much
detail as possible, bearing in mind that it cannot be fully prescribed due to the dif-
ferent technologies of thermogravimetric analysers. All thermograms were evaluated
for mass losses and onset, peak and end-set temperatures for the three decomposi-
tion steps using two outlier detection methods, the Grubbs method and an alter-
native two-step method inspired from Z-score technique, allowing an assessment of
measurement deviation calculated throughout the duration of the experiment. This
study allows a benchmarking of data scatter due to instrument and operator. It con-
firms that verification with calcium oxalate is a good screening method that can be
used by laboratories. Within a laboratory, it can also help to identify problems with
instrument accuracy that would otherwise be difficult to detect. This, together with
the good practice outlined in the paper, should help the community to increase the
validity of tests on other materials of interest to fire science.

Keywords Thermal decomposition - benchmark - Pyrolysis - TGA analysis

1 Introduction

Thermogravimetric analysis (TGA) is an analytical technique for measuring changes
in the mass of a material that occur in response to programmed temperature changes
[1]. Tt is used to understand sample composition, predict lifetimes, or study reactions
of material with gases. TGA is also widely used in fire research or fire engineering.
It allows (a) the study of thermal behaviour of a material [2], potentially loaded
with flame retardant or other fillers, or (b) the determination of kinetic parameters
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Table 1 List of participants to the present round-robin.

Participant 1
Participant 2
Participant 3
Participant 4
Participant 5
Participant 6
Participant 7
Participant 8
Participant 9
Participant 10
Participant 11
Participant 12
Participant 13
Participant 14

City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country

[3] and the extrapolation of a given material behaviour at other heating rates or
at larger scales [4]. From 1986 to 2020, several round-robin studies were performed
with TGA on cellulose [5,6], wood [6], synthetic polymers [7,8] or carbon fibre-
reinforced thermoplastic composites [9]. The material choice was obviously related to
the research domain of participants and round-robin organisers. These studies show
that a good reproducibility of TGA measurements can be achieved but it strongly
depends on the nature of the material. This assessment is valid for a wide range
of equipment. However, these comparisons are made on reduced kinetic parameters
after data processing and not on raw data. As a consequence, the assessment is
less on the TGA experimental process itself than on the whole chain (measurement
followed by specific post-processing).

A round robin test on thermogravimetric analysis was therefore organised to
validate experimental methods and improve result quality. It gathers enough partic-
ipants active in fire research to assess the reproducibility of measurements as well as
to trigger discussions on best practice. Eighteen participants were initially interested
in the project; fourteen sets of measurement were received provided by thirteen enti-
ties. One of the participants performed measurements with two types of equipment.
Two laboratories were working together and provided only one set of measurements.
The list of participants is available in Table 1.

The paper falls into four main parts after this introduction. Section 2 presents
the various TGA equipements used, test material used in this round-robin, and the
common protocol used by all participants together with the specificities of each
participant. Then the results are presented in section 3: temperature programme
conformity, mass loss curves, decomposition temperatures. Outlier detection using
Grubbs method and then an alternative method is presented in section 4, before some
recommendations, which falls into two parts: good practice for TGA and methods
for outliers detection in TGA. Section 5 is the conclusion.
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2 Experimental protocol
2.1 Equipment

There are several manufacturers of TGA apparatus, but all are based on the same
principle: the sample is put in a crucible, which weight is measured continuously
along the experiment. The complete system is put in an enclosure heated by an
electric resistance, called oven, and swept by a gas flow. The aim is that the actual
sample temperature Ts follows precisely a temperature programme as function of
time, Ty (). This is done by using thermocouples closely connected to the sample,
and using an active control of power delivered to the heating resistance as function
of Tp(t) and measured temperature at the thermocouple T.. Since there is no ac-
tual way of knowing the actual sample temperature, the calibration procedure on
reference material is of crucial importance. Generally it uses material with a phase
change (either melting point or Curie point) in the temperature range of interest
to get insight on actual sample temperature. Similarly, the systems used for weight
measurements vary. They can be based on a horizontal arm, top-deck scale or a sus-
pension load cell. Each TGA apparatus follows the above principles, but vary in the
way they are designed and built. In the present work, a total of five different brands
and ten different TGA apparatus were used. Participants were encouraged to provide
as much information as possible. Table 2 summarises the technical specifications of
these instruments as provided by the manufacturers.

For the instruments of most participants, mass calibration is performed using an
automatic program realised internally. A participant verifies the auto-calibration by
performing a test on 15mg to 20mg of CaCOj3 in air atmosphere at 20 Kmin~*
from 773K to 1173 K. Four participants verify their weighting scale with external
known masses. As already stated, temperature calibration is critical to ensure a good
conformity to temperature programme. Table 3 summarises information regarding
the temperature calibration of instruments; the frequency of calibration was provided
by most participants although not initially requested in the round-robin procedure.

2.2 Material sample

The material used for the sample was determined to have several qualities: (1) being
well studied and with stable manufacturing conditions; (2) having several decomposi-
tion steps, well separated in temperature; (3) having known values for residual mass
at each step; (4) having a large amount of residue after final step (this last prop-
erty was chosen to add an extra criterion to assess reproducibility). Thus, a widely
known material was chosen for this study: calcium oxalate monohydrate in powder
form from Sigma-Aldrich (ref. C0350000, CAS No. 5794-28-5). All the samples used
in this study came from the same production batch acquired and dispatched to all
the participants. Indeed, the following sequence is commonly reported for the de-
composition of calcium oxalate monohydrate into calcium oxalate, then into calcium
carbonate and finally into calcium oxide:
CaC204 - HoO — CaC204 + H2oO 1 —— CaCO3 +CO T — CaO + CO2 1

For an initial mass of sample mg, and m; residual mass after step ¢, we define nor-
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Table 2 Characteristics of the instruments

Brand & Load Mass Position and number of
Model method sensitivity  thermocouple

A Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

B Mettler Toledo Horizontal  n/a n/a
SDTA 851e

C  Netzsch Top 0.1ug Furnace and sample holder
Libra

D  Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

E Perkin-Elmer Suspension  0.1ug 1 at the bottom of the furnace
Pyris 1

F Setaram Suspension  10ug 1 at the bottom of each crucible
Setsys Evolution

G Mettler Toledo Horizontal S5ug 3 at the bottom of each crucible
TGA/DSC 1

H  Netzsch Top 0.1ug 1 under the sample
TG 209 F1 Iris

I Mettler Toledo Horizontal S5ug 3 at the bottom of each crucible
TGA/DSC 1

J Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

K Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

L TA Instruments Suspension  0.1ug 2 above the sample
TGA Q500

M Mettler Toledo Horizontal 0.1ug 3 at the bottom of each crucible
TGA/DSC 2 LF/HT

N  Netzsch Top 0.025ug 1 at the bottom of each crucible

STA 449 F1 Jupiter

Table 3 Temperature calibration of instruments; elements are denoted by their symbol in
periodic classification and alloys by their commercial names; n/a: non available; (*) number
of calibration points depends on crucible; last calibration for participant D was made 7 years

before the tests.

Method Calib. Material Range Frequency
points (K)
A Melting point 5 In, Sn, Bi, Zc, Al [429:933] n/a
B Melting point 4 In, Sn, Zc, Al [429:933] 1 year
C  Melting point 5 n/a n/a 0.5 year
D  Melting point n/a n/a n/a n/a - see caption
E  Curie point 4 Fe, Ni, Alumel [303:1223] 1 year
Perkalloy
F  Melting point n/a n/a [303:1373] 1 year
G Melting point 3 In, Al, Au [373:1373] 1 year
H ¢DTA method n/a n/a [423:1233] n/a
I Melting point 2 In, Al [429:933] 1 year
J Melting point n/a n/a [429:1723]  0.25 year
K  Melting point 4to 6(*) n/a [429:1337] n/a
L  Curie point 2 n/a (631:933] 1 month
M Melting point 2 In, Zc n/a 1 year
N  Melting point 6 to 8(*) In, Sn, Bi, Zc, Al, Ag  [342:1235] 0.5 to 1 year




O J o U b WD

AU OGO S BB BRDE DD DEDNEWDWWOWWWWWWWWNNNNNNNNNONNNNRERERRR B R B P
B WP OWO-JdAU R WNRPOW®O®JAOAUE WNFHROWOWO-JANOEWNRFOW®OJOUEWNROWOW-J0 U WN R O W

2
al

Round-Robin Study on Calcium Oxalate Monohydrate Decomposition by TGA 5

malised mass losses for each step as

mo — mi mi1 —m2
ML =—"—"1  ML,=—""2 MLy=
mo mo mo

m2 —ms3

Using molecular masses, one may compute their theoretical values:
MLT =123% MLY =192% | MLY =301%

They are consistent with data in the literature [10].

2.3 Experimental protocol

One purpose of the present work is the assessment of relative scatter in data due
to the different equipment. The experimental procedure was therefore as detailed as
possible in order to allow as many different apparatus while still providing guide-
lines. When needed, this experimental procedure took into account the technological
differences of the aforementioned testing equipment. Furthermore, each participant
also relied on internal quality procedures adapted to its own context.

The sweeping gas had to be inert with regards to calcium oxalate and its deriva-
tives. All participants used nitrogen except one, who employed argon instead (see
Table 4). The actual value of flow rate of inert gas is dependent on the equipment
and was therefore not prescribed in the experimental protocol. This flow rate can
sometimes affect the measurement [?,11]. The effect of the flow rate of the inert
gas on the experimental mass loss curves for the thermal dehydration of calcium
oxalate monohydrate for a horizontally supported thermogravimetric analyser has
been studied in [12]. It is indicated that, for a reversible reaction, an increase in
the flow rate would promote the removal of the gaseous products, and therefore,
would accelerate the reaction shifting its temperature range to lower temperatures.
It is recommended to maintain a sufficiently fast flow rate of a purge gas in order
to maximise the efficiency of the removal of gaseous products. As a consequence
participants had to ensure that this parameter did not influence their measurements
as specified in [12]. At the beginning of each test, the whole experimental set-up
had to be purged with the chosen inert gas for 1200s to 1800 s before starting the
actual heating program [12], to ensure that no oxygen was present in the oven when
experiments started without purge.

Concerning initial mass of sample, standards recommend sample mass values
over 10mg with a maximum specified value of 100mg [13] and 30mg [14]. How-
ever, this recommendation is highly discussed in the literature. For a heating rate of
10 K min~!, [2] mentions that a smaller sample, of size of 5mg to 10 mg, is needed
to ensure that it is in thermal equilibrium with the apparatus. These authors in-
deed recommend to keep the sample size as small as possible within the limits of
sensibility of the apparatus which usually leads to around 5 mg. A rule of thumb indi-
cated in [12] recommands that the sample mass times heating rate should not exceed
100 mg K min . This value, which corresponds to 10 mg at 10 K min~! was obtained
from a Biot number calculation [12]. This assumption might however not be entirely
verified as suggested by several publications where no convergence is observed for
PP even for sample masses as small as 0.14mg [15], 0.83mg (at 15K min~") [16]
or 0.11mg (at 40K min~") [5]. From the above considerations, sample initial mass
of 5mg and heating rate of 10 K min~! were demanded, with temperatures ranging



O J o U b WD

AU OGO S BB BRDE DD DEDNEWDWWOWWWWWWWWNNNNNNNNNONNNNRERERRR B R B P
B WP OWO-JdAU R WNRPOW®O®JAOAUE WNFHROWOWO-JANOEWNRFOW®OJOUEWNROWOW-J0 U WN R O W

2
al

6 Authors

Table 4 Inert gas and flow rates and nature and characteristics of crucibles; note that for
some participants, two flow-rates are reported: the main flow-rate plus an additional inert gas
flow-rate for weighing scale protection.

Gas Flow rate Crucible  Diameter Height Volume Mass
(mLmin~')  material  (mm) (mm) (tL) (mg)

A Nitrogen 50 Alumina 6.8 3.9 n/a n/a
B Nitrogen 50 Alumina 6 4.6 70 180.2
C  Nitrogen 40 Alumina 6.8 4 85 140
D  Nitrogen 30 Alumina n/a n/a 900 1282
E Nitrogen 20 Ceramic 7 2.5 20 140
F  Nitrogen 40 Alumina 5 25 300 450
G Nitrogen  20+80 Alumina 6 4.5 70 181
H  Nitrogen 20410 Alumina 6.8 n/a 85 n/a
I Nitrogen 80 Alumina 5 4.5 70 172
J Argon 100 Alumina 6 4 100 152.7
K  Nitrogen 40 Alumina 6.8 4 85 147.5
L Nitrogen  60+40 Alumina 10 4 250 632.8
M  Nitrogen 40 Alumina n/a n/a n/a n/a
N  Nitrogen 20430 Alumina 5.9 3.7 40 138

from 300K to 1180 K. The protocol also asked for 300s isotherms at the beginning
and end of each test. All participants complied with the 10 K min~! heating rate.
They also complied with the 5 mg initial sample mass (5.12mg + 0.19mg) except
for participant C which started the experiment with a mass of 20.45mg.

Crucibles were asked to be made of alumina, with no indication for their sizes.
The sizes were not imposed because they are strongly dependent on the equipment
characteristics. Crucible size may nevertheless influence the measurement. Indeed,
it is better for a given sample mass to compare measurements performed on the
same thickness of material to have similar diffusion rates of volatile decomposition
products [12]. Crucibles were indeed composed of alumina for all participants except
one participant who also used a ceramic but without specifying its nature (see Table
4). Tt is interesting to note that participant D used a 1282mg crucible, which is
almost 10 times heavier than the crucible used by some of the other participants.

No conditioning was requested for the sample in the experimental protocol, be-
cause it was thought it is dependant on each laboratory quality procedures, condi-
tioning equipment and experience. Seven of the participants reported nevertheless
to have carried out conditioning of the sample before performing measurements (see
Table 5). Participants were invited to repeat each test three times but it was not
mandatory. Three repeats were performed for nine sets of data.

3 Experimental results
3.1 Temperature programme conformity

First, the temperature programme conformity is analysed. All participants reported
sample temperature Ts as a standard output of their apparatus. As presented in Ta-
ble 2, the number and location of thermocouples depend on the apparatus model, and
the critical assessment of whether T is actually representative of the sample temper-
ature is not possible. However, it is significant to use these data, as they are designed
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Table 5 Conditioning of calcium oxalate monohydrate before TGA measurements

Duration Temperature  Relative humidity
(K) (%)
A Minimum of 48h in desiccator with drierite n/a n/a
B n/a n/a n/a
C 12h 353 n/a
D n/a n/a n/a
E n/a n/a n/a
F n/a n/a n/a
G 1800s in TGA oven 300 n/a
H  Minimum of 48h 269.15 50
I Minimum of 48h in desiccator with drierite n/a n/a
J n/a n/a n/a
K Minimum of 48h n/a n/a
L n/a n/a n/a
M n/a n/a n/a
N Minimum of 48 h 291 15

to follow exactly the temperature programme as function of time Tp(t) = Bpt during
the heating phase. In order to analyse programme conformity, the estimated sample
heating rate was therefore computed

dTs
p 2)

Bs:

and compared with 8, = 10 K/min. For simplicity of reading, Ss is plotted as
function of Ts in Fig. 1. Note that taking derivative always generates a risk of in-
creasing the noise because of over-sampling or under-resolved data. Therefore the
sampling rate of dataset was first decreased to insure that temperature differences
were actually significant. After this stage, only one dataset (dataset D) was still
under-resolved and therefore noisy. Bernstein polynomials smoothing was applied
to dataset D (see [17,18] for general considerations on the method and [19] for an
example of its application to fire science). This smoothing method is particularly
effective for high frequency noise, such as that observed for this participant. It is
therefore considered that the smoothing does not affect the data set and its use in
the rest of this study.

The curves in Fig. 1 are typical of active control with devices as Proportional-
Integral-Derivative (PID) controllers with, in most cases, a transient over- or under-
shoot and in one case an oscillatory behaviour. Results can be sorted in three cat-
egories: (1) participants with an over or undershoot which is smaller than 3 K/min
above 350 K and smaller than 1 K/min above 400 K, hence following very well
the temperature programme in the range of temperatures of interest; (2) partici-
pants with a stronger overshoot, which disappear around 500 K; (3) one participant
with an oscillatory behaviour slowly damped but still present at 800 K. These facts
have to be interpreted with care: since the mass loss data are plotted as function
of temperature, the first order effect of non conformity in temperature programme
is excluded, and the remaining effect is second order: transient heat storage in the
samples and the crucibles. Therefore, it is not possible from these data to decide
whether a measurement should be excluded or not. A thorough analysis of mass loss
curves is needed to go further.
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Fig. 1 Temperature programme conformity: s plotted as function of sample temperature T’;
top panel: participants with conformity achieved below 400 K (see text); middle panel: partic-
ipants with non oscillatory behaviour, but conformity reached slowly (note that a smoothing
had to be practised for participant D, see text); bottom panel: participant with oscillatory
behaviour.

3.2 Mass loss data

As stated previously, the majority of participants performed several repeats. Except
for participant F, it appears visually that an excellent repeatability is reached (not
shown here as curves collapse perfectly). The only exception is participant F who
had a real difficulty of repeatability for step 1 (see Table 6). For the rest of the paper,
only repeat 2 was kept for participant F.

Normalised masses (i.e. m(7T') /mg for each test) are plotted in Fig. 2 as functions
of sample temperature for the fourteen sets of data. A general tendency is clearly
observable but discrepancies are visible for mass losses as well as for onset or endset
temperatures. These discrepancies tend to accumulate one decomposition step after
the other, to be finally much more visible for the third decomposition step.

The participants determined from their measurements the mass lost during the
three decomposition steps. For data sets with repeats, an average value was first
calculated for each participant and this value later used in the determination of the
overall average. Normalised mass losses are given in Table 6.

For each decomposition step, the average normalised mass loss is lower than the
theoretical normalised mass loss. This means that at each step the normalised resid-
ual mass is larger than its theoretical value. This might be caused by incomplete
reaction, however this is not likely from the data since the mass residuals appears to
be well stabilised. The most probable explanation would be the presence of additive
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Fig. 2 Normalised mass as a function of sample temperature — Comparison between partici-
pants including all dataset

in the samples. However, since all samples were taken from the same batch of pro-
duction, this does not raise concern as far as this round robin study is concerned.
Furthermore, as expected for increasing decomposition steps, it is observed an in-
crease in the standard deviation as well as in the difference between the maximal
and minimal measurements. This can be seen as a build-up of measurement errors
from previous decomposition steps.

3.3 Decomposition temperatures

Participants had to determine from their measurements the onset, peak and end-set
temperatures for each decomposition step, using their own methods. For data sets
with repeats, an average value was first calculated and later used in the determination
of an overall average. Unlike for the mass lost during a decomposition step (see section
3.2), no theoretical value exists as a reference for the decomposition temperature,
which depends on the experimental procedure (e.g. initial sample mass or heating
rate).

Data are also plotted in Fig. 3 where temperatures reported for the 15 step are
in black with no fill, cross-hatched for the 2°¢ step and hatched for the 3" step. The
bottom line of each rectangle corresponds to the onset temperature, the centre line
to the peak temperature and the top line to the end-set temperature. These tem-
peratures are also compared to the averaged onset, peak and end-set temperatures
plotted with their standard deviations on the right hand side of the figure.
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Table 6 Normalised mass loss M L1, MLs and MLs (in %) as defined by eq. (1); note that
the largest uncertainty in mass measurement for F is 10ug representing 0.2 % of initial mass;
uncertainties for G and I is 0.2 % of initial mass, and less than 0.002 % of initial mass for
A, C, D, H, J, K, L, M and N (see Table 2). R-1 to R-3 correspond to the test replicates, if
applicable.

ML, MLy MLs

A 12.8 18.0 30.0
B 11.8 18.1 29.9
C 12.2 18.7 30.3
D 9.3 12.6 20.8

E-R1 11.7 18.6 29.9
E-R2 11.7 18.6 29.8
E-R3 11.8 18.9 30.0
F-R1 11.1 18.3 29.9
F-R2 10.7 18.0 30.2
F-R3 10.1 18.0 31.3
G-R1 12.2 18.2 29.9
G-R2 12.3 18.1 29.9
G-R3 12.2 18.2 29.7
H 12.1 18.4 30.3
I-R1 12.0 19.0 30.0
I-R2 12.0 19.0 30.0
I-R3 12.0 19.0 30.0
J-R1 12.3 18.7 30.6
J-R2 12.4 18.5 30.2
J-R3 12.3 18.5 30.3
K-R1 11.2 18.3 29.9
K-R2 11.2 18.3 29.9
K-R3 11.2 17.9 30.1
L 11.0 17.2 27.9
M 12.0 18.0 30.0
N-R1 12.1 18.5 29.7
N-R2 12.1 18.4 30.0
N-R3 12.1 18.5 30.1
Theory [10] 123 192 301
Median 12.0 18.2 30.0
Average 11.6 17.9 29.3

Standard deviation 0.8 1.5 2.4

To analyse these results, a comparison is made between measurements from par-
ticipants A and G which are very close (see Fig. 2). The lengths of the three rectangles
from participant A in Fig. 3 are however much bigger than those of participant G. For
the first, second and third decomposition steps, the rectangle lengths for participant
A are respectively 52K, 82K and 110K, whereas for participant G these rectangle
lengths are respectively 32K, 47 K and 60 K. Both participants did not use the same
standard or protocol to determine the onset and end-set temperatures which led to
such differences. On the contrary, the reported peak temperatures of these partic-
ipants where much closer: an absolute difference of 2 K for the first decomposition
step between peak temperatures of participants A and G, 4K for the second decom-
positions step and 16 K for the third decomposition step. The determination of peak
temperature appears to be less dependent on the chosen standard or method. Finally,
as observed previously in section 3.2, the standard deviations reported in Table 6 in-
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Fig. 3 Onset, peak and endset temperatures for the three decomposition steps compared with
average values

crease with increasing decomposition steps due to an accumulation of measurement
€rrors.

4 Discussion
4.1 Detection of outliers: Grubbs test method
4.1.1 Systematic tests for outlier detection

From previous section, it is clear that a group of results are well concentrated while
other are further away and can be seen as outliers. The aim of the present section is
to apply a generic method for outlier detection and see whether general conclusions
can be drawn from the analysis. The method chosen for outlier detection is Grubbs
test [20,21] which is generally recommended for small data sets (i.e. less than 21 test
results). The principle of Grubbs test for a series of data is the following.

Starting with n data, z1, z2, . .., x5 sorted in increasing order. First, compute V,,,
the variance of the full set of data, and V,,_1 the variance of data excluding the largest
one. Assuming data follow Gaussian pdf, statistical theory shows that V;,—1/V}, has
to be close to one with a known probability. Hence, for outlier detection, it is decided
to exclude or not the largest data depending on the value of V,,—1/V;, compared with
a tabulated value depending on the number of data and the significance threshold
retained. The procedure is then carried out similarly for the smallest of the data, and
so on iteratively until no outlier is found. One of the known dangers of Grubbs test
is over-exclusion, since variance is recalculated at each step after having excluded a
new outlier; thus, an overly stringent confidence level should not be used.
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Table 7 Statistics of normalised mass loss MLy, MLs and M L3 (in %) as defined by eq. (1)
exluding outliers D, F, K and L.

MLy ML, MLs

Theory [10] 123 192 30.1
Median 12.1  18.45 30.0
Average 12.0 18.4 30.1

Standard deviation 0.2 0.4 0.2

We nevertheless decided to use Grubbs test because of its generality and broad
application. The confidence level retained in the present work is 2.5 %. Since the
process is iterative and monovariate, we decided to work first on mass loss and then
on temperature on the remaining set.

4.1.2 Mass loss data

From the mass loss data with 2.5 % confidence level, results from participants D, F,
K and L are then detected as outliers, leaving us with 10 datasets: A, B, C, E, G,
H, I, J, M, and N.

As mentioned previously, crucibles of participants D and L were respectively 8
times and 4 times heavier than those of other participants which may explain these
observed differences in mass measurements. Indeed, as the sample mass was set at
5mg in the experimental protocol, it is suspected that these instruments did not
provide good data because the prescribed sample mass is outside their operating
conditions or because of an issue with the baseline correction/conditioning step,
which later propagated into these difference in apparent mass loss in each step. For
participants F and K, they are considered as outliers due to a poor representation
of the first decomposition step.

The average value without participant data detected as mass outliers is compared
to the theory in table 7. These data can be directly compared to those listed in table 6
which contain measurements from all the participants. The exclusion of mass outliers
significantly reduces the standard deviation which is lower than 0.35% for the third
decomposition step compared to 2.4% with mass outliers. The difference between the
maximal and minimal values is divided by up to 16 for the third decomposition step.
And more importantly, the relative differences between the average and theoretical
values are reduced from 5.7 %, 6.8% and 2.7% for respectively the 1%, 2"d and
3" decomposition steps to 2.4 %, 4.2 % and 0%. Normalised masses as functions of
sample temperature are plotted in Fig. 4 without data from participants detected
as mass outliers. The dispersion of mass measurements is smaller along the vertical
axis than the one observed in Fig. 2. However, a wide dispersion is still visible along
the horizontal axis, especially for participant C. which means that some data sets
are more precise for mass measurements than for temperature measurements, and
show the need to detect also temperature outliers.

4.1.8 Temperature data
Grubbs tests were applied to all datasets, retained the datasets which were identified

as mass outliers. Each decomposition step was considered separately. All the partic-
ipants provided measurements which were compliant with at least eight of the nine
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Fig. 4 Comparison between participants of the normalised mass as a function of sample
temperature (without measurements having mass outliers); letters A to N refer to dataset
presented on table 2.

Table 8 Onset, peak and end-set temperatures (expressed in K) after outliers exclusion (see
text) for each decomposition step; TiX is for step ¢ with X = O for Onset, X = P for Peak,
and X = FE for end-set.

R T L . -
Min 393.0 431.3 441.1 | 706.0 753.2 768.3 | 899.0 982.7 996.0
Average 406.1  433.8 4434 | 7286 762.6 781.4 | 935.1 995.2  1013.6
Max 414.7  436.7 445.0 | 7544 775.7 796.0 | 957.4 1013.3 1036.3
Std. dev. 8.2 1.5 1.4 13.8 7.5 9.5 20.6 10.0 13.4

investigated temperatures (i.e. onset, peak and end-set temperatures of the three
decomposition steps). Datasets F, C, H, L and M were detected consecutively as
outliers in the iterative process. Figure 5 presents temperature data without partic-
ipant measurements containing temperature outliers, to be compared with Fig. 3.
Table 8 gathers statistics for each decomposition step. Standard deviations are dras-
tically reduced: they are divided by two for onset temperatures, between 1.3 and 6.8
for peak temperatures and between 1.4 and 8.4 for end-set temperatures.

Mass measurements as functions of time are plotted in Fig. 6 without participant
data detected as temperature outliers. Compared to Fig. 2, measurements in Fig. 6
are less scattered along the horizontal temperature axis. It is interesting to observe
that data from participant D which were detected as outliers for mass measurement
are not for temperature measurement. This is why this thermogram seems to be
detached from other measurements in Fig. 6.



O J o U b WD

AU OGO S BB BRDE DD DEDNEWDWWOWWWWWWWWNNNNNNNNNONNNNRERERRR B R B P
B WP OWO-JdAU R WNRPOW®O®JAOAUE WNFHROWOWO-JANOEWNRFOW®OJOUEWNROWOW-J0 U WN R O W

2
al

14

Authors

1100
N N
00 s NN« =N 1
NN NN ;
900 [ N N
& 800 | S S o . 1 step ———
@ L 2" step XN
B 700 @ E S E N 5 L] 3" step TSN
£ | Onset —a—
q:L Peak +—e—
S 600 | Endset —a—
=
500
o 0BBE0BBB880 «°
300 L L L 1 L 1 il 1 | L
> W o H Q- < = =z =
8
&
[¢]
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decomposition steps compared with average values

110

Normalised mass (%) —
ot (=2} ~1 [09) = o
S S S S S S
T T T T T T

B
(=]
T

30

ZR——~mOwe

200

400 600 800 1000 1200
Sample temperature (K)

Fig. 6 Comparison between participants of the normalised mass as a function of sample
temperature (without measurements having temperature outliers)

4.1.4 Combined mass and temperature outliers

As a whole, D, F, K and L are identified as mass outliers, and F, C, H, L and M
as temperature outliers. F and L are double outliers. We are left with 7 non-outliers
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Fig. 7 Normalised mass as a function of sample temperature without participants data with
identified mass and temperature outliers

Table 9 Min, Average, Max, and Standard deviation for mass loss (expressed in %), onset,
peak and end-set temperatures (expressed in K) for the three decomposition steps without
outliers, retaining only A, B, E, G, I, J and N.

| ML MLy MLz | TP T1F TF |19 17 T1F |19 TF s

Min 11.7 18.0 29.9 393 431 442 706 758 769 899 983 996
Ave. 12.1 18.4 30.1 405 434 444 728 764 783 930 995 1010
Max 12.8 19.0 30.5 414 437 445 754 776 796 952 1013 1034
St.d. 0.34 0.34 0.24 8.1 1.5 1.2 15 7 9 19 11 11

datasets: A, B, E, G, I, J and N. Figure 7 gives mass loss data from these remaining
datasets and Table 9 the associated statistics.

4.2 Alternative method for outlier detection

From the above outlier detection using Grubbs method, one can argue that only
7 participants (A, B, E, G, I, J, and N) out of 14 provided data correct for both
mass loss and temperature. However, the method chosen in the present study to
select the measurements has two potential limitations. First, Grubbs test works
from brute force with a chosen confidence level (2.5 %) which might be too harsh,
especially due to the iterative nature of the test which recalculated statistics at each
step. Second, the analysis was based on mass losses and onset, peak and end-set
temperatures for the three decomposition steps provided by the participant using
their own estimation methods. Thus, the analysis detects non exactly measurement
outliers, but measurement and processing method outliers. An incorrect estimation of
any of the requested mass losses or temperatures may sanction the entire dataset even
if the measurement itself was correct. It would be a much better strategy to exclude
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outliers from full mass-temperature relationship. However, there is no systematic
method for doing this.

We decided to use a two step method inspired from the Z-score method defined
in standard ISO13528 [22]. At each step, we compute average and standard deviation
as function of temperature using n selected datasets:

<m>(T) = %Zmi(T) 3)

o(T) = \/i > (1)~ < mt) >) (@)

and finally define
mi(T)— <m > (T) 5)
o(T) '

Ziy(T) =

We then plot the graph Z;(T") and exclude dataset which have a significant range of
temperature with |Z;| > 2. This value corresponds to a 5% percentile criterion for a
Gaussian variable, which is common in such studies. For the first step, we keep all
the dataset, leading to Fig. 8(a). This leads to the exclusion of datasets D, F, and
K. For the second step, average and standard deviation are re-computed after the
exclusion, and functions Z;(T) are computed again. This leads to Fig. 8(b). Now it
can be seen that C is an outlier for the third step, while L and N are on the edge,
and all the other dataset are well grouped in the middle of the range.

4.3 Recommendations

From the above analysis, it can be seen that, from a Grubbs test point of view,
half of the participants would be considered as outliers. On the other hand, a more
detailed analysis based on methodology inspired from Z-score would lead to exclude
4 participants out of 14. Recommendations should be grouped into two categories:
recommendations of good practice when performing TGA, and recommendations for
outliers detection.

4.8.1 Good practice for performing TGA analysis

From the Grubbs analysis, it was complicated to identify reasons for dataset to be
excluded. On the other hand, from the second analysis, a few points may be raised.

First, going back to Fig. 1, it appears that F had a real issue of oscillating sample
temperature, while C, D and K where in the middle panel showing a strong overshoot.
It is unclear whether a more frequent calibration could have brought better results.
Calibration periodicity for participant K was unknown, F was one year and D was
several years (see Table 3).

Concerning the initial mass of the sample, only C was different from the other par-
ticipants, and it may also explain the difference of result. This advocate to follow [12]
recommendation to keep samples as small as reasonably possible. The crucible size
may also be analysed. The fact that D and F used a relatively heavy crucible could be
see as a clue, see Table 4. However, C and K crucibles were well in the range of other
tests, while L was the second heaviest, at the edge of in- and outliers. Nevertheless,
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Fig. 8 Generalised Z-score (see text); (a) all dataset are included in the computation of
average and standard deviation but only D, F and K are shown; (b) datasets D, F, and K are
excluded in the computation of average and standard deviation; all datasets excluding D, F,
and K are shown, and lines are smoothed for improved visualisation — only linestyles for C, L
and N are specified.

it seems that the effect of crucible mass is poorly understood, and the study of the
influence of inert mass in TGA may be of interest in order to investigate scattering
among test results.

Finally, performing three repeats serves as a good self-verification practice. Most
participants achieved very good repeatability indicating that it is possible to get
consistent results from this material. However, even with an excellent repeatability,
measurements can deviate from theoretical values.

4.3.2 Outlier detection

Comparing Grubbs method and the two-step method, it seems that the former may
sometimes lead to a too high selectivity. In the context of round robin procedure,
the main advice here seems limited to a careful inspection of data before using a
systematic iterative procedure.

Now, the issue may be formulated in another manner. Suppose a given laboratory
performs a TGA in conditions similar to the ones presented here. How will it be
possible to analyse these new data in the light of the present ones? For this the
answer is double, as described now. First, M L1, MLy, MLs, TC, T, TE, TS,
f, TF, TSO , Tng , and Tf issued from the new analysis should be compared with
data given in Table 9. If all fall in the range given by average plus or minus two
times standard deviation, the new data are deemed to be satisfactory according to
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Fig. 9 Normalised mass loss curve (%) as function of sample temperature (K); top pannel:
average of all datasets except D, F and K; bottom pannel: standard deviation of all datasets
except D, F and K.

common practice (see also [13]). Second, mass loss curve data should be compared
with average and standard deviation excluding D, F and K as described in section 4.2.
The computation of Z(T) allows to decide whether the new dataset is satisfactory
with regards to the alternative test. Average and standard deviation excluding D,F,
and K are plotted on Fig. 9 and available on request to the corresponding author.

5 Conclusion

A round-robin test was organised on calcium oxalate monohydrate with thirteen par-
ticipants with a high level of expertise in the fire domain (leading to fourteen dataset
as explained in introduction). The main purpose of this work was the assessment of
scatter in data due to equipment. The experimental procedure was consequently as
detailed as possible even though it cannot have been entirely prescribed because
of the different technologies of thermogravimetry analysers. The investigated ma-
terial is frequently used to evaluate the proper functioning of a given equipment
because its decomposition steps are well-documented and known to be repeatable
and reproducible. During the presentation of the results, it was made apparent that
temperature programme conformity is a real issue.

The main results of the paper are in section 4. First, using Grubbs method for
outliers detection, statistics presented in Table 9 may be used for a stringent test of
new TGA runs with calcium oxalate and associated temperature of reaction identi-
fication algorithms. Then, in the same context, for the detection of outliers in the
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mass loss curves themselves, ideas of section 4.2 apply. Thus, this work confirms
that a verification with calcium oxalate is a good screening method, which may be
used by laboratories. Within a laboratory it can also assist in finding problems with
equipment accuracy otherwise not possible to distinguish. This, together with good
practice outlined in section 4, can serve as a validation dataset for the experimen-
talist, and should help the community to increase the validity of tests with other
materials of interest for fire science.
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Abstract A round-robin study for thermogravimetric analysis (TGA) of
carbon oxalate monohydrate was organised with thirteen participants.
The main objectives were to provide best practice in the use of TGA and
guidelines on uncertainties in the context of pyrolysis and fire modelling.
The material studied, calcium oxalate monohydrate, is often used to eval-
uate the proper functioning of a given piece of equipment because its de-
composition steps are well documented and known to be repeatable and
reproducible. The experimental procedure was described in as much detail
as possible, bearing in mind that it cannot be fully prescribed due to the
different technologies of thermogravimetric analysers. All thermograms
were evaluated for mass losses and onset, peak and end-set temperatures
for the three decomposition steps using two outlier detection methods,
the Grubbs method and an alternative two-step method inspired from
Z-score technique, allowing an assessment of measurement deviation cal-
culated throughout the duration of the experiment. This study allows a
benchmarking of data scatter due to instrument and operator. It con-
firms that verification with calcium oxalate is a good screening method
that can be used by laboratories. Within a laboratory, it can also help
to identify problems with instrument accuracy that would otherwise be
difficult to detect. This, together with the good practice outlined in the
paper, should help the community to increase the validity of tests on
other materials of interest to fire science.

Keywords Thermal decomposition - benchmark - Pyrolysis - TGA analysis

1 Introduction

Thermogravimetric analysis (TGA) is an analytical technique for measuring changes
in the mass of a material that occur in response to programmed temperature changes
[1]. It is used to understand sample composition, predict lifetimes, or study reactions

List of institute
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Table 1 List of participants to the present round-robin.

Participant 1
Participant 2
Participant 3
Participant 4
Participant 5
Participant 6
Participant 7
Participant 8
Participant 9
Participant 10
Participant 11
Participant 12
Participant 13
Participant 14

City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country
City, Country

of material with gases. TGA is also widely used in fire research or fire engineering.
It allows (a) the study of thermal behaviour of a material [2], potentially loaded
with flame retardant or other fillers, or (b) the determination of kinetic parameters
[3] and the extrapolation of a given material behaviour at other heating rates or
at larger scales [4]. From 1986 to 2020, several round-robin studies were performed
with TGA on cellulose [5,6], wood [6], synthetic polymers [7,8] or carbon fibre-
reinforced thermoplastic composites [9]. The material choice was obviously related to
the research domain of participants and round-robin organisers. These studies show
that a good reproducibility of TGA measurements can be achieved but it strongly
depends on the nature of the material. This assessment is valid for a wide range
of equipment. However, these comparisons are made on reduced kinetic parameters
after data processing and not on raw data. As a consequence, the assessment is
less on the TGA experimental process itself than on the whole chain (measurement
followed by specific post-processing).

A round robin test on thermogravimetric analysis was therefore organised to
validate experimental methods and improve result quality. It gathers enough partic-
ipants active in fire research to assess the reproducibility of measurements as well as
to trigger discussions on best practice. Eighteen participants were initially interested
in the project; fourteen sets of measurement were received provided by thirteen enti-
ties. One of the participants performed measurements with two types of equipment.
Two laboratories were working together and provided only one set of measurements.
The list of participants is available in Table 1.

The paper falls into four main parts after this introduction. Section 2 presents
the various TGA equipements used, test material used in this round-robin, and the
common protocol used by all participants together with the specificities of each
participant. Then the results are presented in section 3: temperature programme
conformity, mass loss curves, decomposition temperatures. Outlier detection using
Grubbs method and then an alternative method is presented in section 4, before some
recommendations, which falls into two parts: good practice for TGA and methods
for outliers detection in TGA. Section 5 is the conclusion.
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2 Experimental protocol
2.1 Equipment

There are several manufacturers of TGA apparatus, but all are based on the same
principle: the sample is put in a crucible, which weight is measured continuously
along the experiment. The complete system is put in an enclosure heated by an
electric resistance, called oven, and swept by a gas flow. The aim is that the actual
sample temperature Ts follows precisely a temperature programme as function of
time, Ty (). This is done by using thermocouples closely connected to the sample,
and using an active control of power delivered to the heating resistance as function
of Tp(t) and measured temperature at the thermocouple T.. Since there is no ac-
tual way of knowing the actual sample temperature, the calibration procedure on
reference material is of crucial importance. Generally it uses material with a phase
change (either melting point or Curie point) in the temperature range of interest
to get insight on actual sample temperature. Similarly, the systems used for weight
measurements vary. They can be based on a horizontal arm, top-deck scale or a sus-
pension load cell. Each TGA apparatus follows the above principles, but vary in the
way they are designed and built. In the present work, a total of five different brands
and ten different TGA apparatus were used. Participants were encouraged to provide
as much information as possible. Table 2 summarises the technical specifications of
these instruments as provided by the manufacturers.

For the instruments of most participants, mass calibration is performed using an
automatic program realised internally. A participant verifies the auto-calibration by
performing a test on 15mg to 20mg of CaCOj3 in air atmosphere at 20 Kmin~*
from 773K to 1173 K. Four participants verify their weighting scale with external
known masses. As already stated, temperature calibration is critical to ensure a good
conformity to temperature programme. Table 3 summarises information regarding
the temperature calibration of instruments; the frequency of calibration was provided
by most participants although not initially requested in the round-robin procedure.

2.2 Material sample

The material used for the sample was determined to have several qualities: (1) being
well studied and with stable manufacturing conditions; (2) having several decomposi-
tion steps, well separated in temperature; (3) having known values for residual mass
at each step; (4) having a large amount of residue after final step (this last prop-
erty was chosen to add an extra criterion to assess reproducibility). Thus, a widely
known material was chosen for this study: calcium oxalate monohydrate in powder
form from Sigma-Aldrich (ref. C0350000, CAS No. 5794-28-5). All the samples used
in this study came from the same production batch acquired and dispatched to all
the participants. Indeed, the following sequence is commonly reported for the de-
composition of calcium oxalate monohydrate into calcium oxalate, then into calcium
carbonate and finally into calcium oxide:
CaC204 - HoO — CaC204 + H2oO 1 —— CaCO3 +CO T — CaO + CO2 1

For an initial mass of sample mg, and m; residual mass after step ¢, we define nor-
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Table 2 Characteristics of the instruments

Brand & Load Mass Position and number of
Model method sensitivity  thermocouple

A Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

B Mettler Toledo Horizontal  n/a n/a
SDTA 851e

C  Netzsch Top 0.1ug Furnace and sample holder
Libra

D  Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

E Perkin-Elmer Suspension  0.1ug 1 at the bottom of the furnace
Pyris 1

F Setaram Suspension  10ug 1 at the bottom of each crucible
Setsys Evolution

G Mettler Toledo Horizontal S5ug 3 at the bottom of each crucible
TGA/DSC 1

H  Netzsch Top 0.1ug 1 under the sample
TG 209 F1 Iris

I Mettler Toledo Horizontal S5ug 3 at the bottom of each crucible
TGA/DSC 1

J Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

K Netzsch Top 0.1ug 1 at the bottom of each crucible
STA 449 F3 Jupiter

L TA Instruments Suspension  0.1ug 2 above the sample
TGA Q500

M Mettler Toledo Horizontal 0.1ug 3 at the bottom of each crucible
TGA/DSC 2 LF/HT

N  Netzsch Top 0.025ug 1 at the bottom of each crucible

STA 449 F1 Jupiter

Table 3 Temperature calibration of instruments; elements are denoted by their symbol in
periodic classification and alloys by their commercial names; n/a: non available; (*) number
of calibration points depends on crucible; last calibration for participant D was made 7 years

before the tests.

Method Calib. Material Range Frequency
points (K)
A Melting point 5 In, Sn, Bi, Zc, Al [429:933] n/a
B Melting point 4 In, Sn, Zc, Al [429:933] 1 year
C  Melting point 5 n/a n/a 0.5 year
D  Melting point n/a n/a n/a n/a - see caption
E  Curie point 4 Fe, Ni, Alumel [303:1223] 1 year
Perkalloy
F  Melting point n/a n/a [303:1373] 1 year
G Melting point 3 In, Al, Au [373:1373] 1 year
H ¢DTA method n/a n/a [423:1233] n/a
I Melting point 2 In, Al [429:933] 1 year
J Melting point n/a n/a [429:1723]  0.25 year
K  Melting point 4to 6(*) n/a [429:1337] n/a
L  Curie point 2 n/a (631:933] 1 month
M Melting point 2 In, Zc n/a 1 year
N  Melting point 6 to 8(*) In, Sn, Bi, Zc, Al, Ag  [342:1235] 0.5 to 1 year
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malised mass losses for each step as

mo — mi mi1 —m2
ML =—"—"1  ML,=—""2 MLy=
mo mo mo

m2 —ms3

Using molecular masses, one may compute their theoretical values:
MLT =123% MLY =192% | MLY =301%

They are consistent with data in the literature [10].

2.3 Experimental protocol

One purpose of the present work is the assessment of relative scatter in data due
to the different equipment. The experimental procedure was therefore as detailed as
possible in order to allow as many different apparatus while still providing guide-
lines. When needed, this experimental procedure took into account the technological
differences of the aforementioned testing equipment. Furthermore, each participant
also relied on internal quality procedures adapted to its own context.

The sweeping gas had to be inert with regards to calcium oxalate and its deriva-
tives. All participants used nitrogen except one, who employed argon instead (see
Table 4). The actual value of flow rate of inert gas is dependent on the equipment
and was therefore not prescribed in the experimental protocol. This flow rate can
sometimes affect the measurement [?,11]. The effect of the flow rate of
the inert gas on the experimental mass loss curves for the thermal de-
hydration of calcium oxalate monohydrate for a horizontally supported
thermogravimetric analyser has been studied in [12]. It is indicated that,
for a reversible reaction, an increase in the flow rate would promote the
removal of the gaseous products, and therefore, would accelerate the re-
action shifting its temperature range to lower temperatures. It is recom-
mended to maintain a sufficiently fast flow rate of a purge gas in order to
maximise the efficiency of the removal of gaseous products. As a conse-
quence participants had to ensure that this parameter did not influence
their measurements as specified in [12]. At the beginning of each test, the
whole experimental set-up had to be purged with the chosen inert gas for 1200s to
1800 s before starting the actual heating program [12], to ensure that no oxygen was
present in the oven when experiments started without purge.

Concerning initial mass of sample, standards recommend sample mass values
over 10mg with a maximum specified value of 100mg [13] and 30mg [14]. How-
ever, this recommendation is highly discussed in the literature. For a heating rate of
10K min %, [2] mentions that a smaller sample, of size of 5mg to 10 mg, is needed
to ensure that it is in thermal equilibrium with the apparatus. These authors in-
deed recommend to keep the sample size as small as possible within the limits of
sensibility of the apparatus which usually leads to around 5 mg. A rule of thumb indi-
cated in [12] recommands that the sample mass times heating rate should not exceed
100 mg K min . This value, which corresponds to 10 mg at 10 K min~! was obtained
from a Biot number calculation [12]. This assumption might however not be entirely
verified as suggested by several publications where no convergence is observed for
PP even for sample masses as small as 0.14mg [15], 0.83mg (at 15K min~") [16]
or 0.11mg (at 40K min~") [5]. From the above considerations, sample initial mass
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Table 4 Inert gas and flow rates and nature and characteristics of crucibles; note that for
some participants, two flow-rates are reported: the main flow-rate plus an additional inert gas
flow-rate for weighing scale protection.

Gas Flow rate Crucible  Diameter Height Volume Mass
(mLmin~')  material  (mm) (mm) (tL) (mg)

A Nitrogen 50 Alumina 6.8 3.9 n/a n/a
B Nitrogen 50 Alumina 6 4.6 70 180.2
C  Nitrogen 40 Alumina 6.8 4 85 140
D  Nitrogen 30 Alumina n/a n/a 900 1282
E Nitrogen 20 Ceramic 7 2.5 20 140
F  Nitrogen 40 Alumina 5 25 300 450
G Nitrogen  20+80 Alumina 6 4.5 70 181
H  Nitrogen 20410 Alumina 6.8 n/a 85 n/a
I Nitrogen 80 Alumina 5 4.5 70 172
J Argon 100 Alumina 6 4 100 152.7
K  Nitrogen 40 Alumina 6.8 4 85 147.5
L Nitrogen  60+40 Alumina 10 4 250 632.8
M  Nitrogen 40 Alumina n/a n/a n/a n/a
N  Nitrogen 20430 Alumina 5.9 3.7 40 138

of 5mg and heating rate of 10 K min~' were demanded, with temperatures ranging
from 300K to 1180 K. The protocol also asked for 300s isotherms at the beginning
and end of each test. All participants complied with the 10 K min~* heating rate.
They also complied with the 5 mg initial sample mass (5.12mg + 0.19mg) except
for participant C which started the experiment with a mass of 20.45 mg.

Crucibles were asked to be made of alumina, with no indication for their sizes.
The sizes were not imposed because they are strongly dependent on the equipment
characteristics. Crucible size may nevertheless influence the measurement. Indeed,
it is better for a given sample mass to compare measurements performed on the
same thickness of material to have similar diffusion rates of volatile decomposition
products [12]. Crucibles were indeed composed of alumina for all participants except
one participant who also used a ceramic but without specifying its nature (see Table
4). It is interesting to note that participant D used a 1282mg crucible,
which is almost 10 times heavier than the crucible used by some of the
other participants.

No conditioning was requested for the sample in the experimental protocol, be-
cause it was thought it is dependant on each laboratory quality procedures, condi-
tioning equipment and experience. Seven of the participants reported nevertheless
to have carried out conditioning of the sample before performing measurements (see
Table 5). Participants were invited to repeat each test three times but it was not
mandatory. Three repeats were performed for nine sets of data.

3 Experimental results
3.1 Temperature programme conformity
First, the temperature programme conformity is analysed. All participants reported

sample temperature Ts as a standard output of their apparatus. As presented in Ta-
ble 2, the number and location of thermocouples depend on the apparatus model, and



Round-Robin Study on Calcium Oxalate Monohydrate Decomposition by TGA 7

Table 5 Conditioning of calcium oxalate monohydrate before TGA measurements

Duration Temperature  Relative humidity
(K) (%)
A Minimum of 48h in desiccator with drierite n/a n/a
B n/a n/a n/a
C 12h 353 n/a
D n/a n/a n/a
E n/a n/a n/a
F n/a n/a n/a
G 1800s in TGA oven 300 n/a
H  Minimum of 48h 269.15 50
I Minimum of 48h in desiccator with drierite n/a n/a
J n/a n/a n/a
K Minimum of 48h n/a n/a
L n/a n/a n/a
M n/a n/a n/a
N Minimum of 48 h 291 15

the critical assessment of whether T is actually representative of the sample temper-
ature is not possible. However, it is significant to use these data, as they are designed
to follow exactly the temperature programme as function of time T),(t) = Bpt during
the heating phase. In order to analyse programme conformity, the estimated sample
heating rate was therefore computed

dTs
Bs - E (2)
and compared with 8, = 10 K/min. For simplicity of reading, (s is plotted as
function of Ts in Fig. 1. Note that taking derivative always generates a risk of in-
creasing the noise because of over-sampling or under-resolved data. Therefore the
sampling rate of dataset was first decreased to insure that temperature differences
were actually significant. After this stage, only one dataset (dataset D) was still
under-resolved and therefore noisy. Bernstein polynomials smoothing was applied
to dataset D (see [17,18] for general considerations on the method and [19] for an
example of its application to fire science). This smoothing method is partic-
ularly effective for high frequency noise, such as that observed for this
participant. It is therefore considered that the smoothing does not affect
the data set and its use in the rest of this study.

The curves in Fig. 1 are typical of active control with devices as Proportional-
Integral-Derivative (PID) controllers with, in most cases, a transient over- or under-
shoot and in one case an oscillatory behaviour. Results can be sorted in three cat-
egories: (1) participants with an over or undershoot which is smaller than 3 K/min
above 350 K and smaller than 1 K/min above 400 K, hence following very well
the temperature programme in the range of temperatures of interest; (2) partici-
pants with a stronger overshoot, which disappear around 500 K; (3) one participant
with an oscillatory behaviour slowly damped but still present at 800 K. These facts
have to be interpreted with care: since the mass loss data are plotted as function
of temperature, the first order effect of non conformity in temperature programme
is excluded, and the remaining effect is second order: transient heat storage in the
samples and the crucibles. Therefore, it is not possible from these data to decide
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Fig. 1 Temperature programme conformity: s plotted as function of sample temperature T’;
top panel: participants with conformity achieved below 400 K (see text); middle panel: partic-
ipants with non oscillatory behaviour, but conformity reached slowly (note that a smoothing
had to be practised for participant D, see text); bottom panel: participant with oscillatory
behaviour.

whether a measurement should be excluded or not. A thorough analysis of mass loss
curves is needed to go further.

3.2 Mass loss data

As stated previously, the majority of participants performed several repeats. Except
for participant F, it appears visually that an excellent repeatability is reached (not
shown here as curves collapse perfectly). The only exception is participant F who
had a real difficulty of repeatability for step 1 (see Table 6). For the rest of the paper,
only repeat 2 was kept for participant F.

Normalised masses (i.e. m(T")/mo for each test) are plotted in Fig. 2 as functions
of sample temperature for the fourteen sets of data. A general tendency is clearly
observable but discrepancies are visible for mass losses as well as for onset or endset
temperatures. These discrepancies tend to accumulate one decomposition step after
the other, to be finally much more visible for the third decomposition step.

The participants determined from their measurements the mass lost during the
three decomposition steps. For data sets with repeats, an average value was first
calculated for each participant and this value later used in the determination of the
overall average. Normalised mass losses are given in Table 6.



Round-Robin Study on Calcium Oxalate Monohydrate Decomposition by TGA 9

110
100
90
80
70 |
60 -
50

ZEo Ao mdoeEEgQw>
ZEZoAa—mHdOEETQw>

Normalised mass (%)

40 +

30
200 400 600 800 1000 1200

=3
=1

o)
&

-
o

Normalised mass (%)
- %
(= f=

ZECRu—IQEHEOQm >
ZECRa—IQEHEoQms

L L 1 L

35
650 700 750 800 850 800 850 900 950 1000 1050 1100 1150 1200

[
o

=
(=3
=1

Sample temperature (K) Sample temperature (K)

Fig. 2 Normalised mass as a function of sample temperature — Comparison between partici-
pants including all dataset

For each decomposition step, the average normalised mass loss is lower than the
theoretical normalised mass loss. This means that at each step the normalised resid-
ual mass is larger than its theoretical value. This might be caused by incomplete
reaction, however this is not likely from the data since the mass residuals appears to
be well stabilised. The most probable explanation would be the presence of additive
in the samples. However, since all samples were taken from the same batch of pro-
duction, this does not raise concern as far as this round robin study is concerned.
Furthermore, as expected for increasing decomposition steps, it is observed an in-
crease in the standard deviation as well as in the difference between the maximal
and minimal measurements. This can be seen as a build-up of measurement errors
from previous decomposition steps.

3.3 Decomposition temperatures

Participants had to determine from their measurements the onset, peak and end-set
temperatures for each decomposition step, using their own methods. For data sets
with repeats, an average value was first calculated and later used in the determination
of an overall average. Unlike for the mass lost during a decomposition step (see section
3.2), no theoretical value exists as a reference for the decomposition temperature,
which depends on the experimental procedure (e.g. initial sample mass or heating
rate).
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Table 6 Normalised mass loss M L1, MLs and MLs (in %) as defined by eq. (1); note that
the largest uncertainty in mass measurement for F is 10ug representing 0.2 % of initial mass;
uncertainties for G and I is 0.2 % of initial mass, and less than 0.002 % of initial mass for
A, C, D, H, J, K, L, M and N (see Table 2). R-1 to R-3 correspond to the test replicates, if
applicable.

ML, MLy MLs

A 12.8 18.0 30.0
B 11.8 18.1 29.9
C 12.2 18.7 30.3
D 9.3 12.6 20.8

E-R1 11.7 18.6 29.9
E-R2 11.7 18.6 29.8
E-R3 11.8 18.9 30.0
F-R1 11.1 18.3 29.9
F-R2 10.7 18.0 30.2
F-R3 10.1 18.0 31.3
G-R1 12.2 18.2 29.9
G-R2 12.3 18.1 29.9
G-R3 12.2 18.2 29.7
H 12.1 18.4 30.3
I-R1 12.0 19.0 30.0
I-R2 12.0 19.0 30.0
I-R3 12.0 19.0 30.0
J-R1 12.3 18.7 30.6
J-R2 12.4 18.5 30.2
J-R3 12.3 18.5 30.3
K-R1 11.2 18.3 29.9
K-R2 11.2 18.3 29.9
K-R3 11.2 17.9 30.1
L 11.0 17.2 27.9
M 12.0 18.0 30.0
N-R1 12.1 18.5 29.7
N-R2 12.1 18.4 30.0
N-R3 12.1 18.5 30.1
Theory [10] 123 192 301
Median 12.0 18.2 30.0
Average 11.6 17.9 29.3

Standard deviation 0.8 1.5 2.4

Data are also plotted in Fig. 3 where temperatures reported for the 15 step are
in black with no fill, cross-hatched for the 2°¢ step and hatched for the 3" step. The
bottom line of each rectangle corresponds to the onset temperature, the centre line
to the peak temperature and the top line to the end-set temperature. These tem-
peratures are also compared to the averaged onset, peak and end-set temperatures
plotted with their standard deviations on the right hand side of the figure.

To analyse these results, a comparison is made between measurements from par-
ticipants A and G which are very close (see Fig. 2). The lengths of the three rectangles
from participant A in Fig. 3 are however much bigger than those of participant G. For
the first, second and third decomposition steps, the rectangle lengths for participant
A are respectively 52K, 82K and 110K, whereas for participant G these rectangle
lengths are respectively 32K, 47 K and 60 K. Both participants did not use the same
standard or protocol to determine the onset and end-set temperatures which led to
such differences. On the contrary, the reported peak temperatures of these partic-
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Fig. 3 Onset, peak and endset temperatures for the three decomposition steps compared with
average values

ipants where much closer: an absolute difference of 2 K for the first decomposition
step between peak temperatures of participants A and G, 4K for the second decom-
positions step and 16 K for the third decomposition step. The determination of peak
temperature appears to be less dependent on the chosen standard or method. Finally,
as observed previously in section 3.2, the standard deviations reported in Table 6 in-
crease with increasing decomposition steps due to an accumulation of measurement
errors.

4 Discussion
4.1 Detection of outliers: Grubbs test method
4.1.1 Systematic tests for outlier detection

From previous section, it is clear that a group of results are well concentrated while
other are further away and can be seen as outliers. The aim of the present section is
to apply a generic method for outlier detection and see whether general conclusions
can be drawn from the analysis. The method chosen for outlier detection is Grubbs
test [20,21] which is generally recommended for small data sets (i.e. less
than 21 test results). The principle of Grubbs test for a series of data is the
following.

Starting with n data, z1, x2, . .., T sorted in increasing order. First, compute V,,,
the variance of the full set of data, and V,,—1 the variance of data excluding the largest
one. Assuming data follow Gaussian pdf, statistical theory shows that V;,—1/V}, has
to be close to one with a known probability. Hence, for outlier detection, it is decided
to exclude or not the largest data depending on the value of V;,—1/V,, compared with
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Table 7 Statistics of normalised mass loss MLy, MLs and M L3 (in %) as defined by eq. (1)
exluding outliers D, F, K and L.

MLy ML, MLs

Theory [10] 123 192 30.1
Median 12.1  18.45 30.0
Average 12.0 18.4 30.1

Standard deviation 0.2 0.4 0.2

a tabulated value depending on the number of data and the significance threshold
retained. The procedure is then carried out similarly for the smallest of the data, and
so on iteratively until no outlier is found. One of the known dangers of Grubbs test
is over-exclusion, since variance is recalculated at each step after having excluded a
new outlier; thus, an overly stringent confidence level should not be used.

We nevertheless decided to use Grubbs test because of its generality and broad
application. The confidence level retained in the present work is 2.5 %. Since the
process is iterative and monovariate, we decided to work first on mass loss and then
on temperature on the remaining set.

4.1.2 Mass loss data

From the mass loss data with 2.5 % confidence level, results from participants D, F,
K and L are then detected as outliers, leaving us with 10 datasets: A, B, C, E, G,
H, I, J, M, and N.

As mentioned previously, crucibles of participants D and L were respectively 8
times and 4 times heavier than those of other participants which may explain these
observed differences in mass measurements. Indeed, as the sample mass was set at
5mg in the experimental protocol, it is suspected that these instruments did not
provide good data because the prescribed sample mass is outside their operating
conditions or because of an issue with the baseline correction/conditioning step,
which later propagated into these difference in apparent mass loss in each step. For
participants F and K, they are considered as outliers due to a poor representation
of the first decomposition step.

The average value without participant data detected as mass outliers is compared
to the theory in table 7. These data can be directly compared to those listed in table 6
which contain measurements from all the participants. The exclusion of mass outliers
significantly reduces the standard deviation which is lower than 0.35% for the third
decomposition step compared to 2.4% with mass outliers. The difference between the
maximal and minimal values is divided by up to 16 for the third decomposition step.
And more importantly, the relative differences between the average and theoretical
values are reduced from 5.7 %, 6.8% and 2.7% for respectively the 1%, 2°¢ and
3' decomposition steps to 2.4 %, 4.2 % and 0%. Normalised masses as functions of
sample temperature are plotted in Fig. 4 without data from participants detected
as mass outliers. The dispersion of mass measurements is smaller along the vertical
axis than the one observed in Fig. 2. However, a wide dispersion is still visible along
the horizontal axis, especially for participant C. which means that some data sets
are more precise for mass measurements than for temperature measurements, and
show the need to detect also temperature outliers.
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Fig. 4 Comparison between participants of the normalised mass as a function of sample
temperature (without measurements having mass outliers); letters A to N refer to dataset
presented on table 2.

4.1.8 Temperature data

Grubbs tests were applied to all datasets, retained the datasets which were identified
as mass outliers. Each decomposition step was considered separately. All the partic-
ipants provided measurements which were compliant with at least eight of the nine
investigated temperatures (i.e. onset, peak and end-set temperatures of the three
decomposition steps). Datasets F, C, H, L and M were detected consecutively as
outliers in the iterative process. Figure 5 presents temperature data without partic-
ipant measurements containing temperature outliers, to be compared with Fig. 3.
Table 8 gathers statistics for each decomposition step. Standard deviations are dras-
tically reduced: they are divided by two for onset temperatures, between 1.3 and 6.8
for peak temperatures and between 1.4 and 8.4 for end-set temperatures.

Mass measurements as functions of time are plotted in Fig. 6 without participant
data detected as temperature outliers. Compared to Fig. 2, measurements in Fig. 6
are less scattered along the horizontal temperature axis. It is interesting to observe
that data from participant D which were detected as outliers for mass measurement
are not for temperature measurement. This is why this thermogram seems to be
detached from other measurements in Fig. 6.

4.1.4 Combined mass and temperature outliers

As a whole, D, F, K and L are identified as mass outliers, and F, C, H, L. and M
as temperature outliers. F and L are double outliers. We are left with 7 non-outliers
datasets: A, B, E, G, I, J and N. Figure 7 gives mass loss data from these remaining
datasets and Table 9 the associated statistics.
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Table 8 Onset, peak and end-set temperatures (expressed in K) after outliers exclusion (see
text) for each decomposition step; TZ-X is for step ¢ with X = O for Onset, X = P for Peak,
and X = FE for end-set.

| o " | 1 17 1y 1 T3 75 |
Min 393.0 431.3 441.1 706.0 753.2 768.3 | 899.0 982.7 996.0
Average 406.1 433.8 443.4 728.6 762.6 781.4 935.1 995.2 1013.6
Max 414.7  436.7 4450 | 754.4 775.7 796.0 | 957.4 1013.3 1036.3
Std. dev. 8.2 1.5 1.4 13.8 7.5 9.5 20.6 10.0 13.4
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Fig. 5 Onset, peak and end-set temperatures without temperature outliers for the three
decomposition steps compared with average values

Table 9 Min, Average, Max, and Standard deviation for mass loss (expressed in %), onset,
peak and end-set temperatures (expressed in K) for the three decomposition steps without
outliers, retaining only A, B, E, G, I, J and N.

| MLy ML, MLz | TP 1% TF |19 T TF | TS TS TP
Min | 11.7 180  29.9 | 393 431 442 | 706 758 769 | 899 983 996
Ave. | 12.1 184  30.1 | 405 434 444 | 728 764 783 | 930 995 1010
Max | 12.8  19.0  30.5 | 414 437 445 | 754 776 796 | 952 1013 1034
Std. | 034 034 024 | 81 1.5 12 | 15 7 9 19 11 11

4.2 Alternative method for outlier detection

From the above outlier detection using Grubbs method, one can argue that only
7 participants (A, B, E, G, I, J, and N) out of 14 provided data correct for both
mass loss and temperature. However, the method chosen in the present study to
select the measurements has two potential limitations. First, Grubbs test works
from brute force with a chosen confidence level (2.5 %) which might be too harsh,
especially due to the iterative nature of the test which recalculated statistics at each
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Fig. 6 Comparison between participants of the normalised mass as a function of sample
temperature (without measurements having temperature outliers)
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Fig. 7 Normalised mass as a function of sample temperature without participants data with
identified mass and temperature outliers

step. Second, the analysis was based on mass losses and onset, peak and end-set
temperatures for the three decomposition steps provided by the participant using
their own estimation methods. Thus, the analysis detects non exactly measurement
outliers, but measurement and processing method outliers. An incorrect estimation of
any of the requested mass losses or temperatures may sanction the entire dataset even
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if the measurement itself was correct. It would be a much better strategy to exclude
outliers from full mass-temperature relationship. However, there is no systematic
method for doing this.

We decided to use a two step method inspired from the Z-score method defined
in standard ISO13528 [22]. At each step, we compute average and standard deviation
as function of temperature using n selected datasets:

<m>(T) = %Zmi(T) 3)

(1) = \/% 3 (ma(T)— < m(t) >)* 0

and finally define
_ _ m;(T)— <m > (T)
Z;(T) (1) . (5)

We then plot the graph Z;(T") and exclude dataset which have a significant range
of temperature with |Z;| > 2. This value corresponds to a 5% percentile
criterion for a Gaussian variable, which is common in such studies. For the
first step, we keep all the dataset, leading to Fig. 8(a). This leads to the exclusion
of datasets D, F, and K. For the second step, average and standard deviation are
re-computed after the exclusion, and functions Z;(T") are computed again. This leads
to Fig. 8(b). Now it can be seen that C is an outlier for the third step, while L and
N are on the edge, and all the other dataset are well grouped in the middle of the
range.

4.3 Recommendations

From the above analysis, it can be seen that, from a Grubbs test point of view,
half of the participants would be considered as outliers. On the other hand, a more
detailed analysis based on methodology inspired from Z-score would lead to exclude
4 participants out of 14. Recommendations should be grouped into two categories:
recommendations of good practice when performing TGA, and recommendations for
outliers detection.

4.83.1 Good practice for performing TGA analysis

From the Grubbs analysis, it was complicated to identify reasons for dataset to be
excluded. On the other hand, from the second analysis, a few points may be raised.

First, going back to Fig. 1, it appears that F had a real issue of oscillating sample
temperature, while C, D and K where in the middle panel showing a strong overshoot.
It is unclear whether a more frequent calibration could have brought
better results. Calibration periodicity for participant K was unknown, F
was one year and D was several years (see Table 3).

Concerning the initial mass of the sample, only C was different from the other
participants, and it may also explain the difference of result. This advocate to fol-
low [12] recommendation to keep samples as small as reasonably possible. The cru-
cible size may also be analysed. The fact that D and F used a relatively heavy
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(a) Z computed with complete dataset (b) Z computed excl. D, F and K
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Fig. 8 Generalised Z-score (see text); (a) all dataset are included in the computation of
average and standard deviation but only D, F and K are shown; (b) datasets D, F, and K are
excluded in the computation of average and standard deviation; all datasets excluding D, F,
and K are shown, and lines are smoothed for improved visualisation — only linestyles for C, L
and N are specified.

crucible could be see as a clue, see Table 4. However, C and K crucibles were well
in the range of other tests, while L. was the second heaviest, at the edge of in- and
outliers. Nevertheless, it seems that the effect of crucible mass is poorly understood,
and the study of the influence of inert mass in TGA may be of interest in order to
investigate scattering among test results.

Finally, performing three repeats serves as a good self-verification practice. Most
participants achieved very good repeatability indicating that it is possible to get
consistent results from this material. However, even with an excellent repeatability,
measurements can deviate from theoretical values.

4.3.2 Outlier detection

Comparing Grubbs method and the two-step method, it seems that the former may
sometimes lead to a too high selectivity. In the context of round robin procedure,
the main advice here seems limited to a careful inspection of data before using a
systematic iterative procedure.

Now, the issue may be formulated in another manner. Suppose a given laboratory
performs a TGA in conditions similar to the ones presented here. How will it be
possible to analyse these new data in the light of the present ones? For this the
answer is double, as described now. First, M L1, M La, MLs3, Tlo, TF, TF, T2(),
F, TF, T3O , T and T issued from the new analysis should be compared with
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Fig. 9 Normalised mass loss curve (%) as function of sample temperature (K); top pannel:
average of all datasets except D, F and K; bottom pannel: standard deviation of all datasets
except D, F and K.

data given in Table 9. If all fall in the range given by average plus or minus two
times standard deviation, the new data are deemed to be satisfactory according to
common practice (see also [13]). Second, mass loss curve data should be compared
with average and standard deviation excluding D, F and K as described in section 4.2.
The computation of Z(T) allows to decide whether the new dataset is satisfactory
with regards to the alternative test. Average and standard deviation excluding D,F,
and K are plotted on Fig. 9 and available on request to the corresponding author.

5 Conclusion

A round-robin test was organised on calcium oxalate monohydrate with thirteen par-
ticipants with a high level of expertise in the fire domain (leading to fourteen dataset
as explained in introduction). The main purpose of this work was the assessment of
scatter in data due to equipment. The experimental procedure was consequently as
detailed as possible even though it cannot have been entirely prescribed because
of the different technologies of thermogravimetry analysers. The investigated ma-
terial is frequently used to evaluate the proper functioning of a given equipment
because its decomposition steps are well-documented and known to be repeatable
and reproducible. During the presentation of the results, it was made apparent that
temperature programme conformity is a real issue.

The main results of the paper are in section 4. First, using Grubbs method for
outliers detection, statistics presented in Table 9 may be used for a stringent test of
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new TGA runs with calcium oxalate and associated temperature of reaction identi-
fication algorithms. Then, in the same context, for the detection of outliers in the
mass loss curves themselves, ideas of section 4.2 apply. Thus, this work confirms
that a verification with calcium oxalate is a good screening method, which may be
used by laboratories. Within a laboratory it can also assist in finding problems with
equipment accuracy otherwise not possible to distinguish. This, together with good
practice outlined in section 4, can serve as a validation dataset for the experimen-
talist, and should help the community to increase the validity of tests with other
materials of interest for fire science.
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