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1 Aim of Measurements and Standards

Thermophysical analysis: referred material(s) is (are) indicated on the cover sheet of the delivered
report. The requested thermophysical data are specified by order.

The adopt methods are applied in accordance to the requirements of the accreditation
and/or in accordance to the standards as mentioned in Tab.1.

The uncertainties of measurement results are stated specific for each method. Typi-
cally, they scale less than 2% of the measured value. The uncertainties specific for each
method are rechecked at the beginning of each measuring campaign. Uncertainties
in measurement results higher than 2% of the measured value are to be drawn back
to influences caused by the material or the specimen themselves.

Method  Standard Title (D) Year
Thermische Analyse

TA DIN 51005 Begriffe 1999
Leitfaden zur Bestimmung der Messunsicherheit beim Messen

GUM DIN V ENV 13005 Guide to the expression of uncertainty in measurement 1999
Bestimmung der thermischen Langendnderung fester Kérper

DIL DIN 51045 Teil 1 Grundlagen 1989
Bestimmung der thermischen Langendnderung fester Kérper unter Warmeeinwirkung

DIL DIN 51045 Teil 2 Prufung gebrannter feinkeramischer Werkstoffe 1976
Bestimmung der thermischen Langendnderung fester Kérper unter Warmeeinwirkung

DIL DIN 51045 Teil 3 Prufung ungebrannter feinkeramischer Werkstoffe 1976
Bestimmung der thermischen Langendnderung fester Kérper unter Warmeeinwirkung

DIL DIN 51045 Teil 4 Prufung gebrannter grobkeramischer Werkstoffe 1976
Bestimmung der thermischen Langendnderung fester Kérper unter Warmeeinwirkung

DIL DIN 51045 Teil 5 Prufung ungebrannter grobkeramischer Werkstoffe 1976
Hochleistungskeramik - Keramische Verbundwerkstoffe, Thermophysikalische Eigenschaften

DIL DIN EN 1159-1 Bestimmung der thermischen Ausdehnung 2009
Bestimmung des linearen thermischen Ausdehnungskoeffizienten

DIL DIN 51909 Feststoffe, Priifung von Kohlenstoffmaterialien 1998
Determination of coefficient of linear thermal expansion and glass transition temperature

DIL 1SO 11359-2 Plastics 1999
Thermogravimetrie

TG DIN 51006 Grundlagen 2000
Differenzthermoanalyse

DTA DIN 51007 Grundlagen 1994
Bestimmung der Schmelztemperatur kristalliner Stoffe mit der

DTA DIN 51004 Differentthermoanalyse (DTA) 1994
Dynamische Differenz-Thermoanalyse (DSC) - Bestimmung der spezifischen Warmekapazitat

DSC DIN EN ISO 11357-4 Kunststoffe 2014
Keramische Verbundwerkstoffe, thermophysikalische Eigenschaften

DsC DIN V ENV 1159-3 Bestimmung der spezifischen Warmekapazitat 1995
Hochleistungskeramik - Monolithische Keramik, Thermophysikalische Eigenschaften

DsC ONORMEN 821-3 Bestimmung der spezifischen Warme 2005
Hochleistungskeramik - Monolithische Keramik, Thermophysikalische Eigenschaften

DsC DIN V ENV 821Teil 3 Bestimmung der spezifischen Wéarme 1993
Hochleistungskeramik - Monolithische Keramik, Thermophysikalische Eigenschaften

LF DIN EN 821-2 Messung der Temperaturleitfdhigkeit mit dem Laserflash- (oder Warmepuls-) Verfahren 1997
Hochleistungskeramik - Keramische Verbundwerkstoffe, Thermophysikalische Eigenschaften

LF ONORMEN 1159-2 Bestimmung der Temperaturleitfahigkeit 2004
Hochleistungskeramik - Keramische Verbundwerkstoffe, Thermophysikalische Eigenschaften

LF DIN V ENV 1159 Teil 2 Bestimmung der Temperaturleitfahigkeit 1993
Prifung von Kohlenstoffmaterialien

LF DIN 51936 Bestimmung der Temperaturleitfahigkeit bei hohen Temperaturen nach dem Laser Impuls Verfahren 2016
Standard Test Method for Thermal Diffusivity by the Flash Method

LF ASTM E 1461-01 Overview 2013
Bestimmung des Warmedurchlasswiderstandes nach dem Verfahren mit dem Plattengerdt und dem Warmestrommessplatten-Gerat

HFM DIN EN 12667 Warmetechnisches Verhalten von Baustoffen und Bauprodukten - Produkte mit hohem und mittlerem Warmedurchlasswiderstand 2001
Bestimmung des Warmedurchlasswiderstandes nach dem Verfahren mit dem Plattengerdt und dem Warmestrommessplatten-Gerat

HFM DIN EN 12664 Warmetechnisches Verhalten von Baustoffen und Bauprodukten - Trockene und feuchte Produkte mit mittlerem und niedrigem 2001
Bestimmung des Warmedurchlasswiderstandes nach dem Verfahren mit dem Plattengerdt und dem Warmestrommessplatten-Gerat

HFM DIN EN 12939 Warmetechnisches Verhalten von Baustoffen und Bauprodukten - Dicke Produkte mit hohem und mittlerem 2000
Determination of steady-state thermal resistance and related properties

HFM 1SO 8301 Thermal insulation, Heat flow meter apparatus 1991
Standard Test Method for Steady-State Thermal Transmission Properties by Means of the

HFM ASTM C518 Heat Flow Meter Apparatus 2017
Test method for thermal resistance and related properties of thermal insulations. Part 1

HFM JIS A1412 Guarded hot plate apparatus 2016

Tab. 1: Methods and Standards
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2 Applied Thermophysical Methods

2.1 Properties and Units:

Linear thermal expansion: AL/Ly: [AL/Lg] = 1

Coefficient of Linear Thermal Expansion: CTE =, [CTE] = 1/K
Thermal density: p: [p] = 1g/cm3

Specific heat: ¢,: [¢,] 1J/g.K

Thermal diffusivity: a: [a] = 1m?/s

Thermal conductivity: A: [A] = IW/m.K

Change of mass: Am: [Am] = 1g

Detection of mass: j: [j] = 1A; absorbance a,: [a,] =1

Kinematic viscosity: v: [V] = 1m?%/s

Dynamic viscosity: 7: [17] = 1Pa.s

2.2 Applied measuring methods to determine these material
properties:

Push rod dilatometry (linear thermal expansion)

Dynamic scanning calorimetry - DSC (specific heat, Enthalpy, Phase transition)

Laser flash method (Thermal diffusivity)

A = pxcpxa: Product of density, specific heat and thermal diffusivity

Thermal conductivity — calculated:

Heat Flow Meter HFM (thermal conductivity of solids; specific heat)

Transient Hot Bridge THB (thermal conductivity: solids, liquids, semi-solid formulations)

Microbalance with optional simultaneous DTA or DSC analysis, Fourier transformed Infrared Spec-
troscopy, Mass Spectroscopy

Stabinger Viscometry: (simultaneously: viscosity & density)
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3 Theory

3.1 Physics of the Measurement of Thermophysical Properties

The situation of spatial heat propagation in an inhomogeneous heated spatial arealis illustrated in Fig. 1. The
material properties needed to describe the physical situation are the thermal conductivity A, specific heat c,,
and the density p. One has to notice that these properties are dependent on the local composition of a ma-
terial — thus on the vectorial position X and from the local temperature at the time of observation T(%,¢). The
heat content Qy(?) of a volume Vis calculated with equation (3.1-1). In case of absence of any thermal source
S+ or sink S. any change of the heat content of this volume balances equal to 0 with the integral vectorial

heat flux ﬁ/A(J_c’,t) through the surface of this volume. The local heat flux is determined by the local gradient
of the temperature field VT(X,7) and the thermal conductivity of the conducting medium as described by
Fourier’s law (3.1-2). The balance equation is given in (3.1-3).

Ty (x0)
QV(t)=Ip(?c,T)-[ fcp(fc,T)-dT}-dV

! (3.1-1)
B, (3,0) = —A(Z,T)-VT(3,1) (3.1-2)
90 faj-B ) -{ ,

de 3 LS+2S, (3.1-3)
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Fig. 1: Heat balance in a Volume ?

Under the assumption of a conservative system, of homogeneity of the thermally conducting medium (no
spatial dependence of the material properties thermal conductivity 4, specific heat ¢, and the density p) and
of the neglect of any non-linearity, the balance equation (3.1-3) leads to Fourier’s thermal conductivity equa-
tion (3.1-4). This equation defines the interrelationship between the four thermophysical basic properties:
MUT), co(T), p(T) and the thermal diffusivity a(T). In general the thermal diffusivity a(7) defines the so called
transport coefficient of the thermal conductivity problem. It’'s meaning is conform to the interpretation of
the diffusivity coefficient of a diffusion problem. The specification to a transient but one dimensional phe-
nomenon leads to the solution T(x,?) given in equation (3.1-5). U, V and c are constants. With respect to the
structure of the differential equation they become specified by two boundary conditions and one initial con-
dition.
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T L(r?m (T)} DA

T(x,t) :e""{Usin Cix+ V-cos\F-x}
a a

(3.1-4)

(3.1-5)

3.2 Uncertainty of Measurement Results

3.2.1 Principles to the GUM / ENV 13005 — Guide to Express
Uncertainty of Measurement Results

As it is formulated in ENV 13005 the statement of the result of a measurement only is complete if it contains
both, the value attributed to the measurand, and the uncertainty of measurement associated with this
value®*. In general, the theoretical formulation of a physical quantity Y is a function of N different input
variables X; (3.2-1). Each input variable X; has to be measured repeatedly. The best estimate of an input
quantity X; is the arithmetic mean ¢; of a number of # individual measurements {q; 1, qi2,...qik ..-qin} (3.2-2).
The best estimate of the uncertainty of an individual g is the standard deviation of the individual measure-
ments s(gix) (3.2-3). The uncertainty of the arithmetic mean of the full set of {g; ! is u(g;). It is given in equa-
tion (3.2-4). The best output estimate y is calculated from equation (3.2-5), using the best input estimates g;
for the input variables X; as shown in equation (3.2-2). Finally the uncertainty of the output estimate u.(y) is
calculated by equation (3.2-6). It is called “standard uncertainty of the output estimate”.

Y = f(X, X, Xy o0 X)) (3.2-1)
1 -
0= % (3.2-2)

G (3.2-3)

1 = ulx
u(qi)_ﬁ‘s(qi,k) '_ ( i)

(3.2-4)
V= S04 i qy) (3.2-5)
N A
ul(v)=2, [J - (x)
= \ Ox; (32-6)

Equation (3.2-6) is well known as the Gaussian Error Propagation Law. It is to be noticed, that in correct
measurements no errors are done: they will be eliminated at their earliest indication of evidence. Thus in
terms of uncertainty considerations it’s interpretation as a “quadratic addition theorem of linear independent
components of uncertainty” should preferably be used.
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Equation (3.2-6) calculates the standard uncertainty of the output estimate with respect to a 66% confidence
interval. Usually measurement results of technical data are attributed with uncertainties of a 95% confidence
interval. Thus results from equation (3.2-6) have to be multiplied with a coverage factor k=2 (3.2-7).

uf;gs%(y)zz'ﬁ (sf] 'uz(x[)
=1\ (3.2-7)

3.2.2 Application of the GUM to Attribute Dues to the Uncertainty from
their Causation

Dues to the uncertainty of the result of any measurement typically derive from the measurement device, the
examining model and the measured samples themselves. Thus an Equipment Specific Uncertainty ESU, a
Model Specific Uncertainty MSU, and a Sample Related Uncertainty SSU are considered as contributors to
the combined standard uncertainty of the measurement result. Generalizing equation (3.2-2), zero quantities
are added to the mean of input estimates (3.2-8). This still consequences the arithmetic mean to be the best
estimate of the measurement result. But from postulate, the uncertainties of these zero quantities are at-
tributed to equipment related effects — ESU, to model related effects — MSU, and to sample related effects
—S8SU: c.f. equation (3.2-9).

13 :
g=—->.q,+>.C, C, =0V j;u(C,)#0
M ok-1 (3.2-8)

ul(y) =i(§fj u® (x) + 2 u(C))
= (3.2-9)
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4 Description of Methods

4.1 Push Rod Dilatometry

4.1.1 Measuring Devices

The method® is used in accordance to the standards listed in Tab.1. There are two dilatometers NETZSCH DIL
402C in service. Each one is used in a specific temperature range:

« Low temperature dilatometer: range of application [-180°C, +500°C]

« High temperature dilatometer: range of application [Tg, +1600°C]

Fig. 2: Push rod dilatometer with sample carrier, push rod and sample (red)

Both dilatometers are used under Helium or Argon conditions. Details of service conditions are documented
in the data sheets of any order (appendix). As a matter of principle service is programmed in 12 or 24 hours
intervals. Heating rates typically range about 2 K/min. This is in accordance with the relevant standards (Tab.
1) and leads to sufficiently low uncertainties. Based on measurements with reference materials® the uncer-
tainty is less than 1% of the measured value.

4.1.2 Principle of Measurement

The measuring process is done in two steps starting with the determination of the expansion behaviour of
the dilatometer itself (correction function K) and the measurement of specimen afterwards. From statistical
reasons both types of measurements are carried out several times.

The value of the thermal expansion typically refers to reference-temperature 7 = 20°C. The subscriptions R,
Lit und S indicate measurements done with a reference material R, or a specimen S, or refer to reference
data from literature Lit respectively. The physical definition of the linear thermal expansion ALg (T)/Lo.z and
the knowledge of the thermal expansion behaviour of a reference material Pr(7)/Lo.z enable to derive the
equation for the correction function Kz(7) (4.1-1). Using equation (4.1-2), Kz(T) enables calculation of linear

1 Typically: Sapphire, Fused Silica, Alumina or Platinum
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thermal expansion data of an unknown material (sample: S) from subsequent measurements of the temper-
ature dependent position Ps(7).

K1) - [AaD| B
f OR  {p LO;R (4 1_1)
AL(D) _ B gy - RO [ALD)] A0
LO;S LO:S ! LO:S LO:R ‘L,», LU:R
CTE((T) = ay(T) = AL
s s AT(T) Loy (4.1-2)

Per definition, the thermal expansion AL(T)/L and the coefficient of linear thermal expansion CTE(T) = o(T)
refer to an initial temperature: preferably 7y = 20°C. Under real labor conditions measurements start at
room temperatures Tx # 20°C. Thus, a coordinate transformation is applied, fulfilling the condition:
AL(T=20°C):= 0. The procedure is illustrated in Fig. 3. From equations (4.1-3) the correction of the thermal
expansion data at the starting temperature Ts of the measurement and the corrected numbers of AL(T)/Ly
are calculated.

‘A—L - T, ... Starting Temperature of a Measurement
Lo Ty ... Temperature Basic Value
Typ... Reference Temperature
AL(T,)
0 \ TED TS THI
AL(T,) AL(Ty) - AL(Ty)
Ak " e
A @ — ; - > T
\ AL(T)
K L
0
AL_/Ow p.D.=0
T T.-20°C | T.-T
0 / s H_ ~S
ALT) Ay _ AL()-AL(T)
L, - (I - 20°C) AX L, (T - T)

Fig. 3: Coordinate transformation of the curve of thermal expansion.

AL(Ty) _ AL(T,) ~AL(Ty)

(T, - 20°C)
Ly L, (7, n—Ts ) °
(4.1-3)
AL(T) _ AL(T) AL(T)
LO LO gemessen LO Korr
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The expansion behavior of pasts, highly viscose liquids and melts is measured in containers®. After melting
the linear description switches over to the volumetric description. In axial orientation a CTE-value o’ is de-
tected. In the liquid state it a,” is a superposition of both, the expansion behaviour of the liquid and the
thermal expansion of the solid container. In radial direction only a. happens. This is the thermal expansion
of the solid container. The linear thermal expansion of the liquid can be calculated by equation (4.1-4).

AL

=30+ ay"AT)-(L+ a -ATY -1
LO;S

(4.1-4)

4.1.3 Uncertainty Concept:

To calculate uncertainties of ALs(T)/Ly.s and CTEs(T) (3.2-7) is applied to (4.1-1) and (4.1-2). The concept is
summarized in Fig. 4. The ESU is estimated from the non-linearity of the LVDT (Linear Variable Differential
Transformer) of the device. It is monitored regularly but minimum once a year during the regular annual
inspection. It scales in a range of 0,01% of the measured change of length — and can therefore not be repre-
sented in the figures in many cases. Contributions to the MSU result from the uncertainty of reported ex-
pansion data of the reference material used to perform the correction function K(7) — typically 1%, maximum
3% — and from the measurements needed therefore. Thus it scales with the value of the thermal expansion
too. Contributions to the SSU result from the behaviour of the samples during the measurements. SSU varies
randomly therefore —and possibly in a wide range.

Applications
... Push Rod Dilatometry
TR Lo 88D K, () = : _\L__f:TJ B szrj i

Y =f01.92, .81 - 0N)

AL(T) | _ P K(T)

E LTL LT,

" AT 1 & = i
_ 1 g P +¥C,; € =0Y] =
q '—;-ZG"- | CTE | N--‘.Z.?q; Z_I 3 med ssean || -
slg.) = JLE (. -7¥ 5 soEe e - . i

Ya-1 i C. =0 ... Correction fromSample Specific Effects |zt
u(@) = _i___ .s(g,) := ulx,) C: =0 ... Correction from Equipment Specific Effects s S Ee e [, By et o0 S W

Jﬂf 1= 21

T
: S(ay . JALILY (e ; .
a0 | & 2 1 0] _ : 2 e 3 | e - . ep— -
w0)=2, | 5| ) Y crE |_z !g_! (%) +un(Cg) +u(Cy) ESU: Equipment Specific Uncertainty
i ) i i SSU: Sample Specific Uncertainty
- - . - MSU: Model Specific Uncertainty
|H_: (@)= MSU“(a) +85V(a) + E.s‘i.'-1m|
MSU? |y, = il e i' = 5| Bl oo1f AL lsser |y, = 2 fa EstR|, . = |10 /m 'I .'E{ = 10~} |£ _
\Lz) | Lea) L \Z b el (F ) I G L )
R 1 [ 3.3 o AL, 1] 1 o P - 1 - P S
MSU |y = F.iCTEj-r.-:cAT|—.lISL = SSUP | o = v baed| EStP|op = F.ESI iz, = 107)-CTENT)
=) 7 |\ Z,, ¥ 4

Fig. 4: Concept to formulate uncertainty contributions in push rod dilatometry
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From mathematical reasons, the combined standard uncertainty of the linear coefficient of thermal expan-
sion u.(CTEs(1)) shows a singularity at the reference-temperature Ty (c.f. Fig. 3). Because of unavoidable un-
certainties of both, the temperature detection of the device and the expansion detection, at temperatures
near to Ty the uncertainties of AL and AT scale in the same range than AL und AT themselves. This causes
senseless CTE results and the coefficient of linear thermal expansion CTEs(T) features huge uncertainties
near to Ty. So far the expansion behaviour near T, shows a negligible curvature, a polynomial approximation
can be used to smoothen the CTE(T) curve within a temperature interval [T, Tr]. This is illustrated in Fig. 5.
A polynomial P3(T) ensures a mathematically smooth transition. To establish an uncertainty model inner [77,
Tx] a linear approximation of the polynomial P3(7) can be used. It can be shown, that the uncertainty of the
polynomial approximation is sufficiently estimated by equation (4.1-5)".

ué (Pegg (T)) < 2.u*(CTE(T})) (4.1-5)

CTE

k= ACTE / AT
= [CTE(Ty) — CTE(T)] / (Ta - T,)

/1 CTET) =kT+d
d=CTE(T) k. T, )i (¥ R_/

s O

IACTE

B e

CTE(TL) =k TL"' d é"‘ﬂ":'— T

N
\
Py(T) [8cre=k.T+d

o L] [ >
0 T,
T, AT Te

Fig. 5: Polynomial approximation to smoothen the CTE(T) curve within a temperature interval
[T1, Tg].

4.1.4 Results of Dilatometric Measurements:

For example in a temperature range [-180°C, 1600°C] the thermal expansion of an alumina material is shown
in Fig. 6. Thermo-physics typically defines Tk, is 20°C as reference temperature. In a temperature range [-
180°C, 20°C] data from the Low-Temperature-Dilatometer are used. This results in two different characteris-
tics for the MSU| a0 and SSU|cre as well. MSU)| aio is about 1% of the measured thermal expansion. MSU|cre
converges to less than 2% of the measured CTE value. From mathematical reasons MU|crg shows a singu-
larity at Tre. The smooth characteristics of AL/Lj at Tr. allows a polynomial approximation of the CTE curve
within [-80°C, 150°C]. On the basis of this approximation no singularity of the standard uncertainty u.(CTE)
occurs. The combined standard uncertainty of thermal expansion data of a thermally inert material like Al,O3
can be estimated with less than 1% of the measured value. The combined standard uncertainty of the linear
coefficient of thermal expansion of a thermally inert material (Al,03) converges to approximately 1% of the
measured value. Near reference temperature uncertainty scales with less than 5% of the measured value so
far a modelling of the CTE within a sufficiently wide interval [Tk, 7] is done.
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Fig. 6: Thermal expansion and linear coefficient of thermal expansion of A1,O3
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4.2 Dynamic Scanning Calorimetry DSC

4.2.1 Measuring Devices

The method®is used in accordance to the standards listed in Tab.1. Two calorimeters NETZSCH DSC 404C and
a NETZSCH DSC 204 F1 Phoenix with an automatized sample changer are in service. Each one is used in a
specific temperature range:
« Low temperature calorimeter (NETZSCH DSC 404C and a NETZSCH DSC 204 F1):
range of application [-160°C, +600°C]
o High temperature calorimeter (NETZSCH DSC 404C):
range of application [T, +1600°C]

Fig. 7: lefi: DSC 404C with sample carrier and sensor
right:  DSC 204 F1 Phoenix with an automatized sample changer

4.2.2 Principle of Measurement

As a matter of principle both calorimeters operate dynamically under Helium or Argon conditions. Heating
rates typically scale between 10 K/min and 20 K/min. This is in accordance with the relevant standards (Tab.
1) and leads to sufficiently low uncertainties. Details of service conditions are documented in the data sheets
of the report (appendix). Based on measurements with reference materials? the uncertainty is some 1% of
the measured value.

The measuring process is done in three steps starting with the determination of the behaviour of the empty
calorimeter (base line: B), the measurement of a reference (e.g. sapphire measurement: R), and the meas-
urement of sample (sample measurement: S). From statistical reasons all types of measurements are carried
out several times.

The physical definition of the specific heat ¢,(7) in equation (4.2-1) and the mathematical description of the
heat content of a material as a function of temperature (equation (4.2-2)) enables to derive the dynamic
calorimeter equation (4.2-5). Based on the measured DSC data from this equation the specific heat can be
calculated. Inequation (4.2-2) V" means the volume of the sample and pthe density. In equation (4.2-5) DSC
means the sensor signal. The subscriptions B, R and S indicate the type of the measurement as mentioned
above.

2 Typically Sapphire
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A T+dT J
AQ=c, - m-AT < Cp:%zngdT; [cp]zl <
e g (4.2-1)

T;

(30
() = §av-p(x.7)-

¢ (xX,T)-dT

P

o

(4.2-2)

Equation (4.2-1) leads to (4.2-3). In the dynamic calorimeter the heat necessary to change the temperature
of a sample is represented by the DSC signal. One obtains DSC® when a reference material is measured,
DSC™ for the measurement of a base line and DSC® for the measurement of an unknown sample. To ensure
an optimum representation of the occurring heat consumptions baseline corrected DSC signals are used (4.2-

4)

T+dT T+dT

dT(T) — Q(R) IT — Q(S) |T
my ~cf(T) mg ~cf(T)

(4.2-3)
QW I+ = pSC™(T)-DSC(T)
0¥ |1+ = DSCYN(T)-DSC(T) (4.2-4)
From (4.2-3) an expression for ¢,”(T) as given in (4.2-5).
¢ O(T)= DSC®(1)-DSC(T)  m™ e (T
! DSC®(T)-DSC(T) m® 7 (4.2-5)

To derive the combined standard uncertainty of the measurement results of the specific heat equation (4.2-
5)%is used. The functions DSC(T) und fx(T) are defined in equations (4.2-6). These functions are used in the

overviewing Fig. 8.

(R)

fE(T) = Z(s) 'cp(R)(T)

_[psc® (r)-psc® ()]

DSC(T )=
) [psc® (r)-Dsc® (1) (4.2-6)

4.2.3 Uncertainty Concept:

To calculate uncertainty of c,(T) (3.2-7) is applied to equations (4.2-5). Fig. 8 overviews the concept. The ESU
is estimated from the deviations of the baselines of the device. It is monitored regularly and minimum meas-
ured three times at the beginning of any measuring campaign. Standard deviations of the base lines scale in
a range of 1% of the measured value. Contributions to the MSU result from the uncertainty of reported c,(7)
data of the reference material used (typically sapphire). Once more standard deviations of the measured
sapphire data scale in a range of 1% of the measured values. Contributions to the SSU result from the be-
haviour of the samples during the measurements. SSU varies randomly therefore — and possibly in a wide

range.
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Applications

... Dynamic Scanning Calorimetry
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(5) _ oy ) " P + 5
ESU?|, = f3\DSCO=DSCO) oy pse) SSU?|, & 2. — )
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) 5 R
MSU* |, 2 73 \DSCO-DSCU] 2 Dscem) + DSCY(T)-| = | -1(ef)
* 77 (Dsc® - psc®) ! | £

Fig. 8: Concept to formulate uncertainty contributions in dynamic scanning calorimetry DSC

4.2.4 Results of DSC Measurements:

For example in a temperature range [-120°C, 1600°C] specific heat of sapphire is shown in Fig. 9. In a tem-
perature range [-120°C, ~200°C] data from the Low-Temperature-Calorimeter are used. Because of the dif-
ferent types of sensors this results in different characteristics for the ESU\c, , MSUjc, and SSUc,. Neverthe-
less the curves for ¢, and ESU,|¢, merge smoothly. Values for the MSUjc, scale significantly less than 0,5% of
the measured specific heat. Values for the £SUc, can be neglected. The combined standard uncertainty of a
thermally inert material like sapphire can be estimates with approximately 0,5% of the measured value.

-===-== Saphir O3C (1)
===---- Saphir DSC (2)

------- Saphir DSC (3)

I = Saphir Specific Heat
- Literature Cp - Saphire
-EsSuUDSC

-MsU|DSC

I ... SSUIDSC
15+ 1 0,075

B

1+ 0,050

Fal

c, | Jig.K

Y T A N P b T L]

1 0,025

ESU, MSU, SSU: ¢, 1 Jig.K

—_— - 0,000
400 600 800 1000 1200 1400 1600

TI/°C

Fig. 9: Specific heat of sapphire
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4.3 Laser Flash Method

4.3.1 Measuring Devices

The method'® is used in accordance to the standards listed in Tab.1. Two equipment are in service.
o NETZSCH LFA 427: it can be equipped with two furnaces — applicable in two
temperature ranges
= Low temperature range of application [-120°C, +450°C]
= High temperature range of application [Tg, +1600°C]
o NETZSCH LFA 467 Hyper Flash:
= Temperature range of application [-100°C, +500°C]

o
</

W [

Heat Flux P,

IR sensor ——m——————

Ge lens e T iris
diaphragm

cooling water

sample
graphite heating ho|dgr
element
sample carrier fube
vacuum-tight
Closure
sample carier
tube adjustment
fused silica
window
mirror

Fig. 10: Laser flash 427 with a typical axial symmetric shape of a specimen for flash experi-
ments

4.3.2 Principle of Measurement

As a matter of principle the method operates isotherm and quasi-adiabatic. Different gases can be used.
Preferably vacuum conditions (p.i» = 10 mbar) are chosen. In case of low temperature measurements the
LFA device is operated under Helium conditions to ensure sufficient thermal link between the sample and
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the furnace. Coplanar discoid samples of a height 4 as shown in Fig. 10 and Fig. 11 (green) are used. If nec-
essary they are sandblasted immediately before the measurement and/or coated with graphite (metallic
bright specimen) or gold (transparent specimen). This is in accordance with the relevant standards (Tab. 1)
and leads to sufficiently low uncertainties. Details of service conditions are documented in the data sheets
of any order (appendix). Based on measurements with reference materials® the uncertainty is less than 1%
of the measured value.

The measuring process is done in one step and is based on the detection of the time dependent temperature
curve at the rare side of the specimen (averted from the laser heated top side of the specimen) after a laser
pulse as shown in Fig. 11. The data relevant to determine the thermal diffusivity are the maximum tempera-
tureincrease at the rare side T},.,x and the time till half of this temperature increase occurs ;2. From statistical
reasons at a given temperature repeated measurements are done.

: nestpse ' B e _ In(l/4) B (T)
3 1]} i)

theoretical adiabatic curve

SignalV

B 3
4 S . experimental curve
) n Modelled curve:
5 g & based on theoretical models as
= s 3
, < = Parker, Clark, Taylor, Cowan
<] - Cape & Lehmann
o - Radiation model
Bereich kunnanpassung _ Finite heat pulse length
j‘}501] -1000 -500 0 500 1000 1500 2000 2500 3000 3500

t[/) Zeit /ms

Fig. 11: Time dependent temperature curve at the rare side of the specimen after a laser pulse

The solution of the thermal conductivity equation (3.1-4) for a one dimensional problem is given (3.1-5). In
case of flash experiments, an infinitely short initial heat impact (initial condition) and adiabatic boundaries
are assumed. This means that an ideal thermal insulation of the considered volume is assumed. After the
initial heat impact applied by a laser pulse no further heat exchange between the specimen und the thermal
environment occurs. Thus, any heat flux vanishes at the surfaces of the considered volume. Mathematically
this is formulated with a vanishing temperature gradient at any surface as formulated in equation (4.3-1). In
case of a thin and flat body (c.f. Fig. 10), influences of the barrel of the specimen are assumed to be negligible.
Thus, boundaries must be fulfilled at the bottom and the top surface only. As initial condition at = 0 an
initial heat impact with an infinitesimal short duration at the bottom side of a flat body is required, described
by a Dirac delta function &t — 0) as given in (4.3-2). A is the surface where the heat impact occurs. These
conditions formulate the basic assumptions of Parker’s description of a flash technique. The temperature
response of the specimen at it’s top side is illustrated in Fig. 11. It shows both the theoretically calculated
temperature characteristic based on the assumption of adiabatic conditions, and the real experimentally de-
tected temperature curve 7(%). To find a simple and feasible procedure to extract the thermal diffusivity a
from this experimental data a half time ¢, is defined as the time when half the maximum temperature in-
crease 0,5.4T. = AT(t1) occurs. Parkers model results to equation (4.3-3).

3 Typically Steel 4970, Pure Iron, Graphite, Silicon Carbide, Pyroceram
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0 o oT (x, t)‘ _ 8T(x,t)‘ ~0 (4.3-1)

- oT (x,t
B e, = 0
F ox |p x|, Ox

x=h

AQ(AT) = TP,A -5(t—0)- A-dt

% (4.3-2)
oy - -6 B
7y (4.3-3)

Since 1961 manifold improvements of Parkers method were done®! - 16, Most of them use improved routines
to calculate g, and regard to heat losses at the surfaces of a specimen and the finite length of the laser pulse.
Even methods to evaluate temperature responses from thermally transparent materials, multi-layer struc-
tures, or multi-dimensional structures are available. These models are scope of delivery in today’s flash soft-
ware. The evaluation techniques implement theoretical descriptions of specific material effects in numeri-
cally based routines to fit the measured 7(?) curve. The thermal diffusivity is a parameter in these procedures
and can be extracted therefore.

4.3.3 Uncertainty Concept:

Application of equation (3.2-7) to equation (4.3-3) only estimates the “Equipment Specific Uncertainty”: ESU
of the flash setup (4.3-4). Notice that Parkers model is used to calculate this expression of the ESU! Thus no
heat losses of the measured sample and no effects caused by a finite duration of the laser pulse are taken
into account. Nevertheless, Parker’s equation considers time resolution of the temperature sensor of the
LFA, and the accuracy of the thickness detection of the sample as well. Thus, this model describes sufficiently
the performance of the measurement setup.

Left side of Fig. 12 shows the diffusivity evaluated from samples of a thickness between 0,1 mm and 1,5 mm
up to a maximum detected half time of 20 ms. The right image shows the relative “Equipment Specific Un-
certainty”: ESU correlated to the values of the diffusivity. Uncertainty values are given for a confidential in-
terval of 95%.

2 _ 2, 4'“2(1”) a-7°- 2. 2
ESU @) = a { 72 +[In(1/4).h2J “(1“2)}

(4.3-4)

Thermal Diffusivity: a(hs,t;s) Relative Uncertainty uc(a)

ax 10° im¥/s

05
tip IMs 15 i h/mm

Fig. 12: Diffusivity results (Parker model) and relative uncertainty u.(a) as a function of sample
thickness and half time t1/2
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Combining the evidence from both images enables to state, that an optimum sample thickness can be de-
fined following the principle: the higher the diffusivity of a material is the thicker the sample should be. Fol-
lowing this philosophy the uncertainties of the measured values will be lower than 1% of the measured val-
ues.

Equation (4.3-4) strongly depends on the uncertainties of measurement of the thickness 4 of the sample and
the running time measurement realised in the laser flash setup. This makes clear that the method depends
on both coplanar samples and an accuracy of the measurement of the thickness of the sample of a few um,
and a high resolution of the running time measurement in the flash equipment as well. Modern systems'’
provide a data acquisition rate of about 0,5 MHz. Thus the minimum uncertainty u(#;,2) is 2 ps. The numerical
simulation of the measured temperature profile at the top side of the specimen needs about 250 data points
between the release of the laser and the half time. Thus a minimum half time of #,,™" = 0,5 ms must not be
gone below. Thus a minimum sample thickness dependent from the diffusivity of the measured material
must not be undergone! Using the LFA performance date as mentioned above, from equation (4.3-3) the
estimating expression (4.3-5) can be derived.

2 .
b = |21, = 0,06-a
In4 (4.3-5)

Thermal Diffusivity: a(hs,ti) Relative Equipment Specific Uncertainty: ESU
s e L Ry
[ Data acquisition 4,0%
@ Time step: 2 ps s
£ =
?2 2.0% a
= L
- 1,0%
0.0%
0 0
W o 200
himm 015 400 typ fms himm 18 g, 1y Ims

Fig. 13: Limitation of flash method to minimum sample thickness determined by the
data acquisition rate of the experimental setup.

Some numerical results thereof are given in Fig. 14. The consequences from equation (4.3-5) are illustrated
in Fig. 13. The step in the left curve indicates the interrelationship between the detectable diffusivity and the
minimum sample thickness. As a consequence of both thin samples and short half times the increase of the
“Equipment Specific Uncertainty”: ESU. It is caused by the limitations intrinsically given by the equipment.
Nevertheless Fig. 13 shows that even films with a thickness of about 0,02 mm can be measured. Fig. 14 shows
that there are no significant restrictions to highly conductive materials as copper, silver or diamond. In case
of practical operation some 5000 data points (2p) will be detected within a material specific observation time
typically within a range of 10'ms and 10* ms (#). This defines the uncertainty u(z,) attributed to a specific
measurement: u(t;) = tu/2p.
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Material a(Ty) x 10°/ mels Pmin / mm
Diamond 1000 1,90
Silver 174 0,79
Copper 117 0,65
POCO AXM 5Q 72 0,51
Pure Iron 22 0,28
Aluminia 10,5 0,19
Stainless Steel; AISI 316 3,25 0,11
Pyroceram 1,92 0,08
Glass 0,7 0,05
Filled Polymeres 0,5 0,04
Polycarbonate 0,15 0,02
Paper, PP, UTFE 0,1 0,02

Fig. 14: Diffusivity and resulting minimum sample thickness for flash measurements.
t2™W = 0,5 ms is assumed

To calculate the standard uncertainty of a flash result, additionally to the ESU(a) the Modell Specific Uncer-
tainty MSU(a) and the statistical spread of a set of samples SDV(a) = SSU(a) must be taken into account.
Under the consideration of best practice measurements the arithmetic mean of individual measurement re-
sults ay is the best estimate of the output estimate of a. As explained in chapter 3.2, zero quantities are added
to the mean of input estimates. This still consequences the arithmetic mean to be the best estimate of the
measurement result. From postulate, the uncertainties of these zero quantities are attributed to equipment
related effects — ESU, to model related effects — MSU, and to sample related effects — SSU: The model is
illustrated in Fig. 15.

To estimate MSU(a) the type B procedure of the GUM is used. Deviations of the half time in dependence
from two modelled temperature responses — capturing 5% of the measured temperature data and 95% re-
spectively — are analysed. So far necessary the corresponding slopes of the response curves are taken into
account. The uncertainty of this individual diffusivity is measured from the width of the interval [agss, ase].
Defining [awg] := | asse; - asw| the GUM teaches: u’(a;) = [a90)]’/3. Details of the concept are shown in Fig. 16.
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Applications
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Fig. 15: Concept to formulate uncertainty contributions in Laser Flash measurements
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Fig. 16: Basics to estimate MSU(a) of an individual laser flash experiment
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4.3.4 Influence of coatings (transparent samples, ...):

In case of IR-transparent materials, of materials with high IR- reflectance, or in case of thin samples with
significant surface roughness, coatings are deposited on both sides of the sample. (For graphite coatings ac
=~ 8,5.10° m?/s). Thus, additionally to the sample thickness &s the thickness of the coated layers sc must be
considered. Notice, that in case of coated samples the measurement procedure identifies an “effective” ther-
mal diffusivity @. From a set of measurements with different numbers of coating layers, the extrapolation to
a total coating thickness of /;...qt. = 0 gives a sufficient estimation of the real value of the thermal diffusivity
as of the sample itself. The procedure is illustrated in Fig. 17.

The comparison of diffusivity results evaluated from the extrapolation process with diffusivity data from an
uncoated thin sample with a significant surface roughness underlines the demand of the method. Correct
interpretation of this comparison is, that the factual sample thickness of the uncoated sample (which is rel-
evant for the evaluation of transient thermal transport behaviour of the sample) could not be determined
sufficiently — resulting in a severe misinterpretation of the LFA response signal to severely reduced diffusivity
data ranging about 50% lower than the real value.

— =3 - coated /mm?/s
5 & a-uncoated /mm?/s
A a-extrapoliert /mm?/s
————— Linearer Trend: n = 0
4 { Y _'r Y
X-_':""_-——x
@ e a— 5-—..-_____-27/_
£
(7]
(o)
= 2
o
1= | | a=0,1126.N+ 3,0735
R?=0,3772
-1 0 1 2 3 4 5
N: Number of Graphiet Layers

Fig. 17: Extrapolation to a total coating thickness of Zero (N = 0) from a set of measurement
with different coating thicknesses
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4.3.5 Results of Flash Measurements:

For example in a temperature range [-120°C, 1600°C] thermal diffusivity a (left) and the thermal conductivity
A (right) of a graphite material is shown in Fig. 20. In accordance to (3.1-4) conductivity is calculated from
diffusivity, density and specific heat. In a temperature range [-120°C, ~400°C] data from the low-tempera-
ture-set up are used. Here values for the MSU,, correspond slightly to a. They scale approximatively with
0,5% of the measured diffusivity. Values for the ESU|¢, correspond directly with a and scale maximum 1% of
the measured diffusivity. The combined standard uncertainty of a thermally inert material like graphite can
be estimates with approximately 0,5% of the measured value.

Graphit sample 1
o Graphit sample 2
Graphit sample 3
—426 —— Graphit mean value
—e— Graphit Literature

- ESUJa

H
E
10 — - =MSUla -
1=}
o o
e =
?.é 1 1,5 ?;J
2 2
2 +10 @
© : é
5 {105 S
) 2
] ?
w

& e ' e P S b s b 0,0

-250 0 250 500 750 1000 1250 1500 1750
T/°C

Fig. 18: Thermal diffusivity a, from a graphite material.
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4.3.6 Thermal Conductivity — Examined from Flash Measurements:

The product of measured data of thermal density p, specific heat ¢, and thermal diffusivity a results to the
thermal conductivity. The uncertainty budget relevant for the calculation and resulting data for a graphite
material are given in Fig. 19.

< Graphit
—266 _
I Polynom. Approx. 0(3) Z’(T) - a(T) § p(T) : Cp(T)
150 |
x .
E Uncertainty Budget u (A"
2 u(@)” /% 1,50%
% ufe,)” /% 1,50%
uipg) /% 1,50%
u(CTE)"” /% 5,00%
u(AT) /K 5
‘) Combined Standard Uncertainty
i 0. " P " - el i i PR T 5 il i P
-200 0 200 400 €00 800 1000 1200 1400 1600 k=2 4,05%
T 1°C

Fig. 19: Uncertainty budget for the thermal conductivity calculated from A =a . p. c, and cal-
culated data from a graphite material.

A normalized representation of the basic set of thermophysical properties: thermal density p, specific heat
¢cp, thermal diffusivity a and thermal conductivity A is given in Fig. 20.
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Fig. 20: Overview about the thermophysical data of a graphite material (normalized representa-
tion)
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4.4 Transient Hot Bridge Method THB
to measure Thermal Conductivity

4.4.1 Measuring Device

The Transient Hot Bridge Method THB measures thermal conductivity. Currently a Linseis THB 100 it is oper-
ated under standard atmosphere within a temperature range of [-25°C, 250°C]. The method is suitable to
measure thermal conductivities of solids, weaves, powders or bulk materials and liquids in a range of some
103 W/m.Kup to 5 W/m.K.

4.4.2 Principle of Measurement

The method bases on a specific solution of the thermal conductivity equation under transient temperature
conditions!®%20 Under ideal experimental conditions two solid blocks with minimum one plan machined
surface per each are available. The THB sensor foil is placed between these blocks — ensuring an ideal thermal
contact to both of them (Fig. 21). Casually only bulk goods, fabrics or pasts are available. Nevertheless a
sufficient thermal contact of both sides of the sensor foil to the specimen can be ensured. Measurements of
sufficiently low uncertainty can be achieved.

Fig. 21: Scheme of a THB Sensor and measuring approach with two reference BK7 specimen

The sensor operates in two different ways: as a heat source ensuring a constant heat flux and as a detector
of the thermal response of the measured material. The method allows to measure thermal conductivity and
thermal diffusivity as well. Two different phases of the detected thermal response of the measured sample
are used therefor. The initial heating phase allows the examination of the thermal conductivity, the subse-
guent equilibrium phase from principle allows examination of the thermal diffusivity. A sufficient equilibrium
state can only be achieved under ideal experimental conditions. Thus mostly thermal conductivity is mea-
sured.

4.4.3 Uncertainty Concept:

After calibration of the setup, measurements of a set of reference materials is done. Deviations of the meas-
ured data g; from literature data g.i; are used to quantify the Equipment Specific Uncertainty ESU. A Type B
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evaluation (GUM) is used. Currently, no need to implement a Model Specific Uncertainty MSU is identified.
Sample Specific Uncertainty SSU is calculated from standard deviation of measurement results gs of the
sample. Equations (3.2-8) and (3.2-9) are used to examine combined standard uncertainty u.(q;).

4.4.4 Results of THB Measurements:

In Fig. 22 the thermal conductivity of a technical cork material (natural cork pressed with organic binder
material) in a temperature range of [-20°C, 100°C] is shown. The influences of the different constituents result
in the specific temperature dependence as figured out.

< Cork Mean Value
0,2
« 0,15 gé =
E
5 ®
—
=< é"
0,1
0,05
-25 0 25 50 75 100
T/

Fig. 22: Thermal conductivity of a cork material measured with the TBH method
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4.5 Heat Flow Meter Method HFM
to measure Thermal Conductivity and Specific Heat

4.5.1 Measuring Device

The Heat Flow Meter Method - HFM measures thermal conductivity and specific heat of solids, weaves, bulk
goods. A NETZSCH HFM 466 Lambda is in service. The method is suitable to measure thermal conductivity of
solids, weaves, powders and bulk materials in a conductivity range of some 10° W/m.K up to 2 W/m.K. The
temperature range of the hot plates is [-20°C, 90°C]. The temperature difference between both plates is some
20°C. The sample mean temperature is within [-10°C, 80°C] therefore. Standard operation the HFM is done
under ambient pressure conditions and standard atmosphere. In certain cases the test chamber can be
flooded with various gases.

4.5.2 Principle of Measurement

The method bases on the detection of the time dependent vectorial heat flux ﬁ/A(X’,t) through the sample,
and the evaluation of the 1-dimensional representation of equations (3.1-2) and (3.1-3). The medium is as-
sumed to be homogenous. Anisotropic media can be measured, when sample preparation is possible in the
relevant directions. Under these requirements, equations (3.1-1) till (3.1-3) simplify to equations (4.5-1) till
(4.5-3). One conclusion of this set of equations is (4.5-4). 4 represents the cross section of the measured
sample, £ its hight.

0,(0)= p(T)-V-rj{'Z,, (T)-dT} =m-c,(T)-AT|" (4.5-1)
o

Pa= —A(T).VT = —A(T).A—hT = - @.AT; _Rum —. % (4.5-2)

0,() + [P, 4-dt ={?(ZS,'+§JS',>-JI (4.5-3)

01y = A4 far(-a (4.5-4)

HFM 446 |
o |

|4$50D006

Fig. 23: HFM device NETZSCH HFM 466 Lambda with reference specimen (right, representing
typical size of specimen)
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To quantify a) heat exchange with the environment and b) parasite heat fluxes off the preferred direction,
accurate calibration of the HFM is needed. To guarantee sufficient thermal contact between the heating
plates of the device and the sample, from heating plates a defined pressure load of some 2kPa up to 20 kPa
is applied. In case of stiff solids, interlayers made up from silicone rubber ensure sufficient thermal contact,
and additional thermocouples detect the temperatures from the sample surface (optional instrumentation
KIT: c.f. Fig. 24).

Samples thickness must provide a thermal resistance R (— c.f. equation (4.5-2)) within a range of [0,02
m2.K/W; 5 m2.K/W]. When the thermal resistance is below 0,25 m2.K/W, the optional instrumentation KIT is
applied to improve uncertainty conditions.

Upper surface thermocouple
Interface pad ' =

wer l}l'f"il"(? hermocou =
Sample Lower surface thermocouple

Interface pad

Fig. 24:  HFM operation mode with optional instrumentation KIT?
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4.5.3 Uncertainty Concept:

After calibration of the setup, measurements of a set of reference materials is done. Deviations of the meas-
ured data ¢; from literature data g are used to quantify the Equipment Specific Uncertainty ESU. A Type B
evaluation (GUM) is used. Currently, no need to implement a Model Specific Uncertainty MSU is identified.
Sample Specific Uncertainty SSU is calculated from standard deviation of measurement results ¢gs of the
sample. Equations (3.2-8) and (3.2-9) are used to examine combined standard uncertainty u.(q;).

ESU(q)* = |qi — quie|? (4.5-5)
MSU(q;)? = 0 (4.5-6)
uc«(q:)* = ESU(q:)* + SDV(qy)’ (4.5-7)

4.5.4 Results of HFM Measurements:

In Fig. 25 data of thermal conductivity and specific heat of a 4A Zeolith in a temperature range [Tg, 75°C] are
shown. Specific heat data are compared with results from a DSC measurement. The Zeolite material was
exposed to ambient humidity conditions, resulting a 6g/kg humidity load. Thus, DSC data show thermal ef-
fects when humidity is released for T > 80°C. Within the limits of uncertainties of both methods, good agree-
ment of the data is observed.

A Zeolith: bglkg DSC (1)
O 44 Zeolith: 6g/kg Sample (1) - 4R Zeolith: 6glkg DSC (2)
4 4A Zeolith: 6g/kg Sample (2) x ix-:: :g::n :SC 13)  Spocific Heat
0,25 44 Zeolith: 6g/kg Sample (3) —_— ith: 6g/kg Apparent Specific He
Ty —— 4A Zeolith: 6g/kg Specific Heat
44 Zeolith: 6g/kg Mean Value e . ith: i
Bk eorigocnips - " dhZela kg Specic Hoe (M
0,20 F 4-- MSUC|
y 0,20
x
)
0,15 - >
¥ i B b 0,15
£ g 3 2 g
= o010 p ! 2
S k & 10 - 0,10 =
- =]
8
0,05 0,5 - ot 0,05
0,00 ; PO - v i i it Pt B DO 000
0 20 40 60 80 25 0 25 50 75 100 125 150 175 200 225
TI°C T /%

Fig. 25: Thermal Conductivity (left) and comparison of specific heat data (right) measured with
DSC and HFM
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4.6 Simultaneous Thermogravimetry —sDSC; sDTA; QMS; FTIR

4.6.1 Measuring Device

The method? is used in accordance to the standards listed in Tab.1. Two devices NETZSCH STA 449 F1 Jupiter
and a NETZSCH STA 449 F5 Jupiter with an automatized sample changer are in service. Each one is used in a
specific temperature range:
o Low temperature STA (NETZSCH STA 449 F1 Jupiter):
range of application [-180°C, +1000°C]
o High temperature STA (NETZSCH STA 449 F1 Jupiter, NETZSCH STA 449 F5 Jupi-
ter): range of application [Tg, +1600°C]

Fig. 26: Microbalance with simultaneous DTA, DSC, spectroscopy (OMS, FTIR).
Right: STA-DSC sensor of STA 449 F5 with automatized sample changer

The top loading microbalance can be operated dynamically and isothermally under different gas conditions
as Helium, Argon, Nitrogen, Air, Hydrogen or Forming Gas, etc. — optionally under controlled humidity. Heat-
ing rates typically scale between 0,1 K/min and 20 K/min. This is in accordance with the relevant standards
(Tab. 1) and leads to sufficiently low uncertainties. The Microbalance shows a digital resolution of 0,025 ug
and a maximum load of 5g. The recipient is vacuum tight till 10* mbar. Details of service conditions are doc-
umented in the data sheets of any order (appendix). Based on measurements with reference materials* the
Equipment Specific Uncertainty is less than 0,01% of the measured value. The Thermogravimetric analysis
can be coupled simultaneously with both a Mass Spectroscopy (QMS) Aeolos 403C and a Fourier Transformed
Infra-Red Spectroscopy (FTIR) Bruker Tensor 27.

4.6.2 Principle of Measurement

Similar to DSC measurements (vgl. Chapter 4.2.2)

4.6.3 Uncertainty Concept:

Similar to DSC measurements (vgl. Chapter 4.2.2)

4 Typically Sapphire
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4.6.4 Results of TG-sDSC Measurements with simultaneous FTIR & gMS
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Fig. 27: 1) Change of mass of CaCl, (left) under varying humidity conditions (right). Simultane-
ous DSC plot identifies different hydration steps
11, 11I) Simultaneous FTIR and mass spectroscopy.
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4.7 Stabinger Viscometry SVM and simultaneous DMA
to measure Dynamic & Kinematic Viscosity and Density

4.7.1 Measuring Device

The measurement device measures simultaneously dynamic & kinematic viscosity and density of Newtonian
liguids. An Anton Paar SVM 3001 Stabinger Viscosimeter is in service. In standard operation the method is
operated under standard atmosphere but flushed with 5.0 Nitrogen within a temperature range of [-60°C,
90°C].

4.7.2 Principle of Measurement

Analysis of U-tube oscillation is used to determine the density of the measured liquid. The ratio of the rota-
tional frequencies of an outer cylindrical tube, which is filled with the liquid, and a concentric positioned, but
inertial stabilized inner cylinder, which is inductively damped, is the primary measurement signal, examined
to basic viscosity information. High sophisticated numerical routines are applied to separate hydraulic effects
and to quantify viscosity. Accurate calibration of the SVM device is needed.

Fig. 28: Stabinger Viscosimeter SVM 3001
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4.7.3 Uncertainty Concept:

After calibration of the setup, measurements of a set of reference materials is done. Deviations of the meas-
ured data gi from literature data gLit. are used to quantify the Equipment Specific Uncertainty ESU. A Type B
evaluation (GUM) is used. Currently, no need to implement a Model Specific Uncertainty MSU is identified.
Sample Specific Uncertainty SSU is calculated from standard deviation of measurement results gS of the sam-
ple. Equations (3.2-8) and (3.2-9) are used to examine combined standard uncertainty uc(qi).

ESU(q)’? = |gi — quic|? (4.7-5)
MSU(q)? =0 (4.7-6)
uc(q;)? = ESU(q;)* + SDV(q,)* (4.7-7)

4.7.4 Results of SVM Measurements:

In Fig. 29 dynamic &kinematic viscosity and density of a Newtonian liquid is shown. As a consequence of
density data approximately like 1, no significant difference between both viscosity data occurs. As expected,
temperature dependence of density is linear with T. Strong dependence of viscosity data of the liquid is ob-
served (logarithmic scale) is observed.

----- Liquid Mean - Dyn. Viscosity
) - - - Liguid Mean - Kin. Viscosity
= - - - DT MIDEL 7131 Mean - Density
., 100000 - 11
ot ;
LR S I
DS S S— 1,0
“ ‘\‘ F = b3
% T 1000 | 09 3
el e olE ~
= L a
100 = e 0,8
E -
10 E 0,7
3 0,6
-60 -40 -20 0 20 40
T/°C

Fig. 29: Dynamic & kinematic viscosity and density of a Newtonian Liquid at low temperatures

It is to be noticed, that even at temperatures significantly above the Pourpoint, local formation of solid clus-
ters can be observed. Cluster formation is statistically and kinetically driven as well. Thus, low temperature
data, measured sequentially during cooling down the liquid, might not sufficiently represent the viscosity
behaviour at long time exposure of the liquid at low temperatures. Necessity of long-time measurement of
viscosity data is indicated from DSC measurements, which show deviations from theoretically expectable
temperature profile of the ¢, data. This is driven from enthalpy effects, which are to be drawn back to solid-
ification/melting of phase precipitations from the liquid. Solid precipitations are thermally effected from dis-
sipative effects caused from the kinetic energy input during the measurement (rotation of tube and magnetic
cylinder at different rotational frequencies, and shearing effects therefrom). The holistic behaviour, observed
during a longer period of time (e.g. several hours) can only be predicted statistically. As an example for vari-
ability of observations Fig. 30 shows the direct comparison of four liquids, measured above the Pourpoint for
some six hours. The upper left image shows the converging of viscosity with slight statistically deviations. The
upper right image shows the analogous tendency of converging of viscosity with slightly decreasing behaviour
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— presumable caused from dissipative input of the rotating cylinders. The lower left image shows the signifi-
cant decrease of viscosity because of dissipative input of the rotating cylinders after a maximum viscosity at
the very beginning if the measurement, and converging of viscosity to lower values. The lower right image
shows a statistically driven behaviour of the measured liquid, which indicates a more or the less unpredicta-

ble behaviour of the matter either as a fluid or a slush, a slurry, or more or the less as a solid.
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Fig. 30: Direct comparison of viscosity data of four liquids, measured above the Pourpoint for

six hours
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