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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been

establishgdtastheTighttobeTepresented-omthat committeentermatiormat-organizations, governmerntatar
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with"th
Internatignal Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Internatignal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The mairn

adopted |py the technical committees are circulated to the member bodies for voting.| Publication as 4
Internatignal Standard requires approval by at least 75 % of the member bodies castinga-vote.

In excep

which is hormally published as an international Standard (“state of the art’, forexample), it may decide by
simple mpjority vote of its participating members to publish a Technical Report. A Technical Report is entire
informatiye in nature and does not have to be reviewed until the data 4t provides are considered to be 1

longer va

Attention

rights. ISP shall not be held responsible for identifying any or such'patent rights.
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task of technical committees is to prepare International Standards. Draft International Standarg

ional circumstances, when a technical committee has collected data-of.a different kind from th

id or useful.

is drawn to the possibility that some of the elements of this document may be the subject of pate

2007-5 was prepared by Technical Committee ISO/TC 61, Plastics, Subcommittee SC 5, Physica
properties.
7 consists of the following parts undér:-the general title Plastics — Determination of therm|

ity and thermal diffusivity:

1: General principles

2: Transient plane heat source (hot disc) method
3: Temperature wave apalysis method

4: Laser flash method

5: Results-of interlaboratory testing of poly(methyl methacrylate) samples [Technical Report]
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Introduction

The purpose of this document is to record the results of the interlaboratory comparison of measurements of
the thermal conductivity and thermal diffusivity of poly(methyl methacrylate) PMMA specimens, as a source of
information in support of the development of the series of standards on thermal conductivity and diffusivity of

- LO.O-00.002 141
p ASLLS, TOU ZZUUTM T 1.
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Plastics — Determination of thermal conductivity and thermal

diffusivity —
Part 5:

Results of interlaboratory testing of poly(methyl methacryl
samples

eful for the correct understanding of the document. Users should therefore consider prin
pbcument using a colour printer.

Q C

=Y

Scope

This Technical Report presents the results of interlaboratary)‘testing for the determination o
bnductivity and thermal diffusivity of two poly(methyl methacrylate) (PMMA) materials by mea
transient and the modulated methods presented in 1ISO 22007 parts 2 to 4 [1-4] and additional tran|
s{eady state methods.

Q

The instructions for the intercomparison are presented in Annex A with key items reproduced in the
this Technical Report.

[e]

The detailed results of individual laboratories are presented in Annexes B to F.

2| Symbols and definitions
Symbol Meaning Unit
a Thermal diffusivity m2/s
d Thickness of specimen m
A Thermal conductivity W/(m-K)
Fpr defipitions of the terms used, the reader is referred to 1ISO 472 [5] and 1ISO 22007-1 [1].

ate)

PORTANT — The electronic file of this document contains colours whi¢h,are considerged to be

ting this

[ thermal
hs of the
sient and

main part

3 Specimen preparation and characterization
3.1 Specimens
Two types of PMMA material were used in the intercomparison:

e Sumipex 000 (cast grade), Lot. 6621114, supplied by Sumitomo Chemical Co. Ltd,
Referred to as "Sumipex cast PMMA" herein. Sheet thickness ~ 2 mm.

Japan [6].

e AAJHF (extruded grade), supplied via NPL, UK. Referred to as "extrusion grade PMMA" herein.

Sheet thickness ~ 3 mm.

© 1SO 2011 — All rights reserved
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The Sumipex cast PMMA was supplied in sheet form only whereas the extrusion grade PMMA was supplied
in both sheet and pellet forms.

3.2 Specimen preparation

Depending on the test method, test specimens needed to be prepared from the sheet samples. For the
temperature wave analysis the specimens were reduced in thickness. For laser flash testing they were
reduced in thickness by one laboratory, but not by the second laboratory. For transient line source testing the
specimens were prepared by cutting small pieces from the sheet for insertion into the barrel of the instrument.
For Hot Disk testing, most of the data reported are for measurements on single sheets, although two sheets
were stadked in some cases 1o form the Test specimen (see Table 7).

4 Megasurement apparatus
The expgrimental apparatus is described in ISO 22007 Parts 1 - 4 and in further detail in refefences 7 — 17.

Table 1 - The measured thermal properties and various specimen‘sizes
for the methods used in this study.

Measured
parameter Nominal . .
(thermal specimen Specimen'size Additional
Method / Lab No. g . mm
conductivity thickness ~diameter pre-treatments
and/or thermal mm {y\diameter)
diffusivity)
. 1 2,3
Hot Disk / 1 4 a, (pCp) (4, 6: stacked) $5, $10
silver paint
Uaser flash / 2 a 2 ¢ 10 (30 um)
1,14 cast, sputtered
Lser flash /3 “ 1,49 extruded p12.7 graphite
Transient line- A moulded in-situ 50 moulded in-situ
squrce probe / 3
Hegt flow meter / 3 A 2,3 $50
Heat flow meter / 4 A 2,3 ¢80
Ternperatgre wave £ 0,01 3x5
analysis / 5
' Thk factor pC,, the specific heat per unit volume J/(m3.K), is determined from the ratio of the measured
thermal conductivity 1 and thermal diffusivity « values where pis the density (kg/m®) and Cp is the specific
heaj capacity per unit-miass (J/kg.K).

2 © 1SO 2011 — Al rights reserved
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5 Measurement procedure

The procedures used were as specified in the relevant parts of ISO 22007 [2-4] for the methods covered by
that standard. The other methods are specified by ASTM D5930 [7] for the line source probe technique, by
ASTM E1530[8] for the guarded heat flow meter method, and as described by [9] for the second heat flux
meter method. Experimental details and variations from these references are reported in the intercomparison
instructions, Annex A, and in the individual laboratory test reports, Annexes B to F.

6—Calculations

| laboratories carried out the necessary analyses of their raw data to determine thermal conduetivity, thermal
ffusivity and heat capacity values.

o>

7| Results and conclusions

The test reports of the individual laboratories are presented in Annexes B to Falong with tabulated data as
pfovided or abbreviated as appropriate.

8| Results

The results of the measurements are presented in Figures 1 <4.1nh addition, in each of these figures,|values of
tHermal diffusivity have been calculated from thermal conductivity, or vice-versa, to demonstrate the level of
agreement between the two types of measurement.

The individual results were typically within a range of approximately + 10 % of the mean value at any given
tgmperature for both thermal conductivity and thermal diffusivity [18].

The reasons for the discrepancy in results_are not entirely clear from the intercomparison and require further
ekamination to reduce further the variation in results.

—

hree particular issues highlighted\ by the intercomparison that should be covered by good measurement
actice are:

©

¢ Need to ensure that-the specimens are of the appropriate thickness for the test method, atisfying
any criteria on thickness that the method imposes. This may necessitate machining of the specimen
to an appropriate’thickness.

o Effect of anisotropy of the sample. When using the Hot Disk method, testing can vyield either
anisotrofi¢ properties or bulk properties depending on the specific method used. As properties of
polymers can be anisotropic, normally due to processing induced effects, it may be necessafy to take
this-into account in testing, depending on the application for the data.

e JMWhen calculating thermal diffusivity from thermal conductivity, and vice-versa, it is impgortant to
assess the uncertainties in the specific heat capacity values used as these can contribute significantly

VardesS—va 1Y T oM —tne—MeE ai,afta—Gens Y ard oy L fromthe
mean. This would contribute an uncertainty of approximately 10 % to the calculation of thermal
diffusivity (see Table 2).

© 1SO 2011 — All rights reserved 3
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9 Uncertainty and repeatability

Estimates of the uncertainties or repeatabilities of the experimentally measured and calculated values are
presented in Table 2. The uncertainty of measurement (coverage factor k = 2) was calculated according to the
Guide to the expression of uncertainty in measurement!19. The expanded uncertainty was calculated when
thermal diffusivity was calculated from thermal conductivity, or vice-versa, by the use of the equation 1= a C, p
according to the Guide to the expression of uncertainty in measurement. In Table 2 the uncertainties are shown
with the k-numbers in parenthesis; values without k-numbers are the repeatabilities.

Table 2 - Estimates of the uncertainties or repeatability for the experimental and calculated values.

Sumipex cast PMMA

P C, a A
Lab. - 025%-2,89% | 0,32%-3,16% 0,12 % - 0,52%
(1ISO 22007-2) (1ISO 22007-2) (1SO 22007+2)
Lab. 1% 4 % 8 % (k=2) 9% (k=2)
(1SO 1183-1) (1SO 11357-4) (1SO 22007-4) | (calcyISO 22007-4)
Lab. per standard - 0,49%-29% 3%
ASTM D792 | (ASTM E1269-05) | (ASTM E1461-01) (ASTM E1530)
Lab. 0,08 % 1,8%-48% - 3%
Lab. - - 2,6 % (K=2) 84% (k=2)
(1S022007-3) (calc, 18O022007-3)
Extrusion grade PMMA
P Co a A

Lab.

0,12 % - 1,95 %,
(ISO 22007-2)

0,16 % - 1,6 %
(ISO 22007-2)

0,07 % - 0,35 %
(ISO 22007-2)

Lab. per standard - 0,87 % - 5,6 % per standard
ASTM D792 | (ASTM.E1269-05) | (ASTM E1461-01) ASTM D5930
Lab. 0,22 % 32%-43% - 3%

Lab.

5,0 % (k = 2)
(ISO 22007-3)

95%  (k=2)
(calc, 1SO 22007-3)

’ apparent value as pC,,

" calculated with lGab."2 Cp and density data
"™ calculated with-Lab. 2 and Lab. 4 C, and density data

10 Acl«inowledgment

We express our special thanks to Sumitomo Chemical Co. Ltd. for supplying us the cast PMMA.
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Figure 1 - Thermal diffusivity-of Sumipex cast PMMA in the through-thickness direction

easured by the differentdaboratories at various temperatures T:
(i) directly measured values:- Lab. 2 by the Laser flash method (LF) (thickness d =2 mm),
Lab. 3 by LF (d =1,14.mm), and Lab. 5 by the Temperature wave analysis method (TWA)

(d =0,011 mm);
(if) calculated values from thermal conductivity:- Lab. 1 by the Hot disk method (HD) (d =2 mm
for axial measurement, d =4 mm for isotropic measurement).

© 1SO 2011 — All rights reserved 5
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® Lab.1/HD axial e Lab.1/HD stack
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Figure 2|- Thermal conductivity)of Sumipex cast PMMA in the through-thickness direction measured
by the different laboratories-at various temperatures T:

(i) directly measured values:- Lab. 1 by the Hot disk method (HD) (thickness d = 2 mm for axial
measurement, d = 4 mm for isotropic measurement), Lab. 3 by the Heat flow meter method (HFM)

(d =2 mm) and the Line source method (LS) (d =2 mm), and Lab. 4 by HFM (d = 2 mm);

(ii) calcujated valtes from thermal diffusivity:- Lab. 2 by the Laser flash method (LF) (d =2 mm), Lab.
by LF (dF 1,14‘'mim), and Lab. 5 by the Temperature wave analysis method (TWA) (d = 0,011 mm).

[39)

6 © 1SO 2011 — Al rights reserved
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1.6
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gure 3 - Thermal diffusivity of the.extrusion grade PMMA in the through-thickness direction
easured by the different laboratories at various temperatures T:

i) directly measured values: Lab. 3 by the Laser flash method (LF) (thickness d = 1,49 mm), an
y the Temperature wave analysis method (d = 0,012 mm);
if) calculated values from.thermal conductivity:- Lab. 1 by the Hot disk (HD) method (d = 6 mm with
wo pieces stacked), and'Lab. 3 by the Line source (LS) method (d = 3 mm).

dLab.5

© 1SO 2011 — All rights reserved
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Lab. 1 / HD stacked
. Lab. 3/LS heat

O  Lab.3/LF O  Lab.5/TWA
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0.20T . - C - =
v %
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; 0.18 |
~ 03
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0.16 -
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0.14 : : :
0 50 100 150 200
T/°C
Figure 4 - Thermal conductivity of the-extrusion grade PMMA in the through-thickness
direction measured by the different. laboratories at various temperatures T:
(i) directly measured values: Lab! 1 by the Hot disk method (HD) (thickness d = 6 mm with
two spegies stacked), Lab. 3 by the Line source method ((LS) (d = 3 mm), and Lab. 4 by the
Heat flow meter method (HEM) (d = 3 mm);
(ii) calculated values from-thermal diffusivity: Lab. 3 by the Laser flash method (LF)
(d = 1,49 mm), and Lab; 5 by the Temperature wave method (TWA) (d = 0,012 mm).

8 © 1SO 2011 — Al rights reserved
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Annex A
(informative)
Instructions sent to interlaboratory comparison participants:

Procedure for thermal conductivity and diffusivity intercomparison

in support of the development of ISO 22007 parts 1-4

A1 IMPORTANT INFORMATION

Iflyou have any comments or questions concerning this intercomparison (the procedure, sample pn
c) please send them to us before 25 February 2007 so that the issue(s) can be discussed BEF|
briicipants prepare specimens or commence testing.

e
p
All results and associated documentation to be returned by 14 April 2007 if possible; please. If ther
pfoblems with this schedule, please contact us as soon as possible.

.2 INTRODUCTION

A

Al2.1  Thank you for agreeing to participate in this intercomparison on‘the measurement of therma
conductivity and diffusivity of polymers. This is a preliminary intercomparison amongst the project lea
wiill shortly be expanded to a larger intercomparison including other organisations. The purpose of thi
pteliminary intercomparison is to resolve any major issues that beCcome apparent before involving the
npmber of participants.

A
c

2.2  In summary, the objectives of this intercomparison are to assess the repeatability, reproduc
tgchniques that may also be incorporated into this_series in the future. The intention is that the findin

ahd will contribute to the development of all parts of this Standard.

Al2.3  This intercomparison is based on testing of PMMA materials to obtain thermal conductivity g

below.
Sumipex cast PMMA: T, transition range starts around 100 °C, completed by approx 130 °C (at 1(
degrades above 220 °C; drying\time should be 80 °C for 5 hours. A percentage of water absorption

0,3 %/24Hr (depending on the relative humidity), and the saturated water absorption is 2 %.

PL thermoplastic PMMA: extrusion grade PMMA; MFI 1,6 g/10 mins (230 °C/ 3,8 kg); drying d
b °C for 4 hours; Tg-transition range by DSC approx 90 °C to 130 °C; typical die process tem
PO °C to 240 °Ci~decompose above 280 °C BUT may degrade at lower temperatures - recommen
elow 240 °C.

&

2.5 « Jests shall be performed in accordance with the appropriate parts of ISO 22007. The lates
therelevant documents shall be used. Please contact myself if you need a copy.

eparation
ORE any

b are any

ders that

L

]

larger

bility and

pmparability of the transient and the modulated techniques covered by ISO 22007 Parts 1 - 4 and of other

gs of the

intercomparison will be incorporated into ISO 22007 (or at least Part 1) as part of the precision statements,

nd

tHermal diffusivity data at a range of temperatures. Information that may be of use on the materials arfe given

°C/min);
of PMMA

onditions
peratures
d keep to

versions

ITaYaWaYaYaYalwi

N
7
2
b
Al2.4  This'document prescribes the procedure to be followed for those measurements.
A
o]
A

Lo W A AW, WIS 4 ' + 4l ol ' el ol _lo tad laiala QL al alL
.£.0 VVTITTT 1TolllTy uolity a 1cuiou TTULU CUTTTTIUY CUVETTU Uy 10U Z22ZUUT, Sstalc WIIUIT otlaliudarurs
was used. If an in-house method was used please provide documentation describing the proce
equipment.

© 1SO 2011 — All rights reserved
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A.3 THERMAL CONDUCTIVITY / DIFFUSIVITY TEST PLAN

A.3.1  Condition the material using the standard atmosphere (ISO 291) of (23 +/- 1)°C and relative humidity
(50 % +/- 5 %) for at least 4 hours before testing.

A.3.2 The recommended test temperatures:
Cast Sumipex PMMA:

Recommended measurement temperatures are 23 °C, 30 °C (with repeats at this temperature), 60 °C and
90 °C and additional optional temperatures of 140 °C and 180 °C.

Thermo i e i MA):
Recommgnded measurement temperatures are 30 °C (with repeats at this temperature), 140 °C and 180 °C,
with addifional optional temperatures of 23 °C, 60 °C and 80 °C.

PLEASE[NOTE IT IS HIGHLY DESIRABLE THAT DATA ARE OBTAINED AT ATLEAST 30 °G FOR BOTH
MATERIALS BY ALL TECHNIQUES

Participants are encouraged to test at other temperatures and, if possible, above the Tg for|the thermoplastjic
PMMA

A.3.3 At the test temperature of 30 °C repeat the test at least a further 4_times using identical tept
conditiong. These repeat tests should involve the complete procedure to be a true repeat test including, for
example,|re-conditioning the sample, measuring the specimen dimensions and\re:loading the sample into the
instrument. Re-testing without going through the whole procedure is not correct practice to determine the trye
repeatabllity of the method.

J

A34 Where possible, measure the sample density and/or maSs“vbefore and after testing to assess
moisture uptake during the test.

A4 ADDITONAL TESTING / DATA REQUIREMENT

A.4.1 Conversion from thermal conductivity values tdthermal diffusivity values, and similarly from thermgl
diffusivity] to thermal conductivity, requires density and-specific heat capacity values. All participants should {if
possible)|each measure these values and convert'their own results (i.e. from thermal conductivity to diffusivity
or vice-vgrsa) using those values. On analysis ofall of the participants’ results, further analysis will be carrigd
out using| average values for both density and.specific heat capacity. The measurement of these parametefs
is a part pf the overall measurement of thermal conductivity and/or thermal diffusivity and so is considered|a
valid par{ of this intercomparison. It will\enable correct comparison of the thermal conductivity with thermal
diffusivity| results.

A.4.2  Measure the density of the'material at the same temperature(s).
A.4.3  Measure the specificheat capacity of the material at the same temperature(s).

Note: if fesourcing is af issue for any particular laboratory then the emphasis should be on the thermgl
conductiVity/diffusivity testing.

PLEASE [KEEP ALL SPECIMENS FOR FUTURE REFERENCE / USE UNTIL OTHERWISE INSTRUCTED

A.5 REPORTING RESULTS

A.5.1 Provide all information, raw data ~(e.g. plot files) and results as requested in the excel spreadsheet.
The spreadsheet may be used for this purpose. Alternatively, other means of saving the information can be
used (e.g. where information is provided in text or image files direct from the instrument’s software). Where
the information requested is “not applicable” please enter N/A.

A.5.2  Consult ISO 22007-1 and the appropriate Part of ISO 22007 for additional reporting requirements.

A.5.3  Where thermal diffusivity has been measured give values of density and specific heat capacity used
for conversion to thermal conductivity, and vice-versa. Report what methods were used for measurements of
density and specific heat capacity, and provide information on the standards / procedures / techniques /
instruments used. Report both thermal conductivity and thermal diffusivity data, but provide clear indication as
to which is/are measured and which is derived.

10 © 1SO 2011 — Al rights reserved
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A.5.4  Enter comments where the current wording of the standard causes difficulties in carrying out testing,
or is deficient in instruction, etc.

NOTE: Please ensure that you have documented all the information necessary to enable another person to
duplicate the measurement. Much of this is likely to be in the outputs from the instrument.

A.6 REPORT ADDITIONAL INFORMATION

In addition to the results please provide additional information on the following, where available:

A 61 Ca“blatiun plUbUdule

Details of calibration procedures

Al6.2  Reference materials

Details of reference materials used and reference values
Al6.3  Calibration data

Results of calibrations

Al6.4  Uncertainty analysis

Provide uncertainty analyses where available.

Give details of tolerances on measurement parameters, e.g. on ditmensions, temperature measufements.

Provide any further repeatability data on you r measurement-system that you may have.

A.7 RETURNING RESULTS

Al7.1 All results and documentation to be returned in electronic format that is readable in eithe Excel or
Word (e.g. please do not provide files that can only:be read by the instrument’s software).

© 1SO 2011 — Al rights reserved 11
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Annex B
(informative)
Laboratory 1 results

B.1 Hot Disk report on the ISO group Round Robin test on two types of PMMA

The two~—samples were received  hea eated and m 3 additic 0 S agre
measurements, measurements were made of the anisotropic properties as these are very different for the tw
materials

The Hot Disk method [2: 10. 11, 12 measures thermal conductivity and thermal diffusivity independeritly in ead
measurement in the basic set up (using two equal samples, one on each side of the sensor). Having thes
two valugs the specific heat per unit volume pC, can be calculated by dividing the thermal conductivity by th
thermal diffusivity. It must be understood that this value of pC, is only correct for isotropicsmaterials. When th
sample i anisotropic, this ratio is simply

(A {2e) 1ty

where th¢ subscripts indicate the axis directions of the properties (e.g. 4.s the thermal conductivity along th
a-axis). If is assumed here that the properties along the a- and b-axes¢(mapping out the plane of the sensd
are the same but different from those along the c-axis.

By introdicing an independently measured pC, value for an anisetropic sample, it is possible to calculate tf
thermal gonductivity and thermal diffusivity for the two directions, normal and parallel to the sensor surface.
method fpr independently measuring the heat capacity has been developed by Gustavsson et al [1% but it
not a part of the standard ISO 22007-2. This method measures pC, at room temperature only, which mear
that other methods, like a drop-calorimeter or a precise DSC must be used at other temperatures. (A
advantage with DSC is that it can be measured as,a function of temperature).

For thesg¢ measurements, where anisotropy-is\so clearly distinguishing the two samples, it was judged th
this shoyld be investigated. The samples' anisotropic properties as-received and after drying, have besg
measured at room temperature.

B.2 Hot Disk measurements on Sumipex cast PMMA - preliminary explorator
results

Two shegts of Sumipex cash PMMA were supplied from Japan. From these, two circular samples of diamet
50 mm wgre cut and used,for the measurements. The thickness was measured at 2 mm.

First, the|material‘was measured as-received at room temperature (RT), with the standard method and als
with the pnisotropic method. A value for pC, was measured on a smaller sample, cut with a diameter
12 mm.

y

After the initial measurements, the recommended drying process was carried out: 80 °C in a furnace for

5 hours. After this treatment the samples were stored in desiccators.

The two 50 mm diameter samples were then mounted in a special metal sample holder together with the

sensor (radius 2,001 mm), and put into an oil bath thermostat with temperature regulation.

12 © 1SO 2011 — Al rights reserved
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The following measurements were performed:

o Q

Standard at 23 °C, 5 s measuring time, as-received sample
Anisotropic at 23 °C, with poC, measured on the as-received 12 mm sample
Anisotropic at 23 °C, with pC, measured on the dried 12 mm sample
Standard at 23 °C, 5 s
Standard at 30 °C, 5 s
Standard at 60 °C, 5 s
Standard at 60 °C, 10 s
Standard at 90 °C, 10 s

ISO/TR 22007-5:2011(E)

oY

oStandard at 90 "C, o s
Standard at 60 °C, 10 s
Standard at 60 °C, 5 s
Standard at 30 °C, 5 s
Standard at 23 °C, 5 s

| measurements were done with a sensor 7577, radius 2,001 mm. The power was 0,075 W in all cases. At
wer temperatures the time was 5 s, but as temperature increased, the thermal diffusivity was lpwer and
lowed for a longer measuring time of 10 s. This is why both 5s and 10 s wére-tried at 60 °C and|90 °C. In
bth cases the probing depth was always below 2 mm.
Table B.1 - Sumipex cast PMMA, as-received sample
TC StDev. Diff StDev. Apparent pC, StDey.
W/(m.K) % mm?/s % MJ/(m°K) %
Front Side* 0,2063 0,31 0,135 0,62 1,52 0,47
Back Side* 0,2065 0,12 0,134 0,32 1,54 0,29
ODTE: StDev. is used as the abbreviation for standard deviation.
Table B.2 - Sumipex cast PMMA, anisotropic properties of as-received sample
(pCp= 1,733 MJ/(m°K) StDev. 0,36 %)
TC Axial | StDev. | Diff Axial | StDev. | TC Radial | StDev. | Diff Radial | StDev.
W/(m.K) % mm?/s % W/(m.K) % mm?/s %
0,1863 0,35 0,108 0,32 0,2302 0,52 0,133 0,51
Table B:3 .- Sumipex cast PMMA, anisotropic properties of dried sample
(pC, = 1,730 MJ/(m°K) StDev. 0,27 %)
TC Axial | StDev. | Diff Axial | StDev. | TC Radial | StDev. | Diff Radial | StDev.
W/(m.K) % mm?/s % W/(m.K) % mm?/s %
0,1897 0,87 0,110 0,86 0,2246 1,03 0,130 1,03
© 1S0O 2011 — Al rights reserved 13
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Table B.4 - Sumipex cast PMMA

Temperature Time TC StDev. Diff StDev. Apparent pCp StDev.

°C s W/(m.K) % mm?/s % MJ/(m*K) %

23 5 0,2051 0,15 0,132 0,99 1,55 0,82

30 5 0,2064 0,16 0,127 0,49 1,62 0,35

60 5 0,2113 0,52 0,123 2,60 1,72 2,08

60 10 0,2117 0,22 0,120 1,18 1,77 1,00

90 5 0,2156 0,36 0,117 1,47 1,85 1,14

90 10 0,2159 0,28 0,115 3,16 1.88 2,89

60 10 0,2121 0,15 0,120 0,71 1,77 0,53

60 5 0,2121 0,14 0,124 0,77 1,72 0,66

30 5 0,2038 0,08 0,126 0,54 1,63 0,46

23 5 0,2020 0,13 0,126 1,10 1,60 0,95

140 10 0,2109 0,17 0,091 1,01 2,32 0,98
*The firstfmeasurements on as-received samples, front side and back side facing the sensory showed that th
samples flo not have a difference due to up/down, through the thickness.
These results indicate that the material is strongly anisotropic. The measured thermal*conductivity and therm
diffusivity]are some 20 % lower in the through (thickness) direction than in the plane. Even after annealing th
anisotropjc property remains, meaning that at 80 °C no re-organisation of the material has taken place. It

too far frd
an effecti

understo

TC 4

Diff F

and

Since the¢ material is obviously anisotropic, the expressions used.in the table column headers should I
bd as follows:
Y
(ﬂa "10)
aa
_ Y
rent pCo=(1,-1.)" la,

Appa

where Ti
specimer

m the melting point. Measurements of standard or bulk samples (alf the other measurements) sho
ve average of thermal conductivity and thermal diffusivity overdhe sampled volume.

C is the apparent thermal)conductivity and o, is the apparent thermal diffusivity, accounting fi
anisotropy.

There is
the chan

Taking into accouft the very low standard deviations (based on 5 measurements and given for each value
the table) even the'small differences in thermal conductivity are significant.

b very clear trend-that TC and Apparent pC, increase and Diff decreases with temperature, and th
es are reversible:

e
is
W

e

at

The changing of material properties due to heating cycles can be observed in Table B.5.
Table B.5 - Sumipex cast PMMA
TC Diff Apparent pC,
W/(m.K) mm?/s MJ/(m>K)
As-received Front Side 0,2063 0,135 1,52
As-received Back Side 0,2065 0,134 1,54
. o
After heating to 80°C, 5H 0,2051 0,132 155
measured at RT

Followed by a full cycle to

90 °C measured at RT 0,2020 0,126 160

14
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3 Hot Disk measurements on the extrusion grade PMMA - preliminary
exploratory results

Two sheets of PMMA were supplied by NPL. From these, two circular samples with diameter 50 mm were cut
and used for the measurements. The thickness was measured at 3 mm.

First, the material was measured as-received at room temperature, with the standard method and also with
the anisotropic method. A value for pC, was measured on a smaller sample, cut with a diameter of 12 mm.

A
h

3w

Standard at 23 °C, 20 s measuring time, as-received sample
Anisotropic at 23 °C, 20 s, with pC, measured on the as-received 12 mm sample
Anisotropic at 23 °C, 20 s, after drying (with pC, measured on a dried 12 mm sample
Standard at 23 °C, 20 s

Standard at 30 °C, 20 s

Standard at 60 °C, 20 s

Standard at 80 °C, 20 s

Standard at 80 °C, 20 s

Standard at 60 °C, 20 s

Standard at 30 °C, 20 s

Standard at 23 °C, 20 s

Standard at 140 °C, 20 s

The two 50 mm diameter samples were then mounted in a special metal sample holder togethe
ensor (radius 3,189 mm) and put into an oil bath thermostat with temperature regulation. The|following
easurements were performed:

Table B.6'-Extrusion grade PMMA, as-received sample

ter the initial measurements—the recommended-drving process—was—carriedout- 75 °C_ina-furnace for 4
’ PAAMAES B o

burs. After this treatment the samples were stored in desiccators.

with the

| measurements were done with a sensor 5465, radius 3,189 mm. The power was 0,075 W in all cases. At
| temperatures the measuring time was 20 s.\Using this sensor and measuring time, the probing depth was
ways below 3 mm (compared to the Sumipex cast PMMA sample, which was only 2 mm thick; thig required
smaller sensor and shorter time).

TC StDev. Diff StDev. Apparent pC, StDev.
W/(m.K) % mm?/s % MJ/(m°K) %
0,2022 0,35 0,121 20,1 1,66 1,95

(pC» = 1,615 MJ/(m°K), StDev 0,52 %)

Table B.7 - Extrusion grade PMMA, anisotropic properties of as-received sample

TCAxial StDev. Diff Axial StDev. TC Radial StDev. Diff Radial StDey.
Wi(m.K) % mm?/s % W/(m.K) % mm?/s %
0,2010 0,29 0,125 0,39 0,2004 0,26 0,125 0,25

Table B.8 - Extrusion grade PMMA, anisotropic properties of dried sample

(pCp = 1,604 MJ/(m°K), StDev. 0,25 %)

TC Axial StDev. Diff Axial StDev. TC Radial StDev. Diff Radial StDev.
W/(m.K) % mm?/s % W/(m.K) % mm?/s %
0,2048 0,99 0,127 0,98 0,2094 1,33 0,130 1,35

© 1SO 2011 — All rights reserved
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Table B.9 - Extrusion grade PMMA

Temperature Time TC StDev. Diff StDev. | Apparent pC, | StDev.

°C S Wi/(m.K) % mm?/s % MJ/(m*K) %

23 20 0,2057 0,07 0,132 0,16 1,56 0,12

30 20 0,2074 0,27 0,131 1,60 1,59 1,35

60 20 0,2090 0,18 0,121 0,51 1,73 0,35

80 20 0,2127 0,09 0,116 0,30 1,84 0,30

down

80 20 0.2126 0,05 0116 0,18 1.84 0,14

60 20 0,2078 0,27 0,123 1,20 1,69 0,91

30 20 0,2067 0,08 0,131 0,36 1,58 0,35

23 20 0,2069 0,13 0,134 0,59 1,54 0,48

140 20 0,2135 0,16 0,088 0,72 2,43 0/58
These results indicate that this material is much less anisotropic than the Sumipex cast PMMA. The measurgd
thermal gonductivity and thermal diffusivity are about 2 % lower in the through (thickness) direction than in the
plane forthe sample.
Measurements of standard or bulk samples (all the other measurements) show an effective average pf
thermal donductivity and thermal diffusivity over the sampled volume, which therefore is reported as apparept
pCp.
Due to the fact that the material is almost isotropic, the value for pC, given in a standard measurement is vefy
close to the measured value.
There is|a very clear trend that thermal conductivity andsheat capacity increases and thermal diffusivity
decreases with temperature, and that the changes are reversible.
Taking into account the very low standard deviations+(based on 5 measurements and given for each value jn
the table) even the small differences in thermal conductivity are significant. The difference between thermpl
conductiVity in axial and radial direction in the ahisotropic analysis of the sample is not significant, considering
the standard deviation in the pC, measurement:

The chan

ging of material properties due'to heating cycles can be followed, Table B.10:

Table B.10 — Extrusion grade PMMA

TC StDev. Diff StDev. | Apparent pC, | StDev.
W/(m.K) % mm?/s % MJ/(m°K) %
As-received 0,2022 0,35 0,121 20,1 1,66 1,95
After drying 75°C, 4 h 0,2057 0,07 0,132 0,16 1,56 0,12
Aftdr heating‘cycle to 80 °C 0,2069 0,13 0,134 0,59 1,54 0,48

B.4

Stacked specimens results

The results of stacking sheets, to respect specimen thickness criteria, are presented in Tables B.11 and B.12.
Two stacked sheets were necessary to get a thickness sufficient to use a time that was long enough to get a
Total to Characteristic time ratio of 0,45, which is within the analysis model range (0,3 - 1,0).

16
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Table B.11 — Sumipex cast PMMA

ISO/TR 22007-5:2011(E)

Temperature TC StDev. Diff StDev. Apparent pCp StDev.
°C W/(m.K) % m?/s % MJ/(m°K) %
23 0,2033 1,1 1,141E-07 1,2 1,78 1,9
30 0,2008 0,2 1,102E-07 0,2 1,82 0,3
60 0,2007 0,3 1,097E-07 2,4 1,83 2,7
90 0,2095 0,4 1,031E-07 1,7 2,03 2,1
Table B.12 — Extrusion grade PMMA
Temperature| TC StDev. Diff StDev. Apparent pC, | | StDev.
°C W/(m.K) % m?/s % MJ/(m°K) %
23 0,1998 0,12 1,114E-07 0,55 1,75 0,7
30 0,2027 0,4 1,109E-07 0,8 1,83 0,8
60 0,2006 0,14 1,104E-07 0,8 1,9 1,0
90 0,2087 04 1,041E-07 1,5 2,01 1,7

© 1SO 2011 — All rights reserved
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Measurements where performed on six specimens of Sumipex cast PMMA.

Annex C
(informative)
Laboratory 2 results

Laser flash specimen preparation

m) of metallic coating was deposited on both faces of the thermal diffusivity specimens. Due to tf
al diffusivity of PMMA and the relatively large thickness of the specimens, the-energy deposited |
beam on the front face of the specimen had to be increased, in order to obtain a thermogram havir
gnal/noise ratio. After some thermal diffusivity measurements, it appeared that the metallic coatir
sist to the repetition of laser impacts. It was then decided to change ‘the’ coating and to apply a th
0 ym) of silver paint. It was, however, not possible to acquire “geed” thermograms with the 3 m
cimens. In consequence, the results presented hereafter wete obtained on 2 mm thick sheeg
000 lot 6621114).

Density measurements
Density measurements at 23 °C

ity is determined at 23°C according to the-immersion method (ISO 1183-1[20]) and is calculated {
ing formula:

_ _Mmq-py

© (my—my)

L is the apparent mass, of the specimen in air, m, is the apparent mass of the specimen in tt
n liquid (distilled water-at23 °C £ 0,1 °C) and p, is the density of the immersion liquid at 23 °C.

Table C.1 - Sumipex cast PMMA: density at 23 °C

Specimen Density
kg/m3

y

e

18

1186
1183
1183
1185
1185
1184
Mean value 1184

OO~ ON
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C.2.2

Density measurements at T>23 °C

For an isotropic material, the density is determined by:

P23°C

Pr =

where o, 1%

(tra,Jp - To))

ISO/TR 22007-5:2011(E)

is the mean linear thermal expansion coefficient between T, (23 °C) and 7.

=1

3

Table C.2 - Sumi

pex cast PMMA: density

Temperature Density
°C kg/m®
23 1184
60 1174
90 1163
120 1152 ().

(

" using the mean thermal expansion coefficient betweén23 °C and
100 °C (see C.3)

he uncertainty on density measurements is estimated to be + 1%:

Linear thermal expansion coefficient measurements

ne linear thermal expansion coefficient was determined with a TMA according to 1ISO 11359-2 [21]
he tests were performed from -10 °C to 120.%C in a high purity helium atmosphere with a heati
°C/min. Before the test, the TMA was calibrated under identical test conditions (temperature rang
te, atmosphere...) with reference specimens’of known thermal expansion.

o~

rg

The mean linear thermal expansion coefficient L];ﬂ between T and T, is given by the following formula
r
r 1 AL To
g, T T-1y). 1L
0 Ty

here AL] ;0 is\the expansion measured between T, to T and LT., is the length of the specimer
mperature Tg(usually To = 23 °C).

—

(S

Table C.3 - Sumipex cast PMMA: thermal expansion coefficient

standard.
g rate of
, heating

at room

Tempe:a:tn:e Thermal expansinn coefficient
°C 10° K’
23 -
60 80,0
90 88,2
100 93,5

Due to the presence of a glass transition towards 105 °C, the mean linear thermal expansion coefficient was not
determined beyond 100 °C.

© 1SO 2011 — All rights reserved
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c4

Specific heat measurements

The specific heat of Sumipex cast PMMA was determined under nitrogen atmosphere from 20 °C to 130 °C
using a Differential Scanning Calorimeter DSC111 (Sétaram). These measurements were performed applying
the stepwise-scanning method according to subclause 4.3 of the standard ISO 11357-4:2005 [22],

The total temperature range was divided into intervals of 5 K, which were successively scanned at a heating
rate of 5 K/min. The DSC was calibrated in temperature using melting points of standard reference materials

(e.g. Indium, Tin).

Table C.4 - Sumipex cast PMMA: specific heat capacity

Temperature Specific heat capacity
°C J/(kg.K)
23 1428
60 1557
90 1685
120 2071

The uncertainty on specific heat measurements was estimated to be + 4 %.

C.5

The thermal diffusivity was measured by “laser flash method” aceording to 1ISO 22007-4 4. Each therm
value corresponds to the average of three consecutive measurements.

diffusivity]

Table C.5 - Sumipex cast PMMA: thermal diffusivity

Thermal diffusivity measurements

Thermel Thermal diffusivity -
Temperature diffusivity - Thickness 2
°C measured value mm correctgd \zlalue
10 m%s 10" m'/s
23 0,1143 2,273 0,1143
Cycle 1 60 0,1023 2,280 0,1029
90 0,0963 2,286 0,0975
120 0,0860 2,204 @ 0,0876
23 0,1120 2,273 0,1120
Cycle 2 60 0,0987 2,280 0,0993
90 0,0960 2,286 0,0971
120 0,0820 2,204 @ 0,0835
After cycle2 23 0,1140 2,273 0,1140
@ with thermal expansion correction
@ using:\the mean thermal expansion coefficient between 23 °C and 100 °C

After the

measurements, the silver paint layer seemed degraded. A progressive modification of the depos

p

t

during the two thermal cycles could explain the huge repeatability (more than 4 % in some cases) obtained for
three successive measurements. Taking into account this large repeatability, the uncertainty in these thermal
diffusivity measurements was estimated to be + 8 %.

C.6

The thermal conductivity 1 was determined by calculation using:

A=a-p-c,

20

Thermal conductivity determination
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https://standardsiso.com/api/?name=b6f7fa2fd67fe2c04bbc7a839867cf61

Table C.6 - Sumipex cast PMMA: calculated thermal conductivity

ISO/TR 22007-5:2011(E)

> -

C

T
a

T

m
|,

—

calibration of the diffusivimeter).

cast PMMA (semi-transparent material) according ~to' the Guide fo the expression of unce

Thermal . Specific heat Thermal
Temperature . . Density . .
°c dlff_uswlty ka/m® capacity conductivity

10° m?/s 9 JI(kg.K) W/(m.K)
23 0,1143 1184 1428 0,193
Cycle 1 60 0,1029 1174 1557 0,188
90 0,0975 1163 1685 0,191
120 0,0876 1152 2071 0,209
23 0,1120 1184 1428 0,189
Cycle 2 60 0,0993 1174 1557 0,182
90 0,0971 1163 1685 0,190
120 0,0835 1152 2071 0,199
After cycle 2 23 0,1140 1184 1428 0,193

he uncertainty in these calculated thermal conductivity values was estimated to be' +.9 %.
ne behaviour of the coating (used in the case of semi-transparent material) during the thermal diffus
bs a big influence on the quality of the measurement results. It clearly appeared that the coatings
se for thermal diffusivity measurements of semi-transparent material werénot suitable in this case.

ne temperature calibrations were performed either with reference materials (for DSC and TMA, re
ccording to 1ISO 11357-1[231 and 11359-1[24]), or by using a-calibrated thermocouple (for the ter

he uncertainties of measurement (coverage factor k = 2)"were calculated in the particular case of the

easurement 9. They were estimated to be + 4 %, for specific heat, + 8 % for thermal diffusivity and
ermal conductivity.

ivity tests
e usually

spectively
nperature

Sumipex

rtainty in

+ 9 % for

©
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Annex D

(informative)
Laboratory 3 results

D.1 Sumipex cast PMMA

D.1.1 Soli

Method: [ASTM D 792 — 00 Density and Specific
Gravity (Relative Density) of Plastics by
Displacement, Method A

Instrumgnt: Analytical balance

Table D.1 - Sumipex cast PMMA: density

Specimen type: sheet

conditioning 40 hrs. 21 °C, 51 %RH
other preparation cut from sheet
Parameters: water temperature 22,3.°C
Uncertainty: per standard

. Density
Replicate kg I3
1 11924
2 1188,5
Mean 1190,3
D.1.2 Specific heat
Method: [Based on ASTM E 1269 — 05 Determining Parameters:

Specific Hleat Capacity by Differential Scanning
Calorimejry

Instrumgnt: Perkin Elmer DSC7

Specimen type: sheet

drying none

other preparation cut from sheet

Table D.2 - Sumipex cast PMMA: specific heat capacity by DSC

purge gas N,, purge gas purity 99,99 %, purge ga
rate 25 ml/min

cooling rate 20 °C/min, initial temperature 180 °C,
final temperature 20 °C

equilibration times 4 min

sample weight 3,97 mg

sample pans Al, volatile

Calibration standards:

temperature In, Zn

heat flow In

specific heat sapphire

Transition analysis:

extrapolated onset 110 °C, inflection point 100 °C
extrapolated end 92 °C

Temperature Specific heat capacity, C,
°C J/(kg.K)
23 1419
30 1460
60 1622
80 1744
90 1827
120 2183
140 2244
180 2348

22
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D.1.3 Thermal diffusivity (laser flash)

Method: ASTM E1461-01

Standard Test Method for Thermal Diffusivity of

Solids by the Flash Method

Instrument: Holometrix FLASH

Specimen type: disc

conditioning 40 hrs 23 °C 50 %RH
other preparation sputtering / 3x graphite

thickness 1,14 mm

ISO/TR 22007-5:2011(E)

Parameters: thermal pulse source laser
beam uniformity ensured using filters
response detector infrared

variation due to % rise < 3 %

repeat measurements 3 per temperature
Corrections: thermal expansion N/A
heat losses N/A

finite pulse time effects N/A

Table D.3 - Sumipex cast PMMA: thermal diffusivity by laser flash

Uncertainty: per standard

Thermal Specific heat Thermal
Temperature . . StDev. . ..
°c dlffuglwty m2/s capacity conductivity

m°/s J/(kg.K) Wi/(m.K)
30 1,00E-07 3,46E-09 1460 0,17
30 9,47E-08 5,86E-10 1460 0,16
60 9,53E-07 2,08E-09 1621 0,18
80 8,93E-08 7,77E-09 1744 0,19
90 9,33E-08 1,15E-09 1827 0,20
140 7,67E-08 4,04E-09 2244 0,20
180 6,67E-08 2,52E-09 2347 0,19

Table D.4 - Sumipex cast PMMA: thermal diffusivity by laser flash, retested

Thermal Specific heat Thermal
Temperature . . StDev. . . .
°c dlffuglwty h2/s capacity conductivity

m°/s J/(kg.K) W/(m.K)
23 1,18E-07 1,53E-09 1460 0,20
30 1,18E-07 5,77E-10 1460 0,21
60 1,14E-07 1,73E-09 1621 0,22
80 1,09E-07 2,08E-09 1744 0,23
90 1,06E-07 1,53E-09 1827 0,23
140 8,60E-08 1,00E-09 2244 0,23
180 7,93E-08 2,31E-09 2347 0,22

eter Technique

.1.4 Thermal conduetivity (heat flow meter)

D

Method: ASTM/E1530 Standard Test Method for
Ejpaluating the’Resistance to Thermal
Transmission of Materials by Guarded Heat Flow
M

Instrument: Netzsch TCA-300

Specimen type: sheet

conditioning none

other preparation cut to 2"diameter size
thickness 2,03 mm

Accuracy: +3 %

NOTE: Material softened beyond 90 °C

Table D.5 - Sumipex cast PMMA: thermal conductivity by heat flow meter

Temperature Thickness Thermal resistance Thermal conductivity
°C mm m’K/W W/(m.K)
30 2,03 1,11E-02 0,184
30 2,03 1,11E-02 0,183
30 2,03 1,11E-02 0,183
30 2,03 1,11E-02 0,183
60 2,03 1,11E-02 0,183
80 2,03 1,12E-02 0,182

© 1SO 2011 — All rights reserved
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D.1.5 Thermal conductivity (line source)

D.1.5.1 Line source - cooling scan

Method: ASTM D 5930 - 01 Parameters:

Thermal Conductivity of Plastics by Means of a calibration material 60,000 cstk PDMS
Transient Line-Source Technique probe constant 0,733

Instrument: K-System Il Thermal Conductivity probe length 50 mm

System loading temperature 220 °C
Specimen type: sheet initial temperature 180 °C

drying 5 lirs 80 °C wivac final temperature 30 °C

other preparation cut to size probe voltage 2,5 V

acquisition time 45 s
Uncertainty: per standard

Table D.6 — Sumipex cast PMMA: thermal conductivity by line source (cooling.scan)

Temperature Thermal conductivity
°C Wi/(m.K)
183 0,194
143 0,192
94 0,190
83 0,188
63 0,182
35 0,192
34 0,193
34 0,195
33 0,187
32 0,190
32 0,191

D.1.5.2 Liine source - heating scan

Method: [ASTM D 5930 - 01 Parameters:

Thermal Conductivity of Plastics by Means of a calibration material 60,000 cstk PDMS
Transien{ Line-Source Technique probe constant 0,733

Instrumgnt: K-System Il Thermal Conduictivity probe length 50 mm

System loading temperature 30 °C

Specimen type: sheet initial temperature 30 °C

drying 5 lprs 80 °C w/vac final temperature 180 °C

other preparation cut to size probe voltage 2,5V

acquisition time 45 s
Uncertainty: per standard

Table D.7 - Sumipex cast PMMA: thermal conductivity by line source (heating scan)

Temperature Thermal conductivity
— WO
183 0,198
144 0,197
94 0,213
83 0,190
62 0,176
34 0,191
33 0,192
33 0,182
32 0,192
32 0,193
31 0,191

24 © 1SO 2011 — Al rights reserved


https://standardsiso.com/api/?name=b6f7fa2fd67fe2c04bbc7a839867cf61

D.2 PMMA pellets

D

D

.2.1 Thermal conductivity (line source)

.2.1.1 Line source — cooling scan

Method: ASTM D 5930 - 01
Thermal Conductivity of Plastics by Means of a
Transient Line-Source Technique

In

strument: K-System |l Thermal Conductivity

ISO/TR 22007-5:2011(E)

Parameters:

calibration material 60,000 cstk PDMS
probe constant 0,733

probe length 50 mm

S

S
d
0

44 = (w]

N

ol X))

ystem

pecimen type: pellets
ying 4 hrs 75 °C w/vac
her preparation none

loading temperature 200 °C
initial temperature 180 °C
final temperature 30 °C
probe voltage 2,5V
acquisition time 45 s
Uncertainty: per standard

Table D.8 - Extrusion grade PMMA (pellets): thermal conductivity by line source (cooling §can)

hermal Conductivity of Plastics by Means of a
ransient Line-Source Technique

strument: K-Systeml Thermal Conductivity
ystem

pecimen type:‘pellets

ying 4 hrs @ 75 °C w/vac

her prepdration none

Temperature Thermal conductivity

°C W/(mK)
183 05201
143 0197
93 0,191
83 0,190
62 0,171
35 0,190
34 0,196
33 0,188
33 0,189
32 0,189
32 0,187

.2.1.2 Line source — heating scan

ethod: ASTM D 5930 — 01 Parameters:

calibration material 60,000 cstk PDMS
probe constant 0,733

probe length 50 mm

loading temperature 30 °C

initial temperature 30 °C

final temperature 180 °C

probe voltage 2,5V

acquisition time 45 s

Uncertainty: per standard

NOTE: The same sample was used from trwe

©
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ISO/TR 22007-5:2011(E)

Table D.9 - Extrusion grade PMMA (pellets): thermal conductivity by line source (heating scan)

Temperature Thermal conductivity
°C W/(m.K)
183 0,200
143 0,200
93 0,203
83 0,190
62 0,183
31 0,180
31 0,181
31 0,182
31 0,181
31 0,182
31 0,181

D.3 Extrusion grade PMMA
D.3.1 Solid density

Method:[ASTM D 792 - 00

Density and Specific Gravity (Relative Density) of
Plastics hy Displacement, Method A

Instrumgnt: Analytical balance

Specimen type: sheet

condition|ng 40 hrs. 21 °C, 51 %RH

other preparation cut from sheet

Parameters:water temperature 22,4 °C
Uncertainty:‘per standard

Table D.10 sExtrusion grade PMMA: density

S Density
Replicate kg Im?
1 1185,7
2 1187,0
Mean 1186,4
D.3.2 Specific heat
Method: [Based ontASTM E 1269 - 05 Parameters:

purge gas N,, purge gas purity 99,99 %, purge gap
rate 25 ml/min

Determinjng Specific Heat Capacity by Differential
Scanning Calerimetry (DSC)
Instrument: i
Specimen type: sheet

o o

final temperature 20 °C
drying none equilibration times 4 min

sample weight 5,84 mg

sample pans Al, volatile

Calibration standards: temperature In, Zn

heat flow In

specific heat sapphire

Transition analysis:

extrapolated onset 110 °C, inflection point 101 °C,
extrapolated end 91 °C

other preparation cut from sheet
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ISO/TR 22007-5:2011(E)

Table D.11 - Extrusion grade PMMA: specific heat capacity by DSC

Temperature Specific heat capacity, C,
°C J/(kg.K)
23 1227
30 1262
60 1407
80 1520
90 1602
120 1955
140 2016

.3.3 Thermal diffusivity (laser flash)

fandard Test Method for Thermal Diffusivity of
plids by the Flash Method

Instrument: Holometrix FLASH

Specimen type: disc

conditioning 40 hrs 23 °C, 50 %RH

other preparation sputtering / 3x graphite

tHickness 1,489 mm

D
Method: ASTM E1461-01
S
S

Table D.12 - Extrusion grade PMMA: thermal diffusivity by laser flash

Parameters: thermal pulse source laser
beam uniformity ensured using filters
response detector infrared

variation due to % rise <'3 %

repeat measurements 3 per temperature
Corrections: thermal expansion N/A
heat losses NIA

finite pulse‘time effects N/A
Uncertainty: per standard

nstrument: K-System Il Thermal Conductivity

Thermal Specific heat Thermal
Temperature . . . . .
°c diffusivity capacity conductivity
m°/s Ji(kg.K) W/(m.K)
23 1,017E-07 5,686E-09 1227 0,148
30 1,033E-07 2,082E-09 1263 0,155
60 1,027E-07 4,509E-09 1407 0,171
80 9,733E-08 1,155E-09 1520 0,175
90 9,767E-08 1,528E-09 1602 0,186
140 7,433E-08 2,082E-09 2016 0,178
180 6,667E-08 5,774E-10 2111 0,167
D|.3.4 Thermal conductivity
D|.3.4.1 Line source — cooling scan
Method: ASTM D 5930 - 01 Parameters:
Thermal«Goenductivity of Plastics by Means of a calibration material 60,000 cstk PDMS
Transient Line-Source Technique probe constant 0,733

probe length 50 mm

System

Specimen type: sheet
drying 4 hrs, 75 °C w/vac
other preparation cut to size

© 1SO 2011 — All rights reserved

foadimgtemperature 266—°€
initial temperature 180 °C
final temperature 30 °C
probe voltage 2,5 V
acquisition time 45 s
Uncertainty: per standard
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