CMMT (A) 72
July 1997
Page 1 of 42

National Physical Laboratory

Centre for Materials Measurement and Technology

Thermal Properties of Composite Materials
- an Interlaboratory Study

by

R Morrell

Summary

An interlaboratory study of the measurement of thermal diffusivity and thermal expansion
characteristics of metal and polymer matrix composites has been conducted with the purpose
of determining the effect of measurement technique on the result and the likely reliability of
data.

Reasonable agreement was obtained in most of the tests, although there remain some
questions of reproducibility of thermal diffusivity results despite the use of "reference
materials" with "recommended data" to determine apparatus performance. PMCs proved
difficult to test in representative thicknesses because of their low thermal diffusivity. Reducing
the thickness to a level where the rear-face thermal transient is more readily measured would
result in testing only one or two plies which may not be representative of the full normal
layup thickness.

In thermal expansion measurement, composite materials are shown to exhibit progressive size
changes with thermal cycling. In part this is due to annealing effects on the first cycle as the
test-piece adjusts to the heating/cooling rate of the tests, and to ratchetting effects due to
plastic deformation in the matrix phase. When thermal expansion tests are made with a push-
rod dilatometer, the added push-rod force appears to result in additional contraction effects,
especially during the first thermal cycle, compared with interferometric tests in which the
applied stress is much lower.
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1. INTRODUCTION

Composite materials often show variable effects in thermal properties resulting from thermal
expansion mismatch between the matrix and the reinforcement. On cooling from the original
fabrication temperature at which the matrix is stress-free, internal stresses are built up which
depend on the cooling schedule and the type of reinforcement and its dispersion. On
subsequent reheating to determine thermophysical properties, changes in the internal stress
field occur as the matrix or its reinforcement undergo stress relaxation. In some cases these
changes lead to new stable dimensions, but in others, thermal cycling leads to strain
ratchetting, with progressive increases or decreases in length as the material progressive
fatigues. Characterising the stability of the materials by measuring thermophysical
characteristics is thus a key aspect of determining overall materials performance.

In many instruments designed to measure thermophysical properties, the form of the test-piece
and the constraints applied to it vary considerably. In mechanical dilatometers for thermal
expansion measurement, a push-rod measures the dimensional change as the test-piece is
heated or cooled. The push-rod exerts some force in order to maintain constant contact with
the test-piece, and this can induce deformations in the test-piece, particularly if the test-piece
becomes soft. In addition, this force can result in irreversible movements of the test-piece
during thermal cycling as the latter beds down stably in the supporting apparatus. Optical
systems using interferometry to record displacement are an alternative to mechanical systems.
No force is applied, apart from the mass of a small optical flat (< 1 g) placed on the upper
surface of the test-piece. For materials which deform readily, such a system should show
results closer to the true expansion behaviour than ones in which a mechanical force is
applied.

In thermal diffusivity measurement, a small disc test-piece is subjected to a laser pulse on one
face, and the transient temperature rise curve on the opposite face is recorded, from which
the thermal diffusivity can be calculated. Although the technique has cost and time advantages
over conventional thermal conductivity measurement, and requires only a small test-piece, it
is restricted to measurements over a narrow range of test-piece thickness, which is ideally
related to the thermal diffusivity being measured. There are therefore questions of conflict
between representative material microstructures in the test-piece and the size requirements for
the apparatus. In addition, even if the procedures in EN 821-2 or BS 7134:4.2 are followed,
the software used to analyse the detected transients varies in detail from establishment to
establishment, in particular the manner in which trace noise is dealt with.

As part of the Design with Composite Components (DCC) programme, Project 2 on Thermal
Properties of Composites, an interlaboratory study was conducted between NPL, UMIST
Materials Science Centre and AEA Technology, Risley with the purpose of establishing the
repeatability and reproducibility of measurements on representative fibre-reinforced PMCs and
particulate reinforced MMCs.

2. MATERIALS

The materials selected for this interlaboratory study were:

MMC: Alcan, "Duralcan W6A20A", 6061 Al alloy with 20% Al,O, particulate
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reinforced, solution treated and aged condition TS (NPL code AAP105),
thermal diffusivity and expansion measured in the axial direction. The billet
was roughly rectangular in cross-section with rounded corners.

MMC: Advanced Metal Composites "AMC225", 2124 Al alloy with 25% SiC
particulate reinforcement, as manufactured (extruded), condition T1 (NPL code
ASP122), thermal diffusivity and expansion to be measured in the axial
direction. The billet was approximately 35 mm diameter.

PMC: ACG woven 0-90° crossply carbon/epoxy mould material LTM10, 2/2 twill
carbon fabric with 1-8-1 layup, outer plies with a finer weave than inner plies,
thickness 6 mm with as-moulded surfaces (NPL code CFS003), thermal
diffusivity measured through thickness, thermal expansion measured in plane
and through thickness.

PMC: ACG woven 0-90° crossply glass/epoxy mould material LTM10, glass fabric
with 1-8-1 layup, outer plies with a finer weave than inner plies, thickness 6
mm with as-moulded surfaces (NPL code KNC), thermal diffusivity measured
through thickness, thermal expansion measured in-plane and through thickness.

Test-pieces were prepared in appropriate orientations by diamond machining. Thermal
expansion test-pieces for mechanical dilatometry were in the form of small bars, 6 x 6 x 25
mm, while for the laser interferometry, rings were cut approximately 12 mm diameter and 6
mm thick with a 6 mm diameter central hole as required by the AEA Technology apparatus.
Thermal diffusivity test-pieces were machined as small discs, 12 mm diameter for NPL and
AEA Technology, and 10 mm diameter for UMIST. Normally, the thickness of thermal
diffusivity test-pieces is controlled to a level such that the transient half-rise time is within
a convenient window which acts as a compromise between, at shorter times, significant finite
pulse time errors, and at longer times, high laser power requirements and heat loss errors.
While both of these types of error can be corrected for using theoretical assessments, half-rise
times between 50 and 200 ms are preferred to minimise the magnitude of the corrections.
Thus for the MMCs with expected high thermal diffusivity, a thickness of 3 mm was
prepared. For the PMCs, ideal thicknesses were of the order 1 mm or less, which was typical
of the thickness of two plies. Using such thin test-pieces, results representative of the full
thickness of a balanced weave would therefore not be obtained. Consequently, it was decided
to machine the test-pieces from one side to a thickness about 3.2 mm, or about 50% of the
overall thickness so that one-half of the structure would be present at the risk of making
measurement difficuit.

3. TESTING
3.1 Testing protocols

The test protocols were straightforward and simple. Each collaborator was to undertake the
tests in their normal manner, providing data at a series of temperatures as follows:

MMC test-pieces:  Thermal expansion: 25 °C, 100 °C, 200 °C, 300 °C, 400 °C
Thermal diffusivity: 25 °C, 200 °C, 400 °C
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PMC test-pieces: Thermal expansion: 25 °C, 50 °C, 100 °C, 150 °C, 200 °C
Thermal diffusivity: 25 °C, 100 °C, 200 °C

reflecting their respective potential use ranges. Measurements were to be performed over at
least two thermal cycles for thermal diffusivity, recording at least three laser pulses at each
temperature, and three thermal cycles for thermal expansion, in both cases with data recorded
on both heating and cooling.

Collaborators were also asked to supply information concerning their calibration routines and
any recent checks performed on their apparatus.

3.2 Test facilities

For thermal diffusivity measurement, the laboratories had different facilities, and the relevant
details are summarised in Table 1. All had been constructed from various bought-in parts,
rather than complete commercial systems.

For thermal expansion measurement, NPL’s mechanical dilatometers are of commercial type
(Linseis), but with modified test-piece holders, and recording and computational software
developed in-house. UMIST’s mechanical system is in-house constructed. AEA Technology’s
system is based on interferometry, and is in-house constructed.

4. RESULTS AND DISCUSSION
4.1 Thermal diffusivity

4.1.1 MMCs

The results are shown in Figures 1 and 2, and are summarised in Table 2, in which the
individual determinations are averaged and rounded to two significant figures for clarity.
Results were not recorded at all temperatures by all laboratories. They show some surprising
differences between the laboratories. The MMCs showed high values of thermal diffusivity,
and all laboratories demonstrated a fall with increasing temperature. However, average results
at each temperature, the magnitude of the fall with increasing temperature, and the extent of
hysteresis in temperature cycling varied significantly. Differences between laboratories were
up to 20%, but more typically 10%. This is larger than any individual organisation proposed
as their likely absolute measurement error, typically + 4% (EN 821-2 and BS 7134:4.2 quote
< 5% as an expectation). In part this can be attributed to different test-piece support
geometries, arrangements for detecting and recording transient temperature changes, and
calculation and correction methods, and in part to potential small variations from test-piece
to test-piece. AEAT provided recent data correlating thermal diffusivity measurements with
data based on thermal conductivity for certified NIST reference materials (SRM 1461,
stainless steel, and SRM 8421 electrolytic iron), Figure 3 apparently indicating agreement well
within = 5%.

However, the recording of different temperature dependences, which should be mostly
independent of the details of the method, cannot readily be explained. Care was taken to
ensure that the test-pieces were cut in the same orientation from the same billet of material,
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and were surface finished in the same grinding operation. Although in principle the level of
reinforcement could vary a little spatially, this is unlikely radically to affect the temperature
dependence. One is forced to conclude that the reliability of the measurements is less than
that required to identify any slight changes in the materials as a result of thermal cycling.

Following discussions with the participants, one (UMIST) felt that their facility was not
operating under optimum conditions (a damaged mirror) at the time, and this may have
influenced the results. Some repeat measurements on one of the MMCs (AMC225) were made
later by a different operator after facility overhaul, and the results fell closer to those of other
laboratories with a similar temperature dependence.

4.1.2 PMCs

The results from the LTM10/carbon PMC material (Table 2, Figure 4) show similar apparent
marked differences in magnitude and temperature dependence between collaborators. The low
values of thermal diffusivity posed some problems for the operators, who felt that the supplied
test-piece was thicker (at 3 mm) than ideal (around 1 mm based on conventional t, 12 Tanges)
for the measurement. As a result there was a risk that to obtain a detectable and reasonably
low-noise transient for analysis the laser power might need to be raised to such a level that
there was a risk of damaging the incident face of the test-piece. This was investigated by
UMIST. Severe incident face damage was noted after three laser pulses (Figure 5), and the
test-piece had to be ground down for subsequent measurements. All three collaborators noted
a decline in thermal diffusivity with temperature cycling, but it is unclear whether this is a
genuine change in the material bulk or an effect of progressive laser damage.

To reduce the test-piece thickness to an ideal level would reduce the number of plies to a
level which might then no longer be representative for the material, so this was not done.

Of the collaborators, only AEA Technology was able to measure the LTM10/glass material,
in this case not with the laser facility, which proved inappropriate, but with a xenon flash-
lamp system using a thermocouple bonded to the centre of the rear test-piece face. Thermal
diffusivity values approximately 60% of those of LTM10/carbon were obtained (Figure 6),
although because of the use of a thermocouple to detect the temperature transient, such results
risk not being representative because of the lateral structural inhomogeneity of woven PMCs
possibly producing local surface transient temperature variations. Of the other collaborators,
UMIST said the test-piece was translucent, but did not attempt to graphite coat it, and NPL
could not obtain a suitable transient using the normal laser method.

NPL’s test-piece was then thinned from 3.2 mm to about 1.3 mm to obtain the results shown
in Figure 7, at the risk of them no longer being representative of the as-moulded full number
of plies.

4.1.3 Discussion
It is therefore clear that the laser flash method of determining the thermal transport behaviour
of PMC through a representative thickness is appropriate only if the thickness is compatible

with the technique employed. For larger thicknesses other appropriate heat sources and
detectors may be required. Alternatively, thermal conductivity measurement using a steady
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state disc or panel method could be used. On the other hand, the laser-flash method works
well for high thermal conductivity materials such as MMCs, but there remain questions of the
reproducibility between laboratories.

The laser flash method is said not to need calibration as such because thermal diffusivity is
determined from the shape of a time transient and the test-piece thickness. Calibration is
required only of the recording system time-base and a micrometer for measuring test-piece
thickness. However, this assumes that the conditions used in the theoretical solution of the
heat-flow equation are upheld in practice. Possible departures from the ideal situation include:

1. Non-uniform laser irradiation of the receiving face, resulting in some lateral heat flow.
This can be minimised by use of a beam spreader, but can be difficult to control with
a given laser source. The larger the test-piece diameter the more inhomogeneous the
incident beam is likely to be.

2. Lateral conductive heat losses into the test-piece holder, usually minimised by use of
point contact clamping.

3. Radiation losses, normally minimised by operating with the appropriate thickness. The
proportion due to lateral losses is likely to be greater for smaller diameter thicker test-
pieces.

4. Non-zero width input pulse. Lasers using a pulse duration of less than 1 ms normally

do not pose any problems.

S. Unstable background temperature. If, for example, the test-piece temperature is rising
when the flash is made, such that over the analysis period the rise is more than a few
percent of the laser induced back-face transient, the transient rise time is apparently
lengthened, and the thermal diffusivity underestimated.

In the present work, these factors are different for each of the sets of equipment used. In
addition, there are different methods of analysis, involving curve-smoothing and fitting
routines, either of the first part of the transient or the whole curve. Usually these are based
on special software packages to speed the evaluation process. In some cases, thermal
expansion of the test-piece thickness was corrected for, although this accounts only for
differences of a percent or so. The differences in experimental set-up and analysis techniques
are summarised in Table 1.

All laboratories involved occasionally tested one or more "reference materials" to check on
apparatus function, and claimed their results to be within a 2-3% of the "recommended
values". One provided such evidence. All reported their systems to be functioning normally
(except for a faulty mirror in one case) and to have been recently checked using such
references. With hindsight it might have been useful to include one of these "reference
materials" as a blind test-piece in the interlaboratory study.
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Thermal expansion
4.2.1 MMCs

Thermal expansion data for the MMCs recorded using mechanical dilatometry are shown in
Table 3. For the three W6A20A test-pieces evaluated, there is reasonable agreement between
the two laboratories involved (Figures 8, 9). There is a small annealing effect in the first
thermal cycle, leading to a moderate but variable offset between heating and cooling apparent
lengths. In the AMC225 material, the annealing effect is larger and more variable between
test-pieces (Figures 10, 11). (UMIST found a large low temperature movement in the first
cycle, but this author attributes this mainly to settlement of the test-piece in the apparatus.
True annealing effects set in gradually above about 200 °C.)

For these measurements, NPL used a horizontal silica dilatometer, whereas UMIST used a
vertical alumina dilatometer for which the apparatus correction is a much larger proportion
of the result. Despite this, the results are in quite reasonable agreement. It will be noted that
the net offsets over the second and third cycles are small but fairly consistent. This represents
the material ratchetting effect. Consistent determination of this effect requires the mechanical
position of the test-piece in the apparatus to be very stable, and this for the most part appears
to have been achieved. Expansion coefficients calculated from these data would be consistent
to within 1 x 10 K (25-400 °C), which is reasonable considering that the different test-
pieces came from different cross-sectional positions within the original billets, and there could
be some spatial variation of reinforcement.

The results on the W6A20A MMC from the laser interferometer at AEA Technology
(Table 4, Figure 12) are in fairly good agreement with the mechanical dilatometry results.
They too show some hysteresis between heating and cooling, and a net offset in each cycle,
although this is considerably smaller than found by mechanical dilatometry, suggesting that
the small push-rod forces are sufficient to exaggerate offsets on cycling.

In order to check on billet homogeneity and isotropy, NPL also undertook some mechanical
dilatometer measurements on test-pieces cut perpendicular to the billet axis. The results
(Table 5) show again that the annealing transient is variable, leading to a variable offset on
the first thermal cycle, but in subsequent cycles, behaviour is uniform, and the results are
similar to those on axial test-pieces given in Table 2.

PMCs

The mechanical dilatometry results for the in-plane test-pieces are shown in Table 6. NPL
used a vertical silica system, and UMIST a vertical alumina system. There are significant
differences between the detected results, but these are ascribable to likely small calibration
differences which are especially noticeable with low thermal expansion materials. In the case
of near zero expansion materials such as CFRP, the correction factors for a silica dilatometer
system are rather less than for an alumina system, so the potential errors are considered as
likely to be smaller. In both cases, the expansion behaviour on the first cycle was found to
be different from subsequent cycles with a significant shrinkage in both types of material.
This is attributable to annealing effects. In the second, third and fourth thermal cycles, further
slight shrinkage occurred, but in all cases this was rather less than 100 ppm per cycle (see
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Figures 13, 14).

NPL conducted through-thickness mechanical dilatometry measurements on the same
materials. The results (Table 7) show that in the as-received condition, the LTM10/carbon
material displays a higher expansion coefficient, and this reduces progressively with
subsequent cycling. In contrast, the LTM10/glass material shows a reduced €xpansion
coefficient on first heating and a much larger net offset over the first cycle. Subsequent cycles
showed a raised expansion coefficient, with fairly consistent behaviour, continuing to show
a net shrinkage over each cycle. A somewhat surprising feature of these results is that after
stabilising the expansion behaviour with cycling, the through-thickness expansion coefficients
of the carbon-containing material are greater than those of the glass-containing material,
despite the fact that the carbon reinforcement has a lower expansion coefficient than the glass.

AEA Technology also made through-thickness measurements by laser interferometry and
obtained results similar to those from mechanical dilatometry. The data are plotted in Figures
15 and 16. Note that on the first cycle, the test-piece was held at 100 and 150 °C, and a
progressive shrinkage was noted, with an expansion that is reduced compared with the second
and third cycles performed at constant heating rate. The numerical data are given in Table 8
which shows tat the net offset over the first cycle is reduced compared with the mechanical
dilatometry results, but there is otherwise quite good agreement between mechanical and
interferometric data.

4.2.3 Discussion

All these data were obtained using a slow temperature ramping technique. This tends to result
in some temperature variation in the test-piece, and a risk that the measuring thermocouple,
which may only be touching the test-piece surface, is not recording the true average test-piece
temperature. The consequence is a slight difference in apparent behaviour on heating and
cooling (the average test-piece temperature probably lags the external thermocouple
temperature on heating, but may be hotter on cooling). However, in principle, much of this
can be removed by appropriate calibration, but there still remains a tendency for the transient
on starting a thermal cycle to be inadequately catered for compared with the equivalent
cooling. This is reflected in the dilatometer results over the range 25 to 100 °C which are
slightly lower than those obtained during the subsequent cooling 100 to 25 °C.

For PMC materials, the potential for push-rod pressure to cause distortion of the test-piece
is evident in comparing the mechanical and interferometric data for the through-thickness test-
pieces. The results at temperatures up to 150 °C, where the resin component is rigid, are
similar for the two techniques. This was the limit used for the NPL tests, which induced a
considerable offset in each cycle. The AEA Technology interferometric tests were taken to
over 200 °C, but resulted in smaller offsets than the mechanical tests.

The difference in through-thickness behaviour of the two PMC materials, with the thermal
expansion of the carbon-reinforced material being apparently higher than that of the glass-
reinforced material in both mechanical and interferometric tests, may appear surprising in
view of the lower expansion coefficient of the carbon reinforcement than the glass. Leaving
aside potential small differences in volume fraction, this effect also results when estimates of
thermal expansion behaviour are made using a thermoelastic model for uncracked planar
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balanced cross-ply materials!. The explanation appears to be that, compared with glass-fibre
reinforced material, the greater thermal expansion and elastic mismatches between fibre and
resin in the case of carbon fibres transfers to the resin component more of the thermal
contraction strains built up on cooling. These strains are tensile in both axial and hoop
directions around each fibre, and result in a strong Poisson contraction effect in a radial
direction. With no through-thickness reinforcement, this means that the apparent thermal
expansion behaviour does not obey a simple rule of mixtures, but is influenced considerably
by Poisson contraction effects, which for a given volume friction are greater with carbon
fibres than with glass fibres. Clearly, matrix cracking relieves stresses to a significant extent,
and the differences found in practice are rather less than the predictions for a crack-free
matrix.

5. CONCLUSIONS

In an interlaboratory measurement study of the thermal properties of composite materials, it
has been shown that:

1. The range of results between laboratories in thermal diffusivity measurement (10-20%)
is not as small as the claimed individual accuracies (+ 4% or better), despite the
calibration of electronic equipment and the use of "reference materials" with
"recommended data”. Further consideration needs to be given to determine specific
causes of variations, but these may be both operator and calculation algorithm
dependent.

2. Thermal diffusivity of polymer matrix composites is difficult to measure reliably by
the laser flash/i.r. detector method using representative thicknesses of layup. The low
values obtained (< 0.5 mm?s” ) mean that the optimum thickness is less than 1 mm,
encompassing only one or two plies. Results obtained on such a thickness would be
prone to spatial variation as a result of weaves and inter-ply resin layers, and could
not therefore reliably be extrapolated to the full layup thickness. A flash-
lamp/thermocouple method appears more capable of coping with several millimetres
test-piece thickness. Direct thermal conductivity measurements could be more
appropriate.

3. A comparison of thermal expansion measurements shows that results for the MMCs
have a spread of about + 0.5 x 10 K'! in mean coefficient, but there are differences
which can probably be ascribed to the test-piece shifting in the apparatus and
calibration corrections, the latter being much larger for alumina dilatometers than for
those based on fused silica. Some spatial variation in the test materials cannot be ruled
out,

4. Thermal expansion measurements made by mechanical dilatometer show hysteresis
effects, and permanent offsets due to annealing (on the first cycle) and ratchetting (on
subsequent cycles). The permanent offsets tend to be greater than in comparable
interferometric measurements in which the applied force is negligible. This applied

1 Using thermoelastic models developed at NPL by Dr L N McCartney.
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particularly to PMCs.

S. The through-thickness thermal expansion coefficients for two similarly constructed
PMCs show the surprising situation of being greater for the carbon fibre reinforced
material than for the glass-reinforced material, whereas for the reinforcements
themselves the carbon has a lower expansion coefficient than the glass. This result can
be explained by a cross-ply laminate model in which the high stiffness and greater
thermal expansion mismatch between the resin and the carbon fibre leads to enhanced
Poisson contraction effects compared with glass reinforcement.

Acknowledgernents

This work was performed as part of the Design with Composite Components Programme
1993-7 supported by the Department of Trade and Industry under the Materials Metrology
Programme. The author is grateful for the willing participation of Professor R Taylor of the
UMIST Materials Science Centre, and Dr S D Preston of AEA Technology Ltd, Risley
Laboratory in this study. Thanks are also due to AEA Technology Ltd, Harwell Laboratory,
for supply of the PMC materials, and to Dr L N McCartney for evaluations of the through-
thickness thermal expansion behaviour using flat uncracked laminate theory.

Page 13 of 42



v V¥ vl 9b%kd

D, 009 01 dn sanfea ,ouaigjal,
JO %€ UMM Y10q ‘96 UE[ ‘[33)S SSIUIRIS
96 uef ‘uoli onkjoald ISIN

(aaydein 000g) 9661
KW T ‘.SoN[BA POPUSWIWOOT JO 95T UIYNM

woamydesd TOSNXV
0004 10 EJEp PAPUIWWC0A] JO 3% UM,

HoYd
[ELISJBW OUISY

waysAs adoosojjioso/1anydwe jo

*2)9 “19}9WOIdIW ‘widshs

Kyeoui ‘asuodsas Kouanbaiy uo Jooyo enuuy s[1e1op ON 2doosojj1050 JO Iseq-aWI) UO JOIUO [ENUUY uoneiqife)
(irews uonoanoo uorsuedxa
JO 109)39) pownsse | 3 ¢ 01 X 0T ‘S9X ON ON || reuusyp 105 popouo)

‘uonoa1100 uoisuedxa [ewiay)
pue (uemo)) ssoj jeay “‘(J1e)/1ojfe]) swp
asind a1y ‘pany SAMD JJOYM ‘T'Y:YETL SH

‘(uemo))) sassoj jeay pue (Jre[)/Ioje])
awn ssnd 91Ul JOJ Pa)o31I00 ‘sINjeA

Y1 uo poseq 1nq ‘udAIS 10U spEIRQ TYPETL SE

*(Jrejn/10jAe]) uoiparioo swy asmd ajuy
‘(uemo)) poyrow Y1 pue YN Suisn uonoonco
uoneipes ‘suoidal yead pue asu 0 )1 jerwoufjod

uone|noe)

*JOSB| UBY) 19YJEl J0IN0S

aqm ysey Suisn uonodep djdnooounsay], DN
20B] }OBq JO JOID INIWEIP W 7

Buimala 1010919p qgu] pajoco TN pimbry DN

“100919p
qSu] ‘susj ¢ge) “opo1mo Iejowelp ww ¢ ‘xoiddy

1030919p qSu] ‘susj ¢3eD) ‘a1 IvpWwelp Www (11

10)3019p judISueI)
pue Suisnoo] ‘eare
3uny3s uoneipey

2091d-159) JuWIINSEIW
ajdnocowoy) g adA ], ajdnooowsay) y adA], Suiyonoy jou Jnq 0) asopo ‘ajdnocowsay) y adAy, amesadwa,
wnnoep wnnoeA wnnoep aroydsowyy

9SIp 19joWelp ww I

passasse 2q pjnoo a8ewep Iase| jey) os 3091d-1s9)
ay) 1940 paoejd snjnuue ue £q JojoWelp WW 9 ~
0} pajoIsal ‘DN 10J “vjwelp ww ¢ A[eWION

osIp 19)oWwelp ww ¢ 1|

eale uopeulwm|||

dwej yse|y uouax pue Iasej sse|3-pN

Wpia asind sw £9°0 ‘[ 00T ‘v Sse sse[S-pN

ypia asind sw g'Q ‘Bumas [ oy ‘p ssejo sse(d-pN

30In0s Is|ng

20ewnj aqn) Iydesd
e uj dwep Suy juiod-so1y) wnuapqhjop

Buneay “J°3 “3ojdoosns ayydesd ur pajunopy

20eUIN)
aqn wnjejue) ‘dwepo Suu julod-sa1y) wnjejue]

wo)shs
Suneay ‘Sununopy

s908) gioq aydesd :DNd

2oej Suiaron ‘ayydes8 DN SUON s0€] yjoq ‘anydeln 2091d-159) Suneop
ww g1 ww o ww 71 Jo10welp 2091d-1sa],
£3ojouyoo], VAV LSINN TdN 2Ines) IS

JUdUIRINSBIW AYAISDYIP [BWLIdY) J0] S[0d0)0xd 359) Jo uosLedwio) - | Iqe]

9L (V) LWWD Hoday TdN




v Jo g1 a8ed

908J juolj wWoij ofewep lase] Suiaowal 1Y

1X3) 93 ‘SUWWOD 1O

Ll L

.. Iney1aa0 Lyjioey 1o3e erep 191e] € 18 10j19d0 PUOOSS

wuw g°¢ [Inj Jo peaysul ww ¢'f ‘a001d-159) Uy, e

- - €20 92°0 82°0 - 12°0 ¥Z'0 L0 vav ssouYoIY)
N N " " ) N n i 5 ySnoxyp
wesdSIAN |50 2
- - €10 01°0 L00 - »1°0 $1°0 Z1'0 LN | otaL
- - 1€0 LEO ov'0 - 87°0 €0 LEO vav ssouwyoIY)
: : : : : : : : : ySnoiy
€0 €€°0 €0 YE0 SE0 SE°0 SE0 SE°0 LEO LISt |
- - L6270 |sg0 760 - L6270 |9g0 0v°0 __ 1dN JOTNLT
1 D0 001 | D, 00 % 001 I1d D0 001 | Do 007 2001 | Ly __
€9 09 zs 09 €9 8S IS 8s 09 vav
O0z1) ss| 1§ 3% LS 19 ,Z ISINN
89 59 29 59 69 L9 19 59 69 1 LSINN (orxe
- - Ly vs 19 - Ly ¥s 19 1dN STZONV
- 8¢ €S 96 29 8¢ s 95 6S vav
59 29 8¢ 29 59 19 29 €9 €9 1 LSIAN jorxe
- - 8y s LS - 8y s LS 1dN VOZVOM
1y 2000C | D000 | D000z | LN 20002 | D000v | D000z | 1u |
1S ZW .01 “Anasngpp ewsayy, __ fiojeroqe] | [euslep

9. (V) LWD uoday T1dN

(sosind 1ase] 901y} IO} BJRp popunol pue poferose)
ApAISDIJIp [BULIDYL, - T dqBL




7 Jo 9] 23ed

081- 1]81¢ 0082 0S6¥ 010L 0989 0£9Y 008¢ o111 €

091- 0s01 09LZ 018v 0069 0€L9 0ESy 089¢ orot (4

006Z- 0011 0787 11217 0269 00S¥ 0592 0811 062- I LSINN

091- OLT1 0¥62 0S0S 061L 0869 0Z8y 0£6T 0811 €

0Zz- (114181 0262 0S0S 000L 0569 06LY 0262 OoLT1 (4

062C- 0911 0¥62 0605 0scL 099¢ 0L6€ 08LT 0911 I C1dN

06" 0601 0LLZ 091§ orZL 0569 018% 0567 0611 €

001- 0011 0S87 o6y 0oL 0089 069¥ 0L8C 0911 [4 [elxe

06v- 0€Tt 0882 oL6v 080L 0199 09sy 098¢ oLT1 1 I'IdN | STZONWV

08¢- 09¢1 0Zee 01es 0LSL oveL 09¢Zs 081¢ 0¢Z1 ¢

00¥- 00C1 OL1E 1444 00SL 081L 091S 080¢ O€1l (4

0911- 0921 0€Z¢e 0S€S 00LL ovL9 0¥Zs 11743 0921 I LSINN

0S¢- 1747 oree (11§99 08LL 06SL 0T¥S 0sZ¢e 0821 €

091- 0921 09Z¢ 17449 089L 0€9L OL¥S oree 00€T 4

OLL- 0zel 0tee 0ZsS 0€8L 01SL 01ss 062¢ 0821 1 ¢1dN

ot- 0zel 062Z¢ 11349 0v9L 0LSL 11939 00Z¢ 0sc1 €

002Z- 0gel 01€e 0s¥S 0L9L 08vL 082S 081¢ 0sZ1 (4 [elxe

01¢- OLET 0s€e 00SS ObLL 06SL (11349 012¢ 0sZ1 I ITdN | VOZVOM
198530 §2-001 §2-00T §Z-00¢ §T-00vy | 00v-ST 00¢-ST 00Z-S¢ 001-52 K103

o8uer 1040 wdd ‘vorsuedxo [ewoy], uny -eloqe] | [eudley

(wdd ot 1s0189U 0} PopuUNOI :eje( *, UMW Y T LSINN ;.U ) T TN -ore Sunesy)
soj1soduwiod XLIJBU [B)OUI - [BIXE - AIJIWOYE[IP [edIUeyddw - uoisuedxd [BWLIIY ], - VE qBL

9 (V) LIWID uoday TdN



v Jo L o8eq

081- | 81 091 0'81 L8 €81 8'91 0°91 8V 3
091- | 01 8'1 S'LY ¥'81 6L $'91 €61 S'€l z
006Z-| L¥T 191 9L S8l 0zl 9'6 L9 6 I | 1sIWn
091- | 9°ST 891 7’81 761 9'81 S'L L'91 L'ST €
0zz- | TSI L'91 v'81 L'81 S8l VLY L9t 9°ST z
067z-| ST 8'91 S8l €61 1°'s1 a2 6'ST S'ST 1| Z1N
06~ | SV 8'T 8'81 €61 S8l S'LY 691 6'1 €
001- | L9 €91 0'81 8'81 181 1Ll ¥'91 §'S1 z [e1xe
06- | TSI 591 181 6'81 9'LIY 991 €91 91 I I'ldN | STZOWV
08¢- | 891 v'81 €61 T0¢ 961 161 81 91 €
00~ | 091 1'81 161 00z 161 L'81 9°LT 1St z
0911-| 891 S8l S'61 $'0¢ 0'81 1'61 €81 891 1 |1siwn
0sz- | 9L 1'61 002 L'0C Tz L'61 9'81 'Ll €
091- | 891 981 L'61 $'0z €02 661 6'81 A z
oLL- | 9L 0°61 102 602 002 0°0Z 8'81 72 1 T1dN
oe- | oL 8'81 L'61 ¥'0C (414 S'61 €81 L9t €
00z- | LL1 6'81 8'61 $'0¢ 661 z61 T8l L'91 z [e1xe
0IE- | €8I 161 0°0Z 9'0¢ 70z L'61 €81 L'91 ! I'ldN | VOZTVIM
wdd | ST00T | §2T00T | ST-00€ | ST-00¢ | 00¥ST | 00E-ST | 00Z-ST | 001-ST fio3
9s10 o8ue1 1940 ‘13 .01 U9I0133200 uoIsuedxa JewIay, uny -eloqe] | [eHOlRIN

9L (V) LIWND uoday TdN

(;-31 .01 X 1°0 1s9189U 0} papunol :eje( U Y 7 ISTNN ‘.t Y 7 71N :orel Sunesy)
sa)soduwiod XLNBW [€13U - [BIXE8 - AIJIUWOIB[IP [EIUBYDIINWM - SYUIIDLYI0 uoisuedxa [BULIAY, - ¢ dAqEL




101- | 9S°81 90°61 16'61 2902 16702 LE0Z 0o¥°61 €v'81 €
SI1- | 67781 90°61 $8°61 99°0C 19 A1 14 ¥0°0Z w61 6281 (4 [elxe
o - - = = - - - 194811 I VAV | VOTVIMm
wdd | §¢001 §2-00T §2T-00€ SC-00v 00¥-ST 00€-ST 002Z-ST 001-SZ oo
498130 93ue1 1940 ‘| 3 4 01 ‘voisuedxs [ewIoyL, uny -eloqe] | [euorepy
sayIsodiiod XLIBW [E)aw - A1JIUOIILINUY JISE] - SHUADIYJA0d uoisuedxd [BuLIdY], - g QB
101- (439} 9¢te SLYS EELL c69L 109§ S6tE ILET ¢
Si1- el geee 09vS 6¥LL 899L 01ss 66£€ LET (4 [elxe
- - - - ) - - - Z8¢1 I vav | vOZvom
- —— e — #“
198130 §2-001 | §2-00¢ §2-00¢ ST-00¥ 00¥-ST 00€-SC 002Z-S¢ 001-S2 £101
o8uer 1940 wdd ‘vorsuedxs [ewoy], uny -eJoqe] | [euoRp

9 (V) LNWD uoday TdN

saIsodwiod XLneW [8)oW - ANNUOIJIANUI JISE]

uoisuedx?d [BULIAY ], - V§ 3qBL




Z¥ JO 61 98eq

o+ 0601 01L2 00S¥ 0949 0259 0ESY 01LZ 0011 % [enowelp
0S+ 0111 01LZ 01S¥ 0S+9 0vS9 11494 01LZ 0601 € “N18ua)
Ss- 0z11 0zZLT 06S¥ 0LS9 0SS9 09S¥ 0ZLT 0601 r4 01 “diod
ove- 0011 0S92 0zZsy 0849 01£9 06EY 0S92 0901 I ‘I7dN STZONWV
091- 0S¥l 09S€ 0Z8S 0LZ8 0028 0SLS 08v€ 09€1 v
092- o1v1 0SYE 0S8S 01€8 08Z8 09LS 09¥€ OvET € | 9pis 1ou0Yys
08¢- osv1 08S€ 0S8S 01€8 0ZZ8 008S 01S€ 09¢€1 (4 ‘sixe *diad
091¢- 08yl 029€ 006S oveEs ov6S 0LOY 0v0z 059 I ‘v1dN
061- 00ST 0S9€ 0€6S 06€8 0€Z8 06LS 08b€ 0SET v opIs
061- 091 06S€ 0L8S 01€8 0028 09LS 08v€ 09€1 ¢ | 108uoj ‘sixe
081- 00¥1 0SS€E 0£8S 0LZ8 0128 OLLS OLYE 0S€ET r4 01 “diad
008- 1134 08S€ 098S 0878 00LL 0€SS 0EPE 09€1 I ‘€ 1dN VOZVOM
1SJJO | ST-001 | SZ-00T | SZ-00€ | Sc-00v | 0ov-sz | 00€-sz | 00Z-sz | 001-sZ S—
o8uer 10a0 wdd ‘uorsuedxs [ewoy], uny | /K10je10qQE] | el

(wdd g7 1sa1e0u 01 papunos eie(q)
s)1sodwiod XLIJBu! [8)9WI - ISIIASURL) - AIJOUIO)B[IP [BIIUBYIIW - uoIsuedx?d [BULIIY ], - VS dqe

9L (V) LIWWD uoday TdN



¥ J Vi A

oe+ Syl Y 91 L VLT S$91 SS1 Lyl 14 [enouwerp
0s+ 8Vl §'S1 v'91 Ll 'Ll S91 §'s1 Svl € ‘PBuo)
SS- 6'v1 Y ! L9t S'LT S°LT 9'91 S'st Syl (4 0} “drod
ove- Lvi [ ! 91 €Ll 891 091 'S I'vl I ‘T1dN STTONY
091- £6l £'0¢ 1T | 4 6'1C 6°0C 661 181 14
092Z- 8'81 Lel £'1e (A4 1°T¢ 602 861 6Ll € | 9PIs 1oUoYs
082- €61 (114 £'1¢ (44 6°1¢ "1 102 I'81 Z ‘stxe “drod
091¢-| L6l Loz ) 14 (A4 8'S1 8V L1t L8 I ‘Y1dN
061- 00z 602 9'1C v'Te 6'1C 1'1e 661 081 14 opls
061- S'61 1114 £'1C (A4 612 6°0¢ 661 1’81 ¢ | 1o8uoj ‘sixe
081- L'81 £0¢ (Al ¥4 | 4 6°1¢ 012 861 081 (4 0y “diad
008- 161 174 €'1C | 44 174 10z 9°61 1’81 I ‘€1dN VOZVIM
wdd §2-001 §2-002 §C-00¢ ST-00v | 00¥-ST 00€-ST 002-ST | 001-ST uownads
“9s130 98uer 1040 ‘1 .01 ‘voisuedxa [eunoy | uny \boﬁ._oas [eLIOJEN

sayisoduiod X1nBW [BJOW - ISIIASUBY) - A1OWOIENIP [BIIUBYIAUI - SYUIIILYFI0D uoisuedxa [BULIAY], - g IqEL

9L (V) LIWIWD uoday TdN

;-3 4.01 X 1°0 159189U 0} popunol eleQ)




v Jo 17 98eq

06- 1] £3 088 09S1 0Z1¢ 0s0C 0zZs1 098 0Lz £
0s- 087 0S8 0zZs1 0,02 0€0¢ 0¥S1 0L8 00€ (4
0201- 062 0s8 0zZs1 0012 0€01 00L 092 08 I LSIAN
Y- 012 089 00€T - - OvET 0LL (1194 € oueyd uy
oL- 012 00L 00€T - - 0621 orL ove (4 sse[d
00s- 017 1193 0S€T - - 0801 089 0SZ 1 I'1dN /OTINLLT
S S —_ ||||||||H|l|
ov- 06 0LZ oLy 0L9 029 oty 08¢ 06 ¢
og- 06 062 08y 1193 0L9 01s 1] €% 011 (4
062- 06 002 09% 00L oty 0€€ 0sT 08 I LSIANN
0z- 0s orl 092 - - 1] £3 081 0s € ouerd u
o€+ 0s o€l 00¢ - - (1743 061 0s (4 uoqreo
oEv- 0S or1 08¢ - - 06 0 oy I I'1dN /OTIALLT
1985O §Z-0S §2-001 SZ-0S1 §2-007 002-ST | 0SI-ST 001-S¢ 0S-ST
o8uer 1940 wdd ‘vorsuedxs [ewioy], uny | Aiojeioqe | [eusrep

9. (V) INIWD uoday TIN

(wdd g1 150180U O} Papunos ee()
susid uy - sapisoduiod Jowfjod - L13owo)eIp [edIUBYIIW - woIsuBdX? [BULIDY ], - V9 J[qEL




Vv Y 0 P d

06- vl L1l 14! |4} L1t (44! A 801 £
0s- (41! el 14! 8’11 911 £Cl 911 0¢l [4
0c01-| 911 €11 (44! 0Cl 6°S 9°S St (4 I LSINN
ov- v'8 I'6 01 - - L0l €01 0ot £ oueld ut
oL- ¥'8 £6 o1 - - €01 66 9°6 [4 sse[3
00S- v'8 S6 801 - - 98 1’6 00t 1 T'IdN /OTINLLT
oy- 9°¢ 9'¢ 8t 8¢ St Ve Lt 9°¢ t
o¢- 9°t 6t 8¢ v 8¢ | 4 'y vy [4
062- 9t L Le oy L 4 9C £t (4% I LSINN
0c- 0¢C 6’1 1'C - - 14 v'e 0¢ £ oueyd ur
oc+ 0¢ L1 L4 - - 9C §°C 07 4 uoqled
otv- 0 6’1 (A4 - - L0 00 91 I I'IdN /OTINLLT
wdd §C-0S SC-001 ST-0S1 $2-00¢ 00¢Z-5¢ 0S1-SC 001-S¢ 0S-S¢
“9sJJ0 o8uei 10a0 wdd ‘voisuedxs [ewayy, uny | £Kiojeroqe] | [euRlR

9L (V) LWD uoday TdN

(131 .01 153183 0} papunos eje()
susld uy - sayisodwiod JowAjod - AQIWOIB[IP [BIIUBYIIWI - SHUIDIJJI00 UOIsUBAXd [BULIAYL - g9 JqBL




b Jo €T 98ed

0zt (0901) 00s¢ 0sv9 0099 09Lt 0L01 0t6- 0081~ 14 ssauyoIy)
(1]%ad 0011 09S¢ 0959 0959 0SLE ottt 096- - € ySnoy)
O1L- 0901 0sSe s/o s/o 098¢ (1741 ! 0¢6- 0181~ (4 sse[3
0L09- s/o s/o s/o 0S1 STV 088 088- - | TdN JOTINLT
(114 % (17401 oeve 0£89 o6vL 08¢y 0cil 08111 ovsc- L4 ssauyoIy)
0£9- 1747 § o1LE 09ZL ovvL (1743 4 00€T 0811+ 09vZ- € ySnoxy
0SsS- 0021 0S6¢ 0£9L 0008 oLy 1744 0811+ ozZveT- 4 uoqired
0061- 08¥1 092y 0628 01s8 00Zs 09%1 0SZT1 ovsz- I TdN /OTINLT
Y4 Y4 Y4 0St 001 Y4
19830 01 0§ 01 001 01 0ST 01 6T 016 |0SONEST | STOIQ | 0O1GT-
o8ue1 100 wdd ‘uorsuedxs jewiay], __ uny ISTOT g | [eLIRN

(wdd @7 1s9189U 0} papunoi eie(])
SSAW{IIY) Y3noay - sapisodwiod xrewr Jawjod - £1awojeqp jedrusydow - uoisuedx? [BULIDY], - V. dqEL

9L (V) LWWD Hodoy T1dN



WV J 5 Fwv W

octi- | vy | Lov 9§ ges | ros | sy TLE | oo __ v ssauwyoIYy)
oty- ovy S'Ly 4y A4S 0°0s LA 44 ¥'8¢ - € ySnoxy
or1L- L4 4 €Ly s/o s/o S'1s 8y 7LE 29¢ [4 sse|3
0L09- s/o s/o s/o 1 061- 7'se 'se - I T1dN JOTIALLT
0zZg- 8vv Lsy 9'vS 6°6S I'LS 8'8¥ Ly 8°0S 14 ssawjoIy
0£9- 8°CS S'6v 18 $°6S 9°'LS 0cs Ly 6y € Yy3noy
0sS- 0°8¥ LS 019 09 629 89¢ Ly L&:14 (4 uoqied
0061- 2’6S 89¢ €99 1’89 €69 ¥'8S 0°0S 8°0S 1 T1dN /OTIALLTT
Y4 Y4 Y4 0ST 001 S¢
19530 01 0§ 01 001 01 0S1 0} 6T 016 | 0SOIGT | STOQ | O1GZ-
98uer 100 wdd ‘vorsuedxs [ewoy], __ uny A101B10QR] [eLOIBIA

(;- 4.01 X 1°Q 153183U 0) PIpuUnO! eleQ)

sSSP YSnoay - sayisodwiod Xpnpew Jouidjod - £HIUWOYE[IP [BIIUBYIA - SHUADIYJ200 Boisuvdxd [BULIDYL - L AqEL

9 (V) LIWIWD Hoday TdN




¥ Jo ST 28eg

"o 05 01 D,ST 98uer 3y} 1940 uorsuedxa [euusayy uo Surjoko Jo souanyyur ou si 219Y) 1eys Sutwnsse <, 67 0} sinsa1 srejodenxa
0) wdd p6Z1 JO onfea e Jwinsse 9|qe) 9A0qE AY) UI BJEP SYJ, "SUNI UGOMIO O, ST O} PIJ00d 10U sem 39a1d-159) o) ‘sse[S/OTIALT 104 :9ION

ssaUYOIY)
I (r621) L9SE SEE9 IT10T | 68101 vOv9 9pSE (r621) € ySno1y
0 (r6z1) L6SE 8Y€9 L610T | €6201 90V9 8LSE (¥621) (4 sse[3
26611 (621) 729¢€ LE9 8S€0T | vTss €68V LTSE v6T1 I vav JOTNLT
ssauyIY)
€1z-| z€Nn 899¢ 9L9 L6801 | €ozit L 666€ 8yl € ySnoiyy
€C- SLIT T6LE 9889 10811 | TLZI1 122L 0L6€ vein 4 uoqIed
686~ | 9LIIT 86LE €69 6¥ZZ1 | scio1 616S vy 1[34!1 I vav /OTINLT
ST ST ST sz | ooz 0ST 001
9SO | o1 0§ 01 001 010ST | 0002 | 06T 01 6T 0162 | 0S 0152
98uei1 1oa0 wdd ‘vorsuedxos [ewiay], uny f101R10qQ€R ] [eLIOIR N

9. (V) LWWD uoday TdN

(wdd 1 so180U 0) popunos ereQ)

SSAWPOIY)-Y3noay) - sayisodwod xinsw JdwAod - £1)oW0jB[Ip JLIIIO0IYI)UI - uoisuedxa [BULIAY ], - V§ J[qe],




Wy J A TG

"D0 0S 01 DoST 28uel 3Y) 1940 uoisuedxs [eunssys uo Sulfohd Jo souonyur ou s a1y 1ey) Surwnsse 5, 6z 01 synsal ajejodenxs o)
- o-0T X 8°IS JO anjeA & JWNSSE 3[qe) 9A0qe ) Ul BIEP JYJ, ‘SUNI UIMII] D, ST O) PIJO0D 10U sem 9031d-153) oY) ‘sse[S/QTINLLT 104 910N

ssawyoIy)
I (819) oLy Los 8'LS (413 1S €Ly 819) € ySnoxy
0 819) 0°8¥ 8°0S £'8S 8'8S 1S L'Ly 8195) [4 sse[3
z6611 (8°'19) €8y 0'1S 7°6S L8y I'6€ oLy 8°1¢ I vav JOTIALLT
SSoUYOIY)
eI | €Sy 6’8y I'vs £°29 0v9 8'LS 1 %Y 6°6v ¢ y3nory
€C- o'LYy 9°0S I'ss v'L9 v'v9 8°LS 6'CS o'sy [4 ’ uoqred
686-| OLY 9°0S %Y 0oL 6'LS 'Ly 9°9¢ LS I vav /OTILT
ST Y4 s¢ Y4 002 0s1 001
wdd | ©0S 01 001 010ST | ®@00C | 06T 0 6T 016C | 0S O 6T
99810 o8ue1 100 wdd ‘vorsuedxs jeway], uny K10)eI0QR] [eLIOR N

(;-31 4.0T X 1°0 ¥s3183U 0} POpUNOI BIRQ)
ssowoI-y3noxy - saisodwiod xpnew Jowifjod - £WOIBIP I11JIWOIIANUL - SHUNILYYI0D UOISUBAX3 [BULIIY], - g8 I[qEL

9. (V) INWD uoday TdN



NPL Report CMMT (A) 72
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Thermal diffusivity, W6A20A
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Figure 1 Thermal diffusivity of W6A20A MMC as measured by each of the collaborators.
Differences may be due in part to spatial inhomogeneity of reinforcement or to measurement
procedures.
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Figure 2 Thermal diffusivity of AMC225 MMC as measured by each of the collaborators.
Repeat measurements by UMIST are more closely aligned to the other results than the first

set.
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Figure 3 Recent AEAT data on NIST thermal conductivity reference materials (reference data
converted to thermal diffusivity) showing a close match of experimental to reference data.
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Figure 4 Thermal diffusivity of LTM10/carbon through thickness. NPL and UMIST data
were obtained by laser flash/i.r. detector, and AEAT data by xenon flash lamp/thermocouple.
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Figure 5 Damage to UMIST sample of LTM10/carbon by three laser pulse, resulting in
inability to make consistent measurements. Note that a restricting annulus was placed over
the test-piece so that the effects of laser irradiation could be more clearly seen.
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Figure 6 Thermal diffusivity of LTM10/carbon and LTM10/glass by AEAT comparing laser
and xenon lamp flash methods.
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Thermal diffusivity data,
LTM10/glass, thinned test-piece
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Figure 7 Thermal diffusivity results for LTM10/glass obtained by NPL by the laser flash
method after thinning the test-piece to 1.3 mm from the initial 3.2 mm. These data are
significantly lower than the full thickness data from AEAT obtained by xenon flash lamp.
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Sample E4492 DCC MMC AAPI0S Specimen 2, multicycles
Date- 70496 Max Temp 400C Heating Rate 2 K/min
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Figure 8 Thermal expansion behaviour of W6A20A (AAP105) in multiple cycles (NPL
results).
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Sample E4491 DCC MMC ASP122 specimen 2 multicycles
Date- 40496 Max Temp 400C Heating Rate 2 K/min
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Figure 10 Thermal expansion behaviour of AMC225 (ASP122) in multiple cycles (NPL
results).
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Figure 12 Thermal expansion behaviour of W6A20A (AAP105) in multiple cycles using the
interferometric method (AEAT results).

Page 38 of 42



v JO 6¢ 98eq

“(s)nsa1 ISIAN) $91940 ajdnnw ur uoqIed/QTALLT JO Jnoiaeyaq uoisuedxd [ewsoy) sueld-uj €1 9mSig

[Do] 2amyesaduray,

‘ _ =T %900~

] ; | ; BEOO-

$T0°0

0g'o
»00'0

%t0°0

%Zt0°0

%900

%800

£00S:1D 31dweg jo uoisuedxy Jeauyy [ewtay |,

9L (V) LIWWD uoday TdN

1/1v uoisuedxy Jeaur| [puLLy g



VY Y Uy YY*a

‘(synsa1 ISIIAN) s91o45 ojdunw ut sse|8/0TALLT JO Jnolaeyaq uoisuedxo jeursays suejd-uy 1 2inSig

[Do] 2ampeaaduag,

%¥1°0-

%TH0-

o %010

»80'U

I %900

%¥0°0-

00°poz

00

CLI

00

DS |1

.o&mo.o-

%000
- %T0°0
- %¥0°0
%900

- %800

9L (V) LINIWD uoday TdN

JONY 21duieg Jo uoisuedxy Jeaur] jeway],

[/1v uotsuedx g Jeaury jewusay |



NPL Report CMMT (A) 72
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Figure 15 Through-thickness thermal expansion behaviour of LTM10/carbon in multiple
cycles (AEAT results).
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Figure 16 Through-thickness thermal expansion behaviour of LTM10/glass in multiple cycles
(AEAT results).
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