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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 a~:reement 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. PM~ proved
difficult to test in representative thicknesses because of their low thermal diffusivity. Reducing
the thickness tt~ 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 repr(~entative of the full normal

layup thickness.

.....

In thennal expansion measurement, composite materials are shown to exhibit progressive size
changes with 1hennal cycling. In part this is due to annealing effects on the first cycle as the
test-piece adjllSts to the heating/cooling rate of the tests, and to ratchetting effects due to
plastic defonnation in the matrix phase. When thennal expansion tests are made with a push-
rod dilatomete~r, the added push-rod force appears to result in additional contraction effects,
especially during the first thennal cycle, compared with inted:erometric tests in which the

applied stress is much lower.

.........
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..1.

INTR<JtDUCflON

.

Composite materials often show variable effects in thermal prop~~rties 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 1:he 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 coolf:d. The push-rod exerts some force in order to maintain constant contact with
the test-piece, :md 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 apI?lied, 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 Ito the true expansion behaviour than ones in which a mechanical force is

applied.

........

In thermal diff11Sivity measurement, a small disc test-piece is subjected to a laser pulse on one
face, and the tlransient temperature rise curve on the opposite face is recorded, from which
the thermal difl:usivity can be calculated. Although the technique has cost and time advantages
over conventional thermal conductivity measurement, and requil'e8 only a small test-piece, it
is restricted to measurements over a narrow range of test-piece~ thickness, which is ideally
related to the Ihermal diffusivity being measured. There are thc~refore questions of conflict
between representative material microstructures in the test-piece and the size requirements for
the apparatus. [n addition, even if the procedures in EN 821-2 (Jlr 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 ])esign with Composite Components (DCC) programme, Project 2 on Thermal
Properties of C:Omposites, an interlaboratory study was condul:ted between NPL, UMIST
Materials Science Centre and ABA Technology, Risley with the: purpose of establishing the
repeatability aDld reproducibility of measurements on representative fibre-reinforced PMCs and
particulate reinforced MMCs.

...2.

MATERIALS

..

The materials ~~elected for this interlaboratory study were:

MMC: Alcan, "Duralcan W6A20A" , 6061 AI alloy with 20% AlZO3 particulate

.
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Jreinforced, solution treated and aged condition T5 (NPL code AAPIO5),
1thermal diffusivity and expansion measured in the axial direction. The billet
'was roughly rectangular in cross-section with rounded comers.

,Advanced Metal Composites "AMC225", 2124 AI alloy with 25% SiC
Iparticulate reinforcement, as manufactured (extruded), condition Tl (NPL code
,ASP122), thennal diffusivity and expansion to be measured in the axial
tdirection. The billet was approximately 35 mm diameter.

MMC:

..

PMC: .ACG woven 0-900 crossply carron/epoxy mould material L1MIO, 2/2 twill
lcarbon fabric with 1-8-1 layup, outer plies with a finer weave than inner plies,
thickness 6 mm with as-moulded surfaces (NPL code CFSOO3), thermal
,diffusivity measured through thickness, thermal expansion measured in plane
and through thickness.

PMC: ACG woven O-goo crossply glass/epoxy mould material L1M10, 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 KNq, thermal diffusivity measured
through thickness, thermal expansion measured in-plane and through thickness.

Test-pieces wc~re 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 ABA Technology apparatus.
Thermal diffusivity test-pieces were machined as small discs, 12 mm diameter for NPL and
ABA 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 w'indow 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 1these 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 thickne~;s of two plies. Using such thin test-pieces, results representative of the full
thickness of a 1balanced weave would therefore not be obtained. Consequently, it was decided
to machine thc~ test-pieces from one side to a thickness about 3.2 mm, or about 50% of the
overall thickn(~ss so that one-half of the structure would be present at the risk of making
measurement difficult.

....3.

TESTING

3.1 Testinl~ protocols

The test prot04::ols were straightforward and simple. Each collaborator was to undertake the
tests in their normal manner, providing data at a series of temperatures as follows:

.
Thennal expansion: 25 °C, 100°C, 200 °C, 300 °C, 400 °C
Thennal diffusivity: 25 °C, 200 °C, 400 °C

MMC test-pie4:es:

.
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PMC test-piec<:s: 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 themlal cycles for thermal diffusivity, recording at least three laser pulses at each
temperature, aI1ld three thermal cycles for thermal expansion, in both cases with data recorded
on both heatini~ and cooling.

..

Collaborators vlfere also asked to supply infomtation concerning their calibration routines and
any recent chec~ks perfOmted on their apparatus.

..

3.2 Test. fa,cilities

.

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

...

For therDlal ex]pansion measurement, NPL's mechanical dilatom~~ters are of commercial type
(Linseis), but 'Nith modified test-piece holders, and recording and computational software
developed in-house. UMIST's mechanical system is in-house constructed. ABA Technology's
system is base<l on interferometry, and is in-house constructed.

..

4. RESUl.TS 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 nc)t recorded at all temperatures by all laboratories. They show some surprising
differences bet'ween the laboratories. The MMCs showed high values of thermal diffusivity,
and alliaboratolries demonstrated a fall with increasing temperature. However, average results
at each temperature, the magnitude of the fall with increasing telmperature, 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 albsolute measurement error, typically :t; 4% (EN 821-2 and BS 7134:4.2 quote
< 5% as an (:xpectation). In part this can be attributed to different test-piece support
geometries, anangements 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 diJ:fusivity measurements with
data based on thermal conductivity for certified NIST reference materials (SRM 1461,
stainless steel, ~md SRM 8421 electrolytic iron), Figure 3 apparently indicating agreement well
within %. 5%.

..........
However, the recording of different temperature dependen~:, which should be mostly
independent of the details of the method, cannot readily be ex:plained. 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 surfalce finished in the same grinding operation. Although in principle the level of
reinforcement (~uld 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 (UMIS1) felt that their facility was not
operating under optimum conditions (a damaged mirror) at the time, and this may have
influenced the l'esults. Some repeat measurements on one of the MMCs (AMC225) were made
later by a diffeJ:ent operator after facility overhaul, and the results fell closer to those of other
laboratories wi'th a similar temperature dependence.

..

4.1.2 PMCs

.

The results from the LTMIO/carbon PMC material (fable 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 1thicker (at 3 mm) than ideal (around 1 mm based on conventional t1/2 ranges)
for the measurc~ment. As a result there was a risk that to obtain a detectable and reasonably
low-noise trans,ient 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. Severc~ 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 thc~rmal diffusivity with temperature cycling, but it is unclear whether this is a
genuine changc: 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 ABA Technology was able to measure the LTMIO/glass material,
in this case nOll with the laser facility, which proved inappropriate, but with a xenon flash-
lamp system w;ing a thermocouple bonded to the centre of the rear test-piece face. Thermal
diffusivity valules approximately 60% of those of LTMIO/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 produc~ing 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-piec:e was then thinned from 3.2 mm to about 1.3 mm to obtain the results shown
in Figure 7, at 1the 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 p;mel 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. Ho~rever, this assumes that the conditions used in the theoretical solution of the
heat-flow equaltion 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 ca][} 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
inciden1l beam is likely to be.

...2.

Lateral conductive heat losses into the test-piece holder, usually minimised by use of
point C()ntact clamping.

..

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

pieces.

..

4. NOn-ZeJiO width input pulse. Lasers using a pulse duratiol:l of less than 1 ms normally
do not ]pose any problems.

..5.

Unstable background temperature. If, for example, the te~;t-piece temperature is rising
when the flash is made, such that over the analysis periocj 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 c:urve-smoothing and fitting
routines, either of the first part of the transient or the whole culrve. Usually these are based
on special software packages to speed the evaluation p~~. In some cases, thermal
expansion of the test-piece thickness was corrected for, altholugh this accounts only for
differences of a percent or so. The differences in experimental set-up and analysis techniques
are summarise<1 in Table 1.

.....

Alllaboratoriel. involved occasionally tested one or more "reference materials" to check on
apparatus function, and claimed their results to be within a ~~-3% of the "recommended
values". One provided such evidence. All reported their system~; to be functioning normally
(except for a faulty mirror in one case) and to have been rc~ently checked using such
references. With hindsight it might have been useful to incl\1lde one of these "reference
materials" as a blind test-piece in the interlaboratory study.

......
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Thermil expansion

..

4.2.1 MMCs

.

Thermal expansion data for the MMCs recorded using mechanical dilatometry are shown in
Table 3. For th,e 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, Jleading 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 (Fi~~res 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 me~;urements, 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. Dlespite 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 ac:hieved. Expansion coefficients calculated from these data would be consistent
to within 1 x JlO-6 K-1 (25-400 °q, 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 ABA Technology
(fable 4, Figul:e 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 i~; 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 m(~asurements 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 thosc~ 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 whiich 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 ratiJler 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 attribuulble to annealing effects. In the second, third and fourth thermal cycles, further
slight shrinkagl~ occurred, but in all cases this was rather less than 100 ppm per cycle (see

.......
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Figures 13, 14).

.

NPL conductc~ through-thickness mechanical dilatometry measurements on the same
materials. The results (fable 7) show that in the as-received condition, the LTMIO/carbon
material displays a higher expansion coefficient, and this reduces progressively with
subsequent cycling. In contrast, the LTMIO/giass material shows a reduced expansion
coefficient on first heating and a much larger net offset over the first cycle. Subsequent cycles
showed a raist:d expansion coefficient, with fairly consistent behaviour, continuing to show
a net shrinkagl~ over each cycle. A somewhat surprising feature: of these results is that after
stabilising the I~xpansion behaviour with cycling, the through-thickness expansion coefficients
of the carbon--containing material are greater than those of the glass-containing material,
despite the faC1: that the carbon reinforcement has a lower expansion coefficient than the glass.

.....

[J
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 shl"inkage was noted, with an expansion that is reduced compared with the second
and third cycle:s performed at constant heating rate. The numerical data are given in Table 8
which shows t:at the net offset over the first cycle is reduced compared with the mechanical
dilatometry re1;ults, but there is otherwise quite good agreement between mechanical and
interferometric data.

.....

4.2.3 Discus!don

..

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 onl:y 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). Howeve.r, in principle, much of this
can be remove<i 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 1:han 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 co][Ilparing the mechanical and interferometric data fur the through-thickness test-
pieces. The r~.ults 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 01:fset in each cycle. The ABA Technology interferometric tests were taken to
over 200 °c, b'ut 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 matc~rial in both mechanical and interferometric tests, may appear surprising in
view of the lo~'er expansion coefficient of the carbon reinforcement than the glass. Leaving
aside potential :~mall differences in volume fraction, this effect also results when estimates of
thermal expans,ion behaviour are made using a thermoelastic model for uncracked planar

....
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balanced cross-ply materialsl. 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 ~iSe 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 witih glass fibres. Clearly, matrix cracking relieves stresses to a significant extent,
and the differc~nces found in practice are rather less than the predictions for a crack-free
matrix.

...

s. 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 thefDlal diffusivity measurement (10-20%)
is not ~i8 small as the claimed individual accuracies (: 4% or better), despite the
calibration of electronic equipment and the use of "reference materials" with
"recomlmended data". Further consideration needs to be given to determine specific
causes of variations, but these may be both operator and calculation algorithm

dependl~nt.

....2.

Thermall 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 mm2 S.l) 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 tlJ spatial variation as a result of weaves and inter-ply resin layers, and could
not thc~refore 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

approptiate.

....3.

A comparison of thermal expansion measurements shows that results for the MMCs
have a :~pread of about :1: 0.5 x 10-6 K-1 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 b:iSed 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
interfenJmetric measurements in which the applied force is negligible. This applied

...
1 Using thc~rmoelastic models developed at NPL by Dr L N McCartney.
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particularly to PMCs.

.5.

The through-thickness thermal expansion coefficients for two similarly constructed
PM~ 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.

.....
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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
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Figure 2 Themlal diffusivity of AMC225 MMC as measured by each of the collaborators.
Repeat measureJments 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 thelrDlal diffusivity) showing a close match of experimental to reference data.
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..........................

Figure 5 Damage to UMIST sample of LTMIO/carbon by three laser pulse, resulting in
inability to mak~~ 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 7 Themlal diffusivity resul~ for LTM10/glass obtained by NPL by the laser flash
method after thiinning the test-piece to 1.3 mm from the initial 3.2 mm. These data are
significantly low'er than the full thickness data from AEA T obtained by xenon flash lamp.
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Figure 8 Thermal expansion behaviour of W6A20A (AAPIO5) in multiple cycles (NPL

results).
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Figure 10 Thc~rmal expansion behaviour of AMC225 (ASP122) in multiple cycles (NPL

results).

Page 36 of 42



..............................

~
g

~
t:
8-
u~
..J
~

N
N-
Co.
CI)
-<
~
"Q.
E
~

CI)
G0-
o
=
0

'in=
~
Q.
><~'-
~
~=
~
";
E'-
~

.c~

~
0
00

0

~
0
r--.
0

~
0
\C

0

'...',"

I

~
a
or.
a

~--",.
I

\

IIIV 11!)!stludx~ .l8;)tI!1 Iulwaq.t

--N N ""!
C/} ~ ~ C/} ~O'--C --.= .= .-.= .=
~O~O~
uouou

.=u.=u.=

I I I I I

~
0
M

0

.:I~

~~
0

0

~
0
0

0

~

'""
.9

0e
~

0-'"'"

0
e
"o:t"

0

~
0

C?

..."~
:)--I-

~
0
r"I

0,

~
0
..,..
C?

u
c-
~...=
~
Co

~
E-

N
'"=t'-
0
r---
tf')

~
CC

Q..



...

NPL Report C~ff (A) 72

.

0.8

..

0.7

...

0.6

...

0.5

..

0.4-
~-
.5
~
b
r.fj

..

0.3
Length before cycle 1 = 5.908:tO.OO3 mm
Length before cycle 2 = 5.909:tO.OOl IDOl
Length after 5th cycle = 5.906:tO.OO5 IDOl

...

0.2

..

0.1

..

0
";'

.

50 100 150 200 250 300 350 400 4~

;0.

-0.1

.

Temperature (°C)
Figure 12 Thermal expansion behaviour of W6A20A (AAP10S) in multiple cycles using the
interferometric method (AEAT results).
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