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Standard Test Method for
Linear Thermal Expansion of Electrode Carbons 1

This standard is issued under the fixed designation D 6745; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This test method covers the determination of the coef-
ficient of linear thermal expansion (CTE) for carbon anodes
and cathodes used in the aluminum industry, in baked form, by
use of a vitreous silica dilatometer.

1.2 The applicable temperature range for this test method
for research purposes is ambient to 1000°C. The recommended
maximum use temperature for product evaluation is 500°C.

1.3 This test method and procedure is based on Test Method
E 228, which is a generic all-encompassing method. Specifics
dictated by the nature of electrode carbons and the purposes for
which they are used are addressed by this procedure.

1.4 Electrode carbons in the baked form will only exhibit
primarily reversible dimensional changes when heated.

1.5 The values stated in SI units are to be regarded as
standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
E 228 Test Method for Linear Thermal Expansion of Solid

Materials with a Vitreous Silica Dilatometer2

3. Terminology

3.1 Definitions:
3.1.1 linear thermal expansion—the change in length per

unit length resulting from a temperature change. Linear ther-
mal expansion is symbolically represented byDL/L0, whereDL
is the length change of the specimen (L1−L 0), L0 andL1 are the
specimens lengths at reference temperatureT0 and test tem-
peratureT1, respectively. Linear thermal expansion is often
expressed as a percentage or in parts per million (such as
µm/m).

3.1.2 mean coeffıcient of linear thermal expansion (CTE)—
The linear thermal expansion per change in temperature; the
mean coefficient of linear thermal expansion is represented by:
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3.1.2.1 This has to be accompanied by the values of the two
temperatures to be meaningful; the reference temperature (T0)
is 20°C, and the notation may then only contain a single
number, such asā200, meaning the mean coefficient of linear
thermal expansion between 20 and 200°C.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 reference specimen—a particularly identified or pedi-

greed material sample, with well-characterized behavior and
independently documented performance.

3.2.2 specimen—a representative piece of a larger body
(anode, cathode, and so forth) that is considered to be fairly
typical of a portion or of the entire piece.

3.2.3 vitreous silica dilatometer—a device used to deter-
mine linear thermal expansion, by measuring the difference in
linear thermal expansion between a test specimen and the
vitreous silica parts of the dilatometer.

4. Summary of Test Method

4.1 A representative specimen is placed into a vitreous silica
dilatometer and heated, while its linear expansion is continu-
ously recorded. The change of the specimen length is recorded
as a function of temperature. The coefficient of linear thermal
expansion is then calculated from these recorded data.

5. Significance and Use

5.1 Coefficients of linear thermal expansion are used for
design and quality control purposes and to determine dimen-
sional changes of parts and components (such as carbon
anodes, cathodes, and so forth) when subjected to varying
temperatures.

6. Apparatus

6.1 Dilatometer—The dilatometer consists of the following:
6.1.1 Specimen Holder and Push-rod, both made of vitreous

silica. The design of the device shall ensure that the push-rod
load on the specimen by itself is not causing deformation. The

1 This test method is under the jurisdiction of ASTM Committee D02 on
Petroleum Products and Lubricants and is the direct responsibility of Subcommittee
D02.05.0E on Properties of Fuels, Petroleum Coke and Carbon Materials.
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use of pressure distribution quartz plates on top of the
specimen is permissible.

NOTE 1—Dilatometers are usually constructed in horizontal or vertical
configurations(1)3 Vertical devices are preferred for very large samples
and when extensive shrinkage is expected. Horizontal configurations
usually afford better temperature uniformity over the specimen, but are
subject to drooping when large specimens are employed. Horizontal
devices, when used with very large specimens, require special provisions
to reduce friction between the specimen and the dilatometer tube to
minimize push-rod pressure required to keep the specimen in contact with
the end plate. For this application, either configuration is acceptable.

NOTE 2—For basic construction details and fused silica annealing
schedule, consult Test Method E 228.

NOTE 3—Multiple rods supporting a platform in place of large diameter
tubes have been also used successfully in the vertical configuration.

6.1.2 Transducer or Indicator, for measuring the difference
in length between the specimen and the dilatometer with an
accuracy within6 2 µm. The transducer shall translate these
movements into an electrical signal suitable for displaying or
recording. The non-linearity of this conversion must be less
than 0.25 % of the full scale value of the output. The transducer
shall be protected or mounted so that the maximum tempera-
ture change observed in the transducer during a test will affect
the transducer readings by less than 1 µm.

6.1.3 Temperature Sensors, for determining the mean tem-
perature of the specimen with an accuracy within6 0.5°C.
When a thermocouple is used, it shall be referenced (cold
junction compensated) to the ice point with an ice-water bath
or an equivalent system.

6.1.3.1 Due to the large size of the specimen, a minimum of
one thermocouple per 40 mm specimen length must be
employed. It is permissible to read the output of each thermo-
couple independently and average the readings or to connect
them in series and divide the single reading by the number of
thermocouples to obtain the average. In the latter case, inter-
connections must be made at or beyond the point of cold
junction compensation.

6.1.3.2 The temperature sensors shall be in close proximity
to the specimen, preferably in between the quartz dilatometer
tube and the specimen. The temperature sensors shall not be
directly exposed to the furnace walls.

6.2 Readout or Recording of Data:
6.2.1 Manual recording of expansion and temperature val-

ues indicated at selected temperature points may be made if the
transducer is equipped with or connected to a suitable display
and the thermocouples outputs are determined with a potenti-
ometer or millivolt meter.

6.2.2 Chart or data logger recording of the expansion and
temperature signals may be accomplished using a device
whose resolution is at least 1000 times higher than the expected
maximum output signal. All calculations and corrections (see
Section 10) must be done externally based on the recorded
values.

6.2.3 Computerized recording may be used with similar
restriction to 6.2.2. Calculations and corrections may be done
using suitable software.

6.3 Furnace—The furnace is used for uniformly heating the
specimen over the temperature range of interest, but not above
1000°C. Temperature uniformity shall be at least6 0.5°C per
50 mm of sample length. The temperatures shall be controlled
as a function of time. The furnace may have a muffle (quartz,
mullite, alumina, inconel, monel, or stainless steel are most
common) or other provisions to provide a protective atmo-
sphere for the specimen. The furnace shall have provisions for
continuous purging with an inert gas at a sufficient rate, and
exclude air from the specimen while a purge is maintained.

6.4 Caliper—The caliper (micrometer or Vernier type) is for
measuring the initial length of the specimen,L0, with an
accuracy within6 25 µm, and a capacity to open to the length
of the specimen plus 1 mm.

7. Test Specimen

7.1 Specimens shall be cylindrical, preferably with a 506
2 mm diameter. Slightly smaller or larger diameters can also be
accommodated without degradation of data. The length of the
specimens shall be between 50 and 130 mm in length and have
flat and parallel ends to within6 25 µm.

7.2 It is permissible to stack up to five disks of smaller
lengths to obtain a proper length specimen. The interfaces,
however, must be flat and parallel within6 25 µm to prevent
rocking.

7.3 The dimensions of the specimens should be ordinarily
measured as received.

7.4 If water was used in conjunction with their preparation,
each specimen must be kept in an oven at 1106 5°C for at
least 6 h and allowed to cool down thereafter, prior to testing.
If any heat or mechanical treatment is applied to the specimen
prior to testing, this treatment should be noted in the report.

8. Calibration

8.1 The transducer should be calibrated by imposing a series
of known displacements with a precision screw micrometer,
gage blocks, or equally accurate device. For absolute transduc-
ers (such as digital encoders, and so forth), this procedure is
omitted and periodic verification is sufficient.

8.2 Verification of the calibration of the temperature sensors
separately from the dilatometer is to be performed periodically
or when contamination of the junction is suspected.

8.3 Regardless of independent calibrations of the transducer
and the thermocouples, the dilatometer, as a total system, shall
be calibrated by determining the thermal expansion of at least
one reference material of known thermal expansion. Recom-
mended reference materials are listed in Annex A1.

8.3.1 The calibration should be done using approximately
the same thermal cycle as that used for testing (see 9.7 and
9.8).

8.3.2 The calibration constant may be derived as follows:

A 5 SDL
L0
D

t
2 SDL

L0
D

m
(2)

where:
m = measured expansion of the reference material, and
t = true or certified expansion of the reference material.

8.4 If the calibration specimen is considerably smaller in the
cross section than the specimen, it is necessary to provide a

3 Hidnert, P. and Krider, H.S., “Thermal Expansion Measurements,”Journal of
Research, National Bureau of Standards, Vol 48, 1952, p. 209.
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thermal jacket around it to prevent errors caused by convective
currents. A thermal jacket may be produced by drilling a hole
in the axis of a carbon specimen and loosely fitting the
calibration specimen into it. The carbon jacket must be about 1
mm shorter than the calibration specimen.

8.5 The use of published values of thermal expansion for
quartz may not be used to compute a correction factor.
Accounting for the expansion of the dilatometer parts through
calculations in place of a calibration procedure described above
is not permitted.

8.6 Materials usable for calibration or verification of opera-
tion fall into four categories.

8.6.1 Standard Reference Materials—These are actual
specimens supplied with a certificate by NIST4, or a similar
national standards organization of another country.5,6

NOTE 4—These materials are very few and NIST supplies have been
exhausted in some cases. To determine the absolute accuracy of a device,
materials in this category are the most preferred.

8.6.2 Traceable Reference Materials—These are exten-
sively investigated materials, substantially described in pub-
lished literature and considered stable. Often they are generi-
cally identical to Standard Reference Materials. Specific lots
when tested in a systematic fashion using a dilatometer
calibrated with a certified Standard Reference Material can be
referred to as Traceable Reference Materials. They may also
serve well in comparing equipment or test procedures at
different laboratories and to arbitrate disputes and differences.

8.6.3 Reference Materials—These are widely investigated,
well-characterized materials that were found to be stable with
time and temperature exposure and performance data are
readily available in the literature; for example, platinum. These
materials are well suited for round-robin, day-to-day verifica-
tion (working reference) of equipment performance and peri-
odic verification programs. Purity and physical parameters
(density, electrical resistivity, and so forth) must be reasonably
matched to use literature data.

8.6.4 Characterized Private Stock Materials—These are
substances that are mainly used for in-house verifications.
Even though they may be thought of as being well character-
ized, the data is primarily self consistent. If such a material is
found to be very stable by independent tests, it may be used in
round-robin tests, but caution should be exercised when the
data is intended to arbitrate disputes or differences between
facilities. Typical use should be limited to that of an in-house
working reference. Primary reason for use is having thermal
characteristics closely resembling those of actual test speci-
mens.

9. Procedure

9.1 Measure the initial (room temperature) length of the
specimen, and record it asL0.

9.2 Place the specimen into the dilatometer after making
certain that all contacting surfaces are free of foreign material.
It is important to have good seating of the specimen in a stable
position. (Warning—Alkali contamination will adversely af-
fect fused silica parts. Avoid touching them with hands.)

9.3 Ensure that the temperature sensors shall not restrict
movement of the specimen in the dilatometer. Do not allow an
exposed junction to contact any carbonaceous materials.

9.4 Make certain that the push-rod is in stable contact with
the specimen. A pressure distribution plate made of fused silica
may be used between the push-rod and the specimen.

9.5 Insert the loaded dilatometer into the furnace (at ambi-
ent temperature) and allow the temperature of the specimen to
come to equilibrium.

9.6 Record the initial readings of the temperature sensors,
T0, and the transducer,X0.

9.7 Heat the furnace to 300 or 5006 10°C at a rate not
exceeding 10°C/min. Allow the furnace and specimen to
stabilize at that temperature for 60 min. Record readings of the
temperature sensors,T1, and the transducer,X1. If data obtained
during ramping is to be used, heating rates above 1°C/min are
not permitted.

9.8 Alternate to 9.7. Heat the furnace at rates up to 10°C/
min. Hold the furnace and specimen at a single or series of
constant temperatures until the transducer reading reaches a
constant value (variation <6 2.6 µm), At that point, the
indicated temperature of the specimen shall not vary by more
than6 2°C and the temperature gradient in the specimen shall
not exceed 2 % of its actual temperature. The dwell time is a
function of the thermal mass of the dilatometer and the
specimen. It will vary with temperature and heating rate. The
length of the dwell shall be sufficient as to limit consecutive
length change readings taken in 5 min intervals to less than 4
µm. Readings of temperature,Ti, and specimen length changes,
Xi, need to be recorded at each constant temperature. When this
alternate procedure is used, it is important that the calibration
cycle be performed in a nearly identical manner. (Warning—
Heating vitreous silica above 800°C will cause viscous flow
and a non-reversible, time-dependent change in its thermal
expansion. The magnitude of these effects will depend on the
particular type of vitreous silica and the mechanical loads
applied to a piece. Slow devitrification will occur above 900°C,
and, therefore, regular use above 800°C should be minimized.)

10. Calculation

10.1 Manual Data Analysis—Calculate the linear thermal
expansion of the test specimen.

10.1.1 At temperatureT1:

DL 5 X1 2 X0 (3)

10.1.2 Or more generally at any temperatureT1:

~DL!i 5 Xi 2 X0 (4)

SDL
L0
D

c
5 SDL

L0
D

m
1 A (5)

where:
A = constant determined as shown in 8.3.2,
c = calculated value, and

4 National Institute of Standards and Technology (formerly the National Bureau
of Standards, Gaithersburg, MD 20899-0001.

5 Standard Reference Materials SRM731 and SRM720, National Institute of
Standards and Technology, (certificate), Washington, DC 20234.

6 Standard Reference Material SRM739, National Institute of Standards and
Technology, (certificate), Gaithersburg, MD 20899.
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m = measured value.
10.1.3 Using the calculated values of the linear thermal

expansion, further calculate the mean coefficients by dividing
them with the appropriate temperature range:

~ ā!i 5
~DL/L0!i

DTi
(6)

10.2 Computerized Data Analysis—Computer or electronic-
based instruments, techniques, or data treatment equivalent to
this test method may also be used. Computerized systems may
employ a look-up table or curve fit type correction method. All
such systems must have provisions to include actual calibration
values rather than nominal corrections for materials of con-
struction obtained from literature. Users of this test method are
expressly advised that all such instruments or techniques may
not be equivalent. It is the responsibility of the user of this test
method to determine the necessary equivalency prior to use. In
case of dispute, systems verified using Reference Standard
Materials or Traceable Reference Materials as test specimens
with a better than6 2 % conformance to certified data are
considered valid.

11. Report

11.1 As a minimum, the report shall contain the following:
11.1.1 Description of the material;
11.1.2 Brief description of the apparatus or reference by

make and model;
11.1.3 Heating rate, if different than recommended, and

hold time, if less than 60 min;

11.1.4 The value of the mean coefficient of linear thermal
expansion between ambient and the selected nominal tempera-
ture. If an alternate heating schedule is used, then a tabulation
of the coefficients calculated from equilibrium data along with
the associated temperatures may be reported.

11.1.5 Curve fitting, smoothing, interpolation, and compu-
tation in uniform temperature intervals is permitted, provided
statistical qualifications for the data manipulation (standard
error of fit, standard deviation, and so forth) are also noted.

11.1.6 Listing of Reference Material(s) and procedure used
to calibrate and to verify the dilatometer system and the date of
the latest calibration or verification run.

12. Precision and Bias

12.1 Precision—The precision of the procedure is being
determined.

12.2 Bias—Bias of the procedure is being determined.

NOTE 5—Until precision and bias statements are developed, an instru-
ment is considered acceptable and expected to fulfill the requirements of
this standard, if it can repeat a test of a Standard Reference Material
specimen (borosilicate glass, and so forth) three times in a row (with
removal and replacement of the specimen between tests) with less than6
1 % run-to-run variation and within 5 % of published values, when
calibrated with another Standard Reference Material prior to the test. For
this determination, the mean coefficient of thermal expansion in the
ambient to 500°C range shall be used.

13. Keywords

13.1 aluminum industry; anode; carbon; cathode; coefficient
of thermal expansion (CTE); thermal expansion

ANNEX

(Mandatory Information)

A1. STANDARD REFERENCE7 AND REFERENCE8 MATERIALS

A1.1 See Tables A1.1-A1.4.

7 Materials provided and certified by The National Bureau of Standards (no
longer available).

8 Materials provided and certified by The National Institute of Standards and
Technology (see 8.6.1).

TABLE A1.1 Linear Thermal Expansion of Borosilicate Glass A,B,C

NOTE 1—The listed values are from the NIST Standard Reference Material certificate. Values for generic materials should be close to those listed.

Temperature, °C Expansion, % Mean CTE, 10−6/°CD

20.0 0.000 ....
100.0 0.040 4.95
150.0 0.065 5.03
200.0 0.092 5.08
250.0 0.118 5.12
300.0 0.144 5.15
350.0 0.170 5.17
400.0 0.197 5.18

A Materials provided and certified by the National Bureau of Standards (no longer available).
B Materials provided and certified by the National Institute of Standards and Technology (see 8.6.1).
C Standard Reference Material SRM731, National Institute of Standards and Technology, (certificate), Washington, DC 20234.
D Referenced to 20°C.
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TABLE A1.2 Linear Thermal Expanson of Single Crystal Sapphire A,B,C (59.5 6 0.5° Orientation)

NOTE 1—The listed values are from the NBS Standard Reference Material certificate. Values for generic materials should be close to those listed.

Temperature, °C Expansion, % Mean CTE, (10−6/°C)D

20.0 0.000 ....
100.0 0.048 5.94
150.0 0.080 6.18
200.0 0.115 6.40
250.0 0.152 6.60
300.0 0.190 6.77
350.0 0.229 6.93
400.0 0.269 7.07
450.0 0.310 7.20
500.0 0.351 7.32
600.0 0.437 7.54
700.0 0.526 7.73
800.0 0.617 7.91
900.0 0.710 8.07

1000.0 0.806 8.22
A Materials provided and certified by the National Bureau of Standards (no longer available).
B Materials provided and certified by the National Institute of Standards and Technology (see 8.6.1).
C Standard Reference Material SRM720, National Institute of Standards and Technology, Washington, DC 20234.
D Referenced to 20°C.

TABLE A1.3 Linear Thermal Expanson of Fused Silica A,B,C

NOTE 1—The listed values are from the NIST Standard Reference Material certificate. Values for generic materials should be close to the above.

Temperature, °C Expansion, % Mean CTE, 10−6/°CD

20.0 0.000 ....
100.0 0.004 0.54
150.0 0.007 0.57
200.0 0.011 0.59
250.0 0.014 0.59
300.0 0.017 0.60
350.0 0.020 0.59
400.0 0.022 0.59
450.0 0.025 0.58
500.0 0.027 0.57
550.0 0.030 0.56
600.0 0.032 0.55
650.0 0.034 0.54
700.0 0.036 0.53

A Materials provided and certified by the National Bureau of Standards (no longer available).
B Materials provided and certified by the National Institute of Standards and Technology (see 8.6.1).
C Standard Reference Material SRM739, National Institute of Standards and Technology, (certificate), Gaithersburg, MD 20899.
D Referenced to 20°C.
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APPENDIX

(Nonmandatory Information)

X1. ERRORS IN DILATOMETRY

X1.1 Random error is usually associated with the precision
and bias of repeated length change and temperature measure-
ments, but other variables may also intrude on the measure-
ments. Common sources of this type of error in dilatometry are,
for instance, a specimen changing position (wobble) during
heating, or the fluctuation of the voltage applied to the
transducer.

X1.2 Systematic errors in dilatometry are usually larger and
can result from many sources. These include the accuracy of
the length change and temperature measurements, the devia-
tion of the specimen mean temperature from that indicated by
the sensor, the deviation from linearity of the transducer, the
temperature gradients between the specimen holder and push-
rod, the difference between the assumed and measured value of
expansion of the vitreous silica, and the effect of additional

surface contacts between the specimen and the transducer.
Little can be done to improve the random errors once the
transducer and temperature sensors have been selected, except
to follow good experimental practice. Systematic errors, how-
ever, can be reduced by careful calibration of the individual
components and can be dramatically reduced with calibration
of the total system using Standard Reference Materials.

X1.3 Since the precision and accuracy of the length
measurements are fixed for a specific apparatus, a much larger
temperature range must be used for low expansion materials
than for high expansion materials, in order to obtain the same
error band in determining the mean coefficient of thermal
expansion. Conversely, if the same temperature range is used,
the error band in determining the mean coefficient of thermal
expansion will be much larger for the low expansion materials.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
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of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
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TABLE A1.4 Linear Thermal Expanson of Pure Platinum A,B

Temperature, °C Expansion, % Mean CTE, 10−6/°CC

20 0.000 ....
100 0.072 9.03
200 0.165 9.19
300 0.261 9.33
400 0.359 9.45
500 0.460 9.58
600 0.563 9.70
700 0.669 9.84
800 0.779 9.99

A A stable material that is used for verification work as an industry practice. Well defined characteristics and widely invertigated with extensive published values in the
literature.

B Hahn, T. A. and Kirby, R. I. C., “Thermal Expansion of Platinum 293 to 1900 K,” AIP Conference Proceedings, No. 3, 1972.
C Referenced to 20°C.
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