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QHW Designation: E 1461 — 92

Standard Test Method for
Thermal Diffusivity of Solids by the Flash Method  *

This standard is issued under the fixed designation E 1461; 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 epsilone} indicates an editorial change since the last revision or reapproval.

1. Scope parison Techniqués®

1.1 This test method covers the determination of the thermal E 230 Temperature-Electromotive Force (EMF) Tables for
diffusivity of homogeneous solid materials. Thermal diffusivity Thermocouples
values ranging from 0.1 to 1000 nifa are readily measurable 3. Terminology
by this test method and measurements can be made from abotit o
100 to 2500 K normally in a vacuum or inert gas environment. -1 Definitions: o , _ ,

1.2 This test method is a more detailed form of Test Method 3-1.1 thermal conductivityh, of a solid materiai-the time
C 714 but has applicability to much wider ranges of materials’ate of steady heat flow through unit thickness of an infinite

applications, and temperatures with improved accuracy oflab of a horr_logeneous ma.terial ina directipn perpendicular to
measurement. the surface, induced by unit temperature difference.

1.3 This test method is applicable to the measurement of a 3-1.1.1 Discussior—Where other modes of heat transfer are
wide variety of homogeneous opaque materials and, witfpresent in addition to conduction, this property is often referred
special precautions, can be used on transparent and sorfx@S apparent or effective thermal conductivéyor app.
porous and composite materials. 3.1.1.2 Discussior—For practical purposes, the lateral ex-

1.4 This test method is intended to allow a wide variety oft€nt of a slab is considered to be infinite when heat flow
apparatus design and design accuracies to satisfy the requifgt€rally is less than 2 % of the transverse flow. .
ments of specific measurements problems. It is not practical in 3-1.1.3 Discussior-The property must be identified with
a test method of this type to establish details of constructio?Oth @ specific mean temperature, since it varies with tempera-

and procedures to cover all contingencies that might offefure, and for a direction and orientation of thermal transmission
difficulties to a person without pertinent technical knowledgesmce some bodies are not isotropic with respect to the thermal

or to stop or restrict research and development for improveconductivity. o _ ,
ments in the basic technigue. 3.1.2 thermal diffusivity,a, of a solid material-the prop-

1.5 This test method can be considered an absolute ((ﬁxty given by the thermal conductivity divided by the product

primary) method of measurement since no heat flux referencg the density an.d heat capacity per unit mass.
standards are required except for verification purposes and to 3-2 Definitions:

confirm accuracy statements. 3.2.1 a—l/(l +0.667 /2.
1.6 The values stated in SI units are to be regarded as the 3-2-2 D—diameter, meters. o ,
standard. 3.2.3 k—constants in solution to diffusion equation.

1.7 This standard does not purport to address all of the 3-2-4 L—specimen thickness, meters.
safety problems, if any, associated with its use. It is the 3-2.3 t—Tesponse time, seconds. ,
responsibility of the user of this standard to establish appro- 3-2-6 t*—dimensionless time ¢ = 4a; t/DT).
priate safety and health practices and determine the applica- 3-2-7 T—témperature, Kelvins,

bility of regulatory limitations prior to use. 3.2.8 a—thermal diffusivity, m?/s.
3.2.9 A\—thermal conductivity, W/m.K.
2. Referenced Documents 3.2.10 p—fraction of pulse duration required to reach
2.1 ASTM Standards: maximum intensity.
C 714 Test Method for Thermal Diffusivity of Carbon and ~ 3-2.11 At 5—T (5t72 /T (t)).
Graphite by a Thermal Pulse Mettod 3.2.12 At 15—T (106A/T (t+2 ).

E 220 Method for Calibration of Thermocouples by Com- 3.3 Definitions:
3.3.1 o—ambient.

3.3.2 s—specimen.
3.3.3 T—thermocouple.
' This test method is under the jurisdiction of ASTM Committee E-37 on  3.3.4 x—percent rise.
Thermal Measurements and is the direct responsibility of Subcommittee E37.05 on
Thermophysical Properties.
Current edition approved Feb. 15, 1992. Published April 1992. -
2 Annual Book of ASTM Standardgol 15.01. 3 Annual Book of ASTM Standardgol 14.03.
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3.3.5 C—Cowan. 6. Interferences
3.3.6 R—ratio. 6.1 Experimental results are subject to two general types of
3.3.7 m—maximum. errors:
3.3.8 t—time. 6.1.1 Measurement errors associated with uncertainties that
exist in measured quantities used to compute the thermal
4. Summary of Test Method diffusivity from experimental data. The units of thermal

4.1 A small, thin, disc specimen mounted horizontally ordiffusivity are length and time. Because test specimens are
vertically is subjected to a high-intensity short duration thermakelatively thin (generally 1.5 to 4 mm) and the thickness enters
pulse. The energy of the pulse is absorbed on the front surfaces a squared term, uncertainties in the determination of the
of a specimen and the resulting rear face temperature rise thickness can be very significant. The time is that observed for
measured. The ambient temperature of the specimen is cothe rear face temperature to attain a certain percentage of the
trolled by a furnace or cryostat. Thermal diffusivity values aremaximum rise. This latter measurement involves determining a
calculated from the specimen thickness and the time requireldase line, the maximum rise above the base line, and the time
for the rear face temperature rise to reach certain percentages initiation of the heat pulse as an integral part of the time
of its maximum value. This test method is described in detaidetermination. Response times of the detectors and amplifiers
in a number of publicationgl, 2 and review article¢3, 4, 5)  are extremely important. Response time effects are considered
and has been standardized in Test Method C 714 in a moria detail in 7.1.3. Measurement errors have been discussed in
simple form for carbons and graphites. some detail5, 14, 15)

Note 1—While this test method was developed for and applied 6.1.2 Non.—measuremen.t errors aSSOCIa.ted Wlt.h deviations (.)f
originally to homogeneous opaque solids, in which a large front facéac'[uaI experimental Cond'tlon?as they exist O,'U”“g the eXpe”_’
temperature excursion was not detrimental, it can be extended undéfent from the boundary conditions assumed in the mathemati-
appropriate conditions to a wide variety of materials and situations. Theséal model used to derive the equation for computing the
include heterogeneous specimens of dispersed compdsetayered  thermal diffusivity. The major sources of non-measurement
structureg7, 8) translucent materials, liquids anq coatifg§s10)andthe  arrors are finite pulse time effect, heat losses or gains, and
measurement of contact conductance and resistdice2) non-uniform heating. The mathematical derivation assumes

4.2 The pulse raises the temperature of the specimen onlythat the energy pulse is delivered in times short compared to
few degrees above its initial ambient value. However, initiallythe rise time. The case where this is not true is called the finite
all of this energy is deposited on the front surface and thigulse time effect and it becomes important when the duration
temperature may rise many degrees. If this should damage tie# the energy pulse is greater than 2 % of the half rise time. It
specimen, a layer of a material with known properties (thermaghould be noted that these three effects are not strictly classified
diffusivity, specific heat and density) and measured thicknesgs errors (may be determined experimentally) but are merely
can be attached to the front surface and results on thdeviations from an ideal situation in which these effects are
composite specimen analyzed using a two-layer method. Thigssumed to be negligible. It is assumed that the material is
requires that the specific heat and density of the specimen alsgpaque, that is, radiation from the energy source heats only the

be known(13). specimen surface. Furthermore, it is assumed that the tempera-
ture sensor follows accurately the rear surface temperature
5. Significance and Use excursion. Thus, if an i.r. detector is used, it must not view into

5.1 Thermal diffusivity is an important property required for the specimen interior. Specimens of translucent/transparent
such purposes as design applications under transient heat fidaterials require special techniques similar to those used for
conditions, determination of safe operating temperature, prd@yered structures.
cess control, and quality assurance. 7 A

’ . . aratus
5.2 The flash method is used to measure values of thermal bp . I
7.1 The essential features of the apparatus are shown in Fig.

diffusivity («) of a wide range of solid materials. It is .
particularly advantageous because of the simple specime% These are the flash source, sample holder and environmental

geometry, small specimen size requirements, rapidity of mea-
Sample
_;_}ie_um_;_:\

surement, and ease of handling materials having a wide rang
of thermal diffusivity values over a large temperature range {35, |]
with a single apparatus. The short measurement times involv

Data
Detector — Callection
System

D

Signat

reduce the chances of contamination and change of specimen Vacuum or Inert Conditioner
properties due to exposure to high temperature environments. Atmosphere Enclosure

5.3 Thermal diffusivity results in many cases can be com- o
bined with values for specific heaC() and density §) and Tm
used to derive thermal conductivity)(from the relation\ = «
Cpp. Tms2 Line

- P-inter
T2 TIME

“The boldface numbers given in parentheses refer to a list of references at the Visual Display

end of the text. FIG. 1 Flash Diffusivity Apparatus (Schematic)
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system, temperature response detector, and data collection alpehavior is best represented by Eq 2:
analysis components. T, - T, .

7.1.1 The flash source may be a laser, a flash lamp, or an To—T, L1~ (1-ae” tErc@r) 2)
electron beam. The duration of the energy flash should be less
than 0.02 of the time required for the rear face temperature rise _
to reach one-half of its maximum values (see Fig. 1). If thisT0 and T, are shown in Fig. 2t is dimensionless time
condition is not met, it is necessary to correct the data for th%[* = 4a_t/D?T), anda s approximated by 1/(1 + 0.667T/\).
finite pulse time effecf16, 17, 18, 19)The energy source shall |, order to obtain the fastest response, small diameter thermo-
have uniform intensity over t.he front surface of the specimencoyple wire of an alloy having a low thermal conductivity
The rear face temperature rise shall be kept to a few Kelvin.aiiached to a substrate of high thermal diffusivity should be

7.1.2 An environmental control chamber for vacuum orysed. For example, a 25 pm constantan wire on a copper
inert gas environment is required for measurements above angpstrate, requires 3 pg to reach 95 % of steady-state. How-
below room temperature. Unless the source is enclosed withigyer, for the converse of this example, for example 25u m
the chamber, for example, as for the case of an electron beagypper wire on a constantan substrate, it is found that 15 ms are
source, the enclosure shall be fitted with a window which isrequired to reach 95 % of the steady-state. This is 5000 fold
transparent to the flash source. A second window is required Ejower than the first example. Thus, the proper selection of
optical detection of the temperature rise curve is used and th@aterials, based upon their thermal properties and geometries,
optical detector must be shielded from direct exposure to thes essential for accurate measurement of transient responses
energy beam. using intrinsic thermocouple@1).

7.1.2.1 The furnace or cryostat should be loosely coupled 7.1.3.2 Eq 1 and Eq 2 relate to the minimum response time
(thermally) to the specimen support system and shall bgossible for a thermocouple. Proper attachment of the thermo-
capable of maintaining the specimen temperature constagbuple is important since if the thermocouple is attached poorly
within 4% of the maximum temperature rise over a timeto the specimen, the effective response time can be much
period equal to five half rise times. The furnace may belonger. The preferred method for electrical conducting materi-
horizontal or vertical. The specimen support shall also bels is to spotweld intrinsic thermocouples, that is, non-beaded
loosely coupled thermally to the specimen point contacts otouples where each leg is independently attached to the
equivalent supports. Depending on specimen orientation poidpecimen about 1 mm apart. For electrical insulators where
contacts or equivalent supports, constructed with low thermadpot welding is not feasible, it may be possible to spring-load
diffusivity materials, are the preferred means. the thermocouple against the back surface. For materials with

7.1.3 The detector can be a calibrated thermocouple (sdew diffusivity values, it may be preferred to spot-weld
Method E 220 and Tables E 230), infrared detector or autothermocouples onto a thin high thermal conductivity metallic
matic optical pyrometer. It shall be capable of detecting 50 mKsheet and spring-load or paste this sheet onto the specimen.
change above the ambient temperature. It is desirable that théetal-epoxy and graphite pastes have been used successfully
detector response be linear with temperature over a fewo bond layers together. This eliminates the problem of using
degrees and that the rear face temperature rise be limited to thisermocouples of relatively high diffusivity to measure speci-
range. The time response of the detector and its associategens of materials of low thermal diffusivity, that can lead to
amplifier is extremely important. While the response time ofvery large response times (see Eq 1).
the detectors in optical instruments is often orders of magni- 7.1.3.3 When using remote temperature sensing, several
tude faster than required for the flash method, the detectgsrecautions are required. The sensor must be focused on the
signal is fed into amplifiers and filters having response timesenter of the back surface. The sensor must be protected from
which can be slow enough to effect transient readings. Therethe energy beam to prevent damage or saturation. When the
fore, the response time of the total circuit must be checkedpecimen is housed in a furnace, the energy beam may bounce
using choppers or other devices to prove that it is less than 0dr shine past the edges and enter the detector and proper
of the half time value. The use of electronic filters is discour-shielding is necessary. For protection against lasers, dielectric
aged as they tend to distort the shape of the time-temperatugpike filters, that are opaque at the selected wavelength, are
curve.

7.1.3.1 In the case of intrinsic thermocouples, the response Actual Step Function
time (time to reach 95 % of steady-state value) can be defined To /_
(20) as follows:
25 D2 AT
t95=ﬁ Qg E @ / Observed TC
// Response
Thus, a small diameter thermocouple of low conductivity // \‘
material attached to a specimen of a high conductivity and high / Postulated TC
diffusivity material yields the fastest response time. Eq 1 is o ’ Response
misleading in that it can postulate that the thermocouple
response is a smooth rise. Actually, the response is a step 0 TIME
change, followed by an exponential rise to the final value. This FIG. 2 Thermocouple Response Characteristics
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very useful. The viewing window and any focusing lenses mustwithin 0.2 %. However, it must be recognized that the most
not absorb appreciably in the wavelength region of the sensserious and insidious errors arise from inadequate time re-
tive detector. This is particularly important for infrared detec-sponse of the detector and its associated electronics and from
tors and means should be provided to ensure that during highonobservance of the boundary conditions assumed in the
temperature measurements all window surfaces are monitoredathematical mode, that is, non-uniform heating, heat losses,
and kept free of any deposit build-up with resulting absorptioror finite pulse-time effects. The response time can be checked
of energy. Such build-up can lead to loss of sensitivity of theby the measurements on a standard specimen or reference
optical detector and reduced or non-uniform specimen heatinmaterial having a thicknes sestimated to cause about the same
from the pulsed energy source. half time as the unknown. The presence of the other effects is
7.1.4 The signal conditioner includes the electronic circuitrydetected by the methods given in Section 11.
to bias out the ambient temperature reading, spike protectors, 9.2 While there are no standard reference materials (SRM)
amplifiers and analog-to-digital converters. Precautions shalssued by National Institute of Standards and Technology
be taken to prevent driving the components into saturation an(NIST) specifically for thermal diffusivity, several materials
to have adequate response time so that the transient signaldan be used as reference materials. POCO graphite is available
not distorted. from NIST and thermal diffusivity values for it and several
7.1.5 The data collection system may be a digital datather materials have been established through round-robins
acquisition system, digital oscilloscope or a regular oscillo{(22, 23. Armco iron and cordierite are other materials that
scope. In the latter case, provisions must be made to photétave been used as reference materials. A valuable summary
graph the trace. The timing measurements are provided by ttend data bank of thermal diffusivity values found in the
data collection system and the accuracy of the time base shdiferature that also provides recommended values for a wide
be verified so that half rise time readings are measured withinange of materials is also availab24j.
0.2%. The starting time for the time duration shall be based on 9.2.1 It must be emphasized that the use of reference
the initiation of the actual energy pulse and not on the time thenaterials to establish validity of the data on unknown materials
laser power supply started to charge or the time the flash lamipas often led to unwarranted statements on accuracy. The use
started to discharge. of references is only valid when the properties of the reference
7.1.6 The data processor may be a simple adjustable scalmcluding half times and diffusivity values) are closely similar
for measuring the elapsed time on a photograph plus & that of the unknown and the temperature-rise curves are
hand-held calculator, a digital oscilloscope, or a digital datadetermined in an identical manner for the reference and
acquisition system. It is important that the transient responsanknown. One important check of the validity of data (in
curve be analyzed to verify the presence or absence of finitaddition to the comparison of the rise curve with the theoretical
pulse time effects, radiation heat losses and non-unifornmodel) is to vary the specimen thickness. Since the half times
heating. vary asL? decreasing the specimen thickness by one-half
7.1.6.1 As a minimum, this means computing the thermakhould decrease the half time to one-fourth of its original value.
diffusivity using the 25, 50, and 75 % rise times and ideally thisThus, if one obtains the same diffusivity value with represen-
means comparing the normalized rise curve with the theoreticdative specimens of significantly different thicknesses or better
model. yet, on the same sample with different specimen thicknesses,
. then the results can be assumed valid.
8. Test Specimen
8.1 The usual specimen is a thin circular disc with a front10- Procedure
surface area less than that of the energy beam. Typically, 10.1 Determine and record the specimen thickness.
specimens are 6 to 18 mm in diameter. The optimum thickness 10.2 Mount the specimen in its holder. Attach thermo-
depends upon the magnitude of the estimated diffusivity angouples where appropriate.
should be chosen so that the half time falls within the 40 to 200 10.3 Align the specimen in the path of the energy beam. If
ms range. Thinner specimens are desired at higher tempertde source is a laser, a helium-neon alignment laser aimed
tures to minimize heat loss corrections. However, specimentirough the solid state laser is a convenient method of
should always be thick enough to be representative of the tesletermining the energy beam path.
material. Typically, thicknesses are in the 1.5 to 4 mm range. 10.4 Aperature the energy beam path so that only the front
Since the half time is proportional to the square of thesurface of the specimen will be subjected to the energy pulse.
thickness, it may be desirable to use different thicknesses ifihis minimizes stray radiation that can affect the detector and
different temperature ranges. In general, one thickness will beause base-line offsets.
far from optimum for measurements at both cryogenic and high 10.5 Where an infrared detector is used to monitor the

temperature. temperature rise, align it centrally on the rear surface.
8.2 Measure the specimen thickness and maintain its uni- 10.6 Establish a vacuum or inert gas environment in the
formity to an accuracy of 0.5 % of the thickness. chamber.
o o 10.7 Energize the power source, taking proper safety
9. Calibration and Verification precautions. Pulse the source and observe the rear face tem-

9.1 Calibrate both the micrometer used to measure thperature rise. Adjust the amplification, biasing, and spike
specimen thickness and the time base of the data acquisition pootection circuits as necessary to obtain a readily detectable
that the thickness and time measurements are accurate t®mperature rise curve.
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