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INTRODUCTION

During freezing, pure material transforms from the liquid state to the solid state at a constant
temperature known as the freezing point. The freezing points of highly purified materials can serve as
reference temperatures, and in fact, the International Temperature Scale of 1990 AT&i68)on
the freezing points of some highly purified metals as defining fixed points. Freezing points can be
realized in commercially available systems incorporating freezing-point cells. When the cells are
properly made and used, they establish useful reference temperatures for the calibration of
thermometers and for other industrial and laboratory purposes; with care, the freezing points of highly
purified materials can be realized with an uncertainty of a few millikefvorsless.

1. Scope instructions supplied by manufacturers of freezing-point appa-

1.1 This guide describes the essential features of freezing@tus- _ .
point cells and auxiliary apparatus, and the techniques required 1.8 The following hazard caveat pertains only to the test
to realize freezing points in the temperature range from 29 ténethod portion, Section 7, of this guidehis standard does not

1085 °C3 purport to address all of the safety concerns, if any, associated
1.2 Detailed design and construction are not addressed With its use. It is the responsibility of the user of this standard
this guide. to establish appropriate safety and health practices and

1.3 This guide is intended to describe good practice andletermine the applicability of regulatory limitations prior to

establish uniform procedures for the realization of freezing!S€-
points.
1.4 This guide emphasizes principles. The emphasis o%' Referenced Docume'nts
principles is intended to aid the user in evaluating cells, in 2-1 ASTM Standards:
improving technique for using cells, and in establishing pro- E 344 Terminology Relating to Thermometry and Hydrom-

cedures for specific applications. etry* _ _ _

1.5 For the purposes of this guide, the use of freezing-point E 644 Test Methods for Testing Industrial Resistance Ther-
cells for the accurate calibration of thermometers is restricted Mometers
to immersion-type thermometers that, when inserted into th%. Terminology
reentrant well of the cell, 1) indicate the temperature only of .
the isothermal region of the well, angl)(do not significantly 3.1 Definitions: _ _
alter the temperature of the isothermal region of the well by 3-1.1 reference temperaturer—a fixed, reproducible tem-
heat transfer. perature, to which a value is assigned, that can be used for the

1.6 This guide does not address all of the details ofc@libration of thermometers or other purposes. o
thermometer calibration. 3.1.2 Additional terms used in this guide are defined in

1.7 This guide is intended to complement special operatind €MMinology E 344. . _
3.2 Definitions of Terms Specific to This Standard:
3.2.1 first cryoscopic constant, A—a constant of propor-
tionality between the freezing point depression of, and concen-
* This guide is under the jurisdiction of ASTM Committee E-20 on Temperaturetration of impurities in, a sample of reference material, given
Measurement and is the direct responsibility of Subcommittee E20.07 on Fundaby the ratio of the molar heat of fusion of the pure matetial,
mentals in Thermometry.
Current edition approved Oct. 10, 1998. Published March 1999. Originally!© the product of the molar gas constaRf,and the square of
published as E 1502-92. Last previous edition E 1502-92. the thermodynamic temperature of fusioh, of the pure

2 Preston-Thomas, H., “The International Temperature Scale of 1990 (ITS-90)’material (freezing point):
Metrologia, Vol 27, No. 1, 1990, pp. 3-10. For errata seel, Vol 27, No. 2, 1990,

p. 107.
31n this guide temperature intervals are expressed in kelvins (K) and millikelvins———————————
(mK). Values of temperature are expressed in degrees Celsius (°C), ITS-90. 4 Annual Book of ASTM Standardgol 14.03.
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3.2.2 freeze n—an experiment or test run conducted with a ':3? Jo.0002¢ 1§ &
freezing-point cell while the reference material in the cell go T
solidifies. Z A
3.2.3 freezing curven—'the entire time-temperature relatlpn 5.3 ¢TI CELL RENOVED RO FURNACE —1 2
of the reference material in a freezing-point cell during i~ *6 CELL REINSERTED IN FURNACE. H10 3
freezing, including initial cooling, undercool, recalescence, & 6 FURRACE KELD 1°C BELOW TIK POINT e s
freezing plateau, and final cooling to complete solidification. £ | :gi:
3.2.3.1 Discussior—Graphic representations of freezing "';' d0 2

. . . ) 1 L 1 1 1 1 1 ! {

curves are shown in Fig. 1 and F|g..2. . o T T T

3.2.4 freezing plateay n—the period during freezing in TINE AFTER START OF FREEZE, hrs
which the temperature does not change significantly. FIG. 2 Freezing Curve of a Sample of Highly Purified Tin

3.2.5 freezing-point cell n—a device that contains and
protects a sample of reference material in such a manner that symmary of Guide
the freezing point of the material can establish a reference
temperature.

3.2.6 freezing range n—the range of temperature over
which most of the reference material in a freezing-point cell

4.1 Afreezing-point cell is used for thermometer calibration

by establishing and sustaining a reference material at the
freezing point, to which a value of temperature has been
assigned. The thermometer to be calibrated is inserted into a

solidifies. . i . .
3.2.6.1 Discussior—The freezing range is indicated graphi- reentrant well in the cell; the well itself is surrounded by the
cally in Fig. 1. freezing reference material.

3.2.7 nucleation n—the formation of crystal nuclei in liquid 4.2 The cell is heated to_melt the referer!ce material. The
temperature of the surrounding environment is then reduced to

in the supercooled state. . .
3.2.8 recalescencen—the sudden increase in temperatureabou .1 K below the _freezmg point so that the_ reference
Waterlal cools. Following the undercool, nucleation, and re-

of reference material in the supercooled state upon nucleatio Liescence. the well temperature becomes constant during the
and crystal growth, due to the release of latent heat of fusion : ’ P ) 9
reezing plateau. After a time, depending on the rate of heat

the reference material. loss from the cell, the amount of reference material, and the
3.2.9 reference materiain—the material in a freezing-point . ' . '
Purlty of the reference material, the temperature starts to

cell that melts and freezes during use, the freezing point Olecrease and eventually all of the material becomes solidified
which can establish a reference temperature. y '

3.2.10 supercooled state—the meta-stable state of refer- 4.3 Since the temperature in the reentrant well remains

ence material in which the temperature of the liquid phase i%) c:\riteatr;trsd?;;ngb?i;{is?;lgg tf) Iaitnesaeur:[irc]) n?hg:nrgﬁr:el t?rslzot?r?g
below the freezing point. y y 9 gly

3.2.11 undercool n—the temperature depression below they @, 1) R ML TS EEEERG O o et
freezing point of reference material in the supercooled state. ' ' P

may be readily sustained long enough to test several thermom-

Ah eters. The duration of the plateau may be lengthened by
preheating the test thermometers.

| 4.4 Measurements are made also during each freeze with a

H dedicated monitoring thermometer. These measurements, to-

- F i gether with other special test measurements, provide qualifi-
cation test data (see 6.4 and 7.5).

TEMPERATURE
o

5. Significance and Use

. s 5.1 A pure material has a well-defined freezing behavior,
oL L and its freezing point, a characteristic of the material, can serve
as a reproducible reference temperature for the calibration of
ELAPSED TME thermometers. The freezing points of some highly purified
metals have been designated as defining fixed points on
A = Stabilized temperature of cell before freezing, typically about 1 K above ITS-90. The freezmg pOiI’ltS of other materials have been
freezing point. determined carefully enough that they can serve as secondary
CB: : "i(re?ne;ggtﬂrc:n;foéeclle!hrroundings during freezing, typically about 1 K .referenc,e points (See Ta.'ble 1 and Tabl(.a 2)' This gmde pr.es?nts
below freezing point. information on the freezing process as it relates to establishing
D = Maximum undercool. a reference temperature.
£ Sr”eseezt”f; Lﬁ;fggicence' 5.2 Freezing-point cells provide users with a means of
G = Total freezing time. realizing freezing points. If the cells are appropriately designed
H = Freezing range. and constructed, if they contain material of adequate purity,
FIG. 1 Structure of a Typical Freezing Curve and if they are properly used, they can establish reference
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TABLE 1 Characteristics of Pure Freezing-Point Reference Materials
Material Freezing Point, ITS-90, °C Typical Pressure Coefficient at Freezing Point First CryoscoPIiC
' ’ Undercool, K mK/Pa mK/m (of liquid) Constant, K
Gallium*2 29.7646 76 -20 -1.2 0.0073
Indium”A 156.5985 0.1 +49 +3.3 0.0021
TinA 231.928 25 +33 +22 0.0033
Bismuth 271.403 0.19 -34 -34 o
Cadmium 321.069 0.05-0.5 +61 +4.8 0.0021
Lead 327.462 0.15 +79 +8.2 0.0016
Zinc® 419.527 0.05-0.1 +43 +27 0.0018
Antimony 630.630 20 +8 +0.5 0.0029
Aluminum? 660.323 0.4-15 +70 +1.6 0.0015
Silver? 961.78 1-3 +60 +5.4 0.00089
Gold? 1064.18 1-3 +61 +10.0 0.00083
Copper? 1084.62 1-2 +33 +2.6 0.00086
A Defining fixed point for ITS-90.
B Realized as melting point.
TABLE 2 Estimated Achievable UnCAertainties in Freezing-Point thermal equilibrium. In contrast, the phase transition of a real
Cells material from liquid to solid, as heat is released in semi-
Laboratory equilibrium freezing, exhibits a complex time-temperature
Materials Primary, mK Industrial, mK relation (freezing curve) as shown in Figs. 1 and 2.
Gallium® 0.1 1 6.1.2 The deposition of the solid phase from the liquid phase
'Tr!dium 1 18 requires the presence of liquid in the supercooled state,
in . . .
Cadmium 5 10 nucleation, and crystal growth. Nucleation may begin sponta-
Lead 2 10 neously in the meta-stable supercooled liquid, or it may be
i'”t,c 13 ég induced artificially. As crystals nucleate and grow, the liberated
ntimony g
Aluminum 5 >0 latent heat of fusion produces r_ecalescence. _
Silver 2 40 6.1.3 The undercool of materials may range from as little as
Gold e s 0.05 K, for some materials such as zinc, to more than 20 K for
Copper 10 50

PV T— — —— tin and other materials (see Table 1). The magnitude of the
alues Tor cells or goo esign, construction, ana material purity used wi P .
careful technique. Cells of lesser quality may not approach these values. undercool can depend on the |r)|t|al temperature' the COOImg
B Realized as melting point. rate, and the purity of the material.
6.1.4 Following recalescence, the temperature remains rela-

temperatures with uncertainties of a few millikelvins or less tively constant for a while during the freezing plateau. The
This guide describes some of the design and use consideemperature associated with the freezing plateau is the tem-
ations. perature to which a value is assigned as the freezing point of
5.3 Freezing-point cells can be constructed and operateliie material.
less stringently than required for millikelvin uncertainty, yet 6.1.5 As freezing progresses, some trace impurities in the
still provide reliable, durable, easy-to-use fixed points for affeezing material tend to be swept in front of the advancing
variety of industrial calibration and heat treatment purposediquid-solid interface and concentrated in the remaining liquid.
For example, any freezing-point cell can be operated, oftefince impurities usually depress the freezing point of the
advantageously, asraelting-point cell Such use may result in reference material, the temperature of the material decreases
reduced accuracy, but under special conditions, the accuragver more rapidly until all of the material is solid.
may be commensurate with that of freezing points (see 6.2.10). 6.1.6 The effect of small concentrations of impurities may
5.4 The test procedure described in this guide producebe estimated from an approximation rule: the temperature
qualification test data as an essential part of the procedurdifference between the start of freezing and midpoint of
These data furnish the basis for quality control of the freezingfreezing (when half the material is solid) equals the tempera-
point procedure; they provide for evaluation of results, theyture difference between the freezing point of the ideally pure
assure continuing reliability of the method, and they yieldmaterial and the freezing point (at the start of freezing) of the
insight into the cause of test result discrepancies. The teseal reference material (see 8.6.2). The product of this tem-
procedure is applicable to the most demanding uses dierature difference and tHist cryoscopic constargives an
freezing-point cells for precise thermometer calibration; it mayestimate of the mole fraction impurity concentration in the
not be appropriate or cost-effective for all applications. It isreference material. Conversely, if the impurity concentration is
expected that the user of this guide will adapt the procedure tknown, then the temperature difference can be estimated.

specific needs. 6.1.7 The change in temperature during the freezing plateau

o due to a change in pressure is generally less than 0.1 pK/Pa

6. Principles (Table 1). Thus, normal changes in atmospheric pressure have
6.1 Freezing Process little effect on the freezing point, but the effect of the pressure

6.1.1 Ideally pure material at a given pressure has a uniquef a headof dense liquid reference material may be significant.
temperature when its solid and liquid phases are in perfecthe freezing point is usually taken to be the temperature during
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the freezing plateau at a pressure of 101 325 Pa. FREETGPool ¢l

6.2 Freezing-Point Cells nSOROL SR OO a o

6.2.1 The usual freezing-point apparatus consists of a ** E I Lt h
freezing-point cell containing the reference material, a means s e L R
to melt the reference material and allow the material to freeze e + o+ b
slowly and uniformly, with provision for exposing one or more ™ *** qd+ " T
test thermometers to the freezing point. A typical cell and ™ res= Ay PR
auxiliary furnace are shown in Figs. 3 and 4. Control equip- e, gLt R
ment is not shown. oreee LT PR

6.2.2 The freezing-point apparatus must be able to maintain N PN
a freezing plateau of useful duration and must include enough q+ PR FLL T
reference material to establish an isothermal region and deptlemx swcx RS PR
of immersion suitable for the intended use. Typically, a mass of gr + + e+ o+
reference material of 1 to 1.5 kg (or a sufficient mass of e I e AN
material to supply 50 to 100 kJ of heat from the latent heat of  mem S R AR
fusion) is used. However, carefully designed systems USINGonou sexren T LW
half the above mass of some reference materials can produce . . cﬁ o LY, *b
freezing plateaus .Ionger. than 24 h (see 626 6.4.3, and 6.5). R N LT

6.2.3 The freezing point and its repeatability, as well as the wsiing: LT Lt
duration of the freezing plateau for a given rate of heat loss, |t 4 Iy
depend on the purity of the reference material (6.1.5); material /

purity must therefore be adequate for the intended purpose.
Typically, the freezing point of the reference material in a cell Note 1—This example shows an insulated furnace body and two
will be within 10 mK of the freezing point of pure material, if @alternative types of furnace cores. The core on the left is a three-zone
the impurity content of the reference material is of the order ofM€lded type. The core on the right employs a heat pipe to reduce
10 m (6.1.6) temperature gradients.

PP P . . FIG. 4 Example of Freezing-Point Furnace

6.2.4 The freezing-point cell must be fabricated to prevent
contamination of the reference material during construction
and during prolonged use of the cell. A container (crucible),contaminate it, holds the freezing point reference material. This
made of a material (such as high purity graphite) that iscontainer is usually placed inside another vessel, or cell, that

chemically compatible with the reference material and will notfurther protects the reference material from contamination and
the container from air. The container and cell must accommo-

date expansion and contraction of the reference material from
ambient to about 10 K above the freezing point.
GAS PORT OPEN GUIDE. TUBE 6.2.5 Cells often have provision for sealing and evacuation
in order to protect the reference materials from contaminants in
the gaseous or vapor phase. For example, oxygen can signifi-
cantly affect the freezing points of some materials by dissolv-
ing in them or by oxidizing them, or both. Some cells have a
close-fitting glass envelope completely surrounding the graph-
ite crucible and well that can be hermetically sealed after the
cell has been purged and filled with an inert gas (usually
argon). The value assigned to the cell freezing point must take
into account the gas pressure inside the cell during freezing.
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FIG. 3 Examples of Freezing-Point Cells

6.2.6 Under preferred freezing conditions, uniform heat loss
from the container of reference material produces an advancing
uniform shell of solid on the walls of the container. The
liquid-solid interface, thus formed, establishes an isothermal
shield around the reentrant well. The freezing-point cell must
be designed so that the isothermal region of the well is long
enough to accommodate the type of thermometer to be
calibrated (see 6.4.3 and 6.5).

6.2.7 For many materials, the duration and repeatability of
the freezing plateau can be enhancedrmucing freezing, a
procedure by which a portion of the liquid metal is rapidly
solidified by cooling.

6.2.7.1 Forreference materials that exhibit a relatively small
undercool (a few kelvins), freezing is induced, after recales-
cence is observed on a monitoring thermometer, by removing



NOTICE:-This-standard—has-either-been-superceded-and-replaced-by-a-new-version-or-discontinued.-
Contact-ASTM=-lInternational-(www.astm.org)-for-the-latest-information.-

v £ 1502

the thermometer and inserting a cool object into the well. Theé5.2.10.3. A detailed description of melting-point techniques is
object may be a rod or tube at room temperature, or even theeyond the scope of this guide. For more information, see
cooled monitoring thermometer itself. This procedure, someFootnote 5
times referred to asside nucleationresults in a thin mantle 6.2.10.1 Plateaus obtained during melting may have practi-
of solid frozen onto the well, forming a liquid-solid interface cal advantages. First, since heat is added to the system during
close to the measuring well. melting, the insertion of a cold test object into the cell tends to
6.2.7.2 For reference materials such as tin and antimonglow down the phase transition rather than to hasten it. Thus it
which exhibit a deep undercool of many kelvins, it is essentials easier to prolong the melting curve than a freezing curve
that freezing be induced to avoid the unwanted excessivepon multiple insertions. Second, for reference materials such
lowering of the cell heating device temperature. Autside- as tin that exhibit a large undercool, it is necessary to use
nucleatedireeze is conveniently induced by removing the cellspecial techniques in order to initiate freezing in a useful
briefly from the heating device and exposing it to roommanner, whereas melting initiation is usually simple.
temperature, or by cooling only the cell while it is in the 6.2.10.2 Impurity segregation upon freezing helps to pro-
heating device with a controlled flow of air or suitable gas.mote reproducibility of the plateau temperature from freeze to
Upon recalescence, observed by a monitoring thermometer iiieeze. The melting process does not have this advantage, and
the measuring well, the cell is placed in the heating device, oin fact, the melting curve shape and plateau temperature may
the gas flow is interrupted. depend upon impurity distribution in the solid. Nonetheless,
6.2.8 A value of temperature must be assigned to thénelting points may still be useful at reduced accuracy for less
freezing point of a cell; specifically, a value must be assignedlemanding applications.
to the reference temperature realized in the isothermal region 6.2.10.3 A freezing-point cell that contains very pure metal
of the well. This value may be assigned by one of two meansfimpurity concentration less than 1 part in"}@vill produce
6.2.8.1 If the purity of the original reference material Melting points that are as reproducible as freezing points and
warrants, if assembly of the cell has maintained the purity, andhat are indistinguishable from thehrSpecial techniques are
if subsequent qualification tests so verify, the cell may bed®duired to achieve this as described in Footnofe For
assigned the value of the freezing point of the pure material, a§€€Zing-point cells containing an impurity concentration of
promulgated by appropriate authority (for example, ITS-90). Inmore than 1 part in 10 the freezing-point method may give
this case, there is associated with the assigned value dROTe reproducible and accurate values than the melting-point
uncertainty that must be evaluated from knowledge of impurity"€thod, since the melting range is very dependent on the
content of the reference material, augmented by results dpethod of solidification of the metal prior to the melt.
qualification tests. See 6.1.6 and 6.4. 6.3 Auxiliary Apparatus
6.2.8.2 The value of the freezing point may be determined 6.3.1 Heating deV|c_es, suph as furnac_es (ovens) or b_aths, are
by measurement with several calibrated thermometers. All of S€ 0 heat the freezing-point cells. An important requirement

these thermometers must be capable of measurement wi far such devices is temperature uniformity in the region of the

smaller uncertainty than is required of the freezing-point cell incel.l’ so that the. rgference material W'." melt and freeze
niformly. To minimize temperature gradients, furnaces may

its intended application. In this case, the assigned value . . , .
temperature and its components of uncertainty are derive e equipped W'th. high-conductivity temperature moderator
locks or heat pipes, or they may employ multiple zone

from the measurements and from an analysis of errors in th eaters

complete measurement process. . . . .
6.2.9 Important considerations in the design of a freezing: 6.3.2 Another important requirement is the ability to control
oiﬁt 'ceII include: the heating device during melting and slow freezing. Control
P j may be achieved manually or with automatic controllers that

6.29.1 The use of a fEfeFe”CE mate_ri_al of _the high.esére suitable for the task. In either case, the heating device must
practicable purity is cost effective and justified. High material | ; pe operated in a manner that could obscure the normal

purity minimizes variability in the observed freezing point freezing plateau, for example, by establishing a period of

causgd by variations in Ope.fa“r!g conditions and procedureﬁonstam temperature near the freezing point that could be
?nd it reduces f”;]e unltl:e#]alntyuln thebvaéue'to a(ljsygn t0 the,istaken for the freezing plateau, or by inadvertent remelting
Leezmg p0|fntr$ t efce .Thece _mlust_ he e5|gn(?j to maintainy¢ar the initiation of freezing.
the purity of t g reference materlq with repeate us.e. _ 6.3.3 Auxiliary heating devices are useful for heating ther-
6.2.9.2 A major source of error in the use of freezing-pointmometers to a temperature near the freezing point before they
cells is the failure of an object under test to attain the referencgye inserted into the well (see 6.5.4).
temperature because of unwanted heat flow to or from the 3 4 A monitoring thermometer is recommended for each
object. The heat flow depends in part on the characteristics of
the object itself. This source of error is minimized by designin : N - i Pokhod
: : : : : Mangum, B. W., Bloembergen, P., Chattle, M. V., Marcarino, P., and Pokhodun,
the ceII_to (I') prowde adequate |mmer3|0n for the test ObjeCt Ir1A 1., Comité Consultatif de Thermométrie, 19th Session, 1996, Document CCT/
the reQK_)n of the refere_nce ma_te”al (See 6-4-3_ and 6-5-2)1_3%—8, entitled “Recommended Techniques for Improved Realization and Intercom-
(2) provide adequate immersion of the cell in the heatingparisons of Defining Fixed Points: Report to the CCT by Working Group 1.”
device. 8 Working Group 1 of the Comité Consultatif de Thermométrie (Mangum, B. W.,
. . . . . Bloembergen, P., Chattle, M. V., Fellmuth, B., Marcarino, P., and Pokhodun, A. 1.),
6.2.10 USQI’S of fregzmg-p_omt cells mtereSte.d in using theon the International Temperature Scale of 1990 (ITS-90) Part I: Some Definitions,”
cells to realize melting points should consider 6.2.10.1-Metrologia Vol 34, 1997, pp. 427-429.
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freezing point. The thermometer is used for monitoring andhe dedicated monitoring thermometer to determine the uni-
qualification testing at the specific freezing point, and for noform temperature region in the freezing-point cell. The test is
other purpose. The thermometer must be of a quality suitablsmade when a system is first put into service, and, thereafter,
for the purpose (see 6.4.4); in general, the monitoring therwhen substantial changes are made in the cell heating device
mometer should be more sensitive and stable than the theand control system.
mometers to be calibrated in the freezing-point cell. Cells of 6.4.3.2 A freezing plateau is established in the freezing-
the highest quality should be monitored and qualified withpoint cell, and the temperature profile of the portion of the well
calibrated standard platinum resistance thermometers. surrounded by the reference material is determined with the
6.3.5 A reference temperature such as the ice point or themonitoring thermometer while the plateau is maintained. The
triple point of water may be required for some monitoring uniform temperature region is that region where temperature
thermometers. If the monitoring thermometer is a standardifferences are not significant for the intended application.
platinum resistance thermometer, the reference temperature6.4.3.3 The freezing-point cell is qualified for the calibra-

should be the triple point of water. tion of thermometers that can be accommodated within the
6.4 Qualification Testing uniform temperature region (see 6.5).
6.4.1 Complete Qualification Test 6.4.4 Dedicated Monitoring Thermometers

6.4.1.1 A complete qualification test should be performed 6.4.4.1 A monitoring thermometer suitable for evaluating
each time the equipment is set up, or if the equipment, operatofeatures of the freezing curve (for example, the undercool, the
or procedure is changed in a significant way, or at any timeshape and duration of the freezing plateau, freezing range of a
when an anomalous result is observed during use of the celfingle freeze) must be sensitive enough to show the features
The purpose of this test is to observe whether or not anylistinctly, and it must be stable enough to avoid degrading the
changes have occurred in the characteristic features of thgbservations with thermometer drift. Past performance history
freezing curve that imply a change in the freezing point of theof the thermometer can aid in assessing its suitability.
reference material in the cell. 6.4.4.2 Repeatability of the freezing point from one freeze
6.4.1.2 In a complete qualification test, the entire freezingo the next can be determined with a monitoring thermometer
curve is observed using the monitoring thermometer. Observanly if it is known that the thermometer does not change
tions are started while the reference material is completelgignificantly with use. If the monitoring thermometer is a
liquid and continued until all of the material is frozen. precision platinum resistance thermometer, measurements
Observations are made of the magnitude of the undercool, th@ade at a reference temperature (for example, the triple point
shape and flatness of the freezing plateau, the freezing poiréf water or the ice point) before and after the freezing-point
and the range of temperature over which the material freezemeasurements are useful in assessing thermometer stability. If
6.4.1.3 If no significant change from the freezing curve ofthe monitoring thermometer is a standard platinum resistance
the previous qualification test is observed, the freezing-pointhermometer, the assessment should be based on the ratio of the
cell is qualified for use, and the entire system is undethermometer resistance at the freezing point to the resistance at
statistical control. the triple point of water.
6.4.2 Incidental Qualification Test 6.4.4.3 The thermometer used for determining the tempera-
6.4.2.1 An incidental qualification test is conducted with theture profile in a freezing-point cell must be sensitive enough for
dedicated monitoring thermometer each time the freezing-poirthe task, and it must not permit a significant transfer of heat
cell is used for thermometer calibration. The purpose of the testlong the length of the well axis. In determining the uniform
is to ensure that the reference material starts in the liquid statéegmperature region of the measuring well, the length of the
that all calibration measurements are at the freezing point, an@mperature sensitive region of the thermometer must be
that the freezing point has not changed significantly since thaccounted for.
previous freeze. 6.4.5 Interpretation of Qualification Test Observations
6.4.2.2 Observations with the monitoring thermometer are 6.4.5.1 A distinct decrease from previous observations in
started while the reference material is liquid and are continuethe magnitude of the maximum undercool may indicate con-
through the undercool to the first part of the freezing plateautamination of the reference material. However, recent past
The monitoring thermometer is then removed from the celltlemperature history of the cell can also influence the maxi-
well, and it is replaced after the last test thermometer has beanum. An unusually shallow undercool, or the complete ab-
calibrated. sence of an undercool, indicates that the reference material was
6.4.2.3 If the monitoring thermometer indicates that theprobably not completely molten before the freezing cycle was
reference material was initially in the liquid state, that thestarted.
undercool was not significantly different from previous under- 6.4.5.2 A distinct increase in the range of temperature over
cools, that the first part of the freezing plateau was noiwhich the entire quantity of reference material freezes probably
significantly different from previous freezing points, and thatindicates that contamination of the material has occurred. It is
the final observation on the freezing plateau was not signifiuseful to verify an increase in freezing range by observing a
cantly different from the initial observation on the plateau, thencorresponding increase in melting range. The amount of
the calibration run is qualified as being valid. contamination, and the resulting depression of the freezing
6.4.3 Immersion Qualification Test point, may be estimated roughly using the method in 6.1.6.
6.4.3.1 The immersion qualification test is performed with 6.4.5.3 A decrease in the duration of the freezing plateau,
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without a corresponding decrease in the total freezing time, 6.5.3 Heat is transferred between the cell and a thermometer
also indicates that possible contamination has occurred. & the measuring well mainly by radiation and by conduction
decrease in both plateau duration and total freezing time mathrough the gas-filled annulus between the well and the
indicate that the reference material is losing heat more rapidlyhermometer. Conduction can be enhanced by use of a close-
because of a change in the heating device or its control.  fitting metal or graphite bushing in the annulus, but then
6.4.5.4 For the incidental qualification test, two measure©0xygen must be eliminated from the annulus in order to prevent
ments on the freezing plateau are made with the monitoringglse readings due to oxidation.
thermometer, one before test thermometer calibration and one 6.5.4 It is usually advantageous to heat thermometers to
after. If the second measurement is significantly lower than th@ear the freezing point before they are inserted into the
first, this indicates that the plateau duration is not long enougfreezing-point cell. This reduces the heat load on the cell; it
for the calibration load. If the second measurement is signifihelps to prolong the freezing plateau, and it reduces demand on
cantly higher than the first, this indicates that some of théemperature control systems. A thermometer is conveniently
reference material may be remelting, instead of freezing.  heated in an auxiliary device held at a temperature above the
6.4.5.5 Failure to observe a uniform temperature region irif€€zing point. With a little practice, the thermometer can be
the immersion qualification test indicates that the freezingiransferred to the cell without excessive cooling.
point cell does not provide adequate immersion into the 6.5.5 The thermometer temperature must become steady at
freezing reference material for the monitoring thermometer, othe freezing point before the thermometer is calibrated. The
that the heating device is not establishing an adequatef{gmperature is steady when the thermometer indication no
uniform freezing environment for the cell. onger changes significantly with time.

6.4.5.6 If measurements at the freezing point with a stabl
monitoring thermometer (see 6.4.4.2) indicate a significan
decrease in the freezing point from one freeze to the next, /-1 Prepare the test equipment.
contamination of the reference material is the probable cause. 7-1.1 Check and adjust all measuring, recording, and con-
When a freezing-point cell is used at the highest level ofirolling equipment for correct operation.
accuracy, small changes (1 or 2 mK) may be significant, and it 7-1.2 Prepare the monitoring thermometer and make
becomes a difficult matter to determine whether an observetgference-temperature measurements. If the monitoring ther-
change should be attributed to the thermometer or the cell, ghometer is a standard platinum resistance thermometer, deter-
both. The recorded trend of complete qualification tests help8line its resistance at the triple point of water (see 6.4.4.2).
to reveal any significant changes in the cell. 7.1.3 With the freezing-point cell installed, supply power to
6.4.5.7 If repeated measurements at the freezing point witkhe heating dewg:e and_ stablllge t_he temperature several kelvins
the monitoring thermometer indicate no significant changd€low the freezing point, as indicated by the control system.
from one freeze to the next, then the measurements may (&ecord control parameters. - _
used to derive a value for the precision component of uncer- /-1-4 Establish the temperature of the auxiliary heating

tainty of the combined thermometer-cell system. The resulting/€Vice about 20 K above the freezing point (see 6.5.4). Record

value can be considered an upper bound to the precisigfPntrol parameters. _
component of the freezing point itself. 7.1.5 Time each significant event and datum in each proce-

6.4.5.8 If, upon evaluation of all qualification tests, it is 9Ure- Record times as real time, or as elapsed time from the

concluded that a significant change has occurred in thgn;ezol\’ﬁ ref::}:enc? event. terial t it
freezing-point cell, then the value of temperature assigned to .- ow the reference material to meit.

the cell or the uncertainty associated with the value, or both, ;g; Z]jlerttttr;]e montltolr |ntg thte[)rlr;'omttagerr:nt?[.the dcel_l Wel{'
must be redetermined. 2. just the controls to stabilize the heating device at a

6.5 Thermometer Calibratian temperature approximatel5 K above the freezing point.

: . , Record control parameters.
6.5.1 The freezing-point cell can be used to realize a

prolonged and repeatable fixed temperature environment for Nore 1—Caution: Overheating may damage the cell.

the calibration of a variety of immersion-type thermometers 7.2.3 Note the indications of the monitoring thermometer at

such as resistance thermometers (see Test Methods E 64#e onset, during, and at completion of melting.

thermocouples, and others. 7.2.4 Continue to observe the indication of the monitoring
6.5.2 Thermometers suitable for calibration in a freezingthermometer until all the reference material is molten and the

point cell are characterized in 1.5. Athermometer must be longell is at the steady temperature of the heating device. Evaluate

enough to extend fully into the well, and all of the temperaturethe setting of the heating device control, based on the indica-

sensing portion of the thermometer must be contained in théon of the monitoring thermometer, and note any adjustments

isothermal region of the well, as determined in 6.4.3. Therdo the control parameters implied by the evaluation.

should be no difference in the indication of a thermometer 7.3 Establish the freezing point.

under test, attributable to unwanted heat transfer by the 7.3.1 Adjust the controls to stabilize the temperature of the

thermometer, when its temperature sensing portion is moveldeating device approximatell K below the freezing point of

between extremes in the uniform temperature region of théhe reference material. Record the control parameters.

well, that is significant in the intended application or use of the 7.3.2 Observe the indications of the thermometer in the well

thermometer. as the temperature decreases into the undercool. If the freeze is

. Test Procedure
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for a complete qualification test (see 6.4.1), record the indicathermometer, replace the monitoring thermometer in the cell

tions continuously or at frequent intervals to establish the shapeell and proceed as in 7.4 or 7.5.

of the freezing curve. 7.7 Remove the monitoring thermometer from the cell and
7.3.3 If freezing is to be induced by inside nucleation (segmake any appropriate low-temperature reference measure-

6.2.7.1), continue to observe or record thermometer indicationgents (see 6.4.4.2).

until recalescence is detected. Note and record the maximu

undercool. Remove the thermometer from the well and insert

room-temperature rod or tube (ceramic or silica glass for 8.1 Purpose and Scope _ .

temperatures greater than 420 °C) for at least 60 s, then replace8-1.1 Thorough documentation provides a permanent, com-

the rod or tube with the monitoring thermometer. prehensive historical record of the freezing-point cell and its
7.3.4 If freezing is to be induced by outside nucleation (se@UXiliary apparatus sufficient to support an estimate of the

6.2.7.2), remove the freezing-point cell from the heating devic&u@lity of the cell, and an evaluation of the procedure for using
when the thermometer in the well indicates that the tempera€ cell. The documentation system should be designed to meet

ture is below the freezing point. Keep the thermometer in thdN€S€ purposes. , _ _ _
well and continue recording or observing its indications as the 8-1-2 The documentation should include experimental data;
cell is held at room temperature. As soon as the thermometdliStories of the cell, monitoring thermometer, and auxiliary
indicates recalescence, replace the cell in its heating devic€UiPment; and calculations required for evaluating results.

Note and record the maximum undercool. 8.2 Experimental Data _ S
7.4 Observe the indication of the monitoring thermometer. 8.2.1 Configuration data should include identification of the
: t{éeezing—point cell and all other apparatus by unique serial

temperature is steady (see 6.5.5), record the thermometEPmber’ instrument and control settings, relevant ambient

indication, and then proceed to 7.5, 7.6, or 7.7, as appropriat&.onditions’ narrative description of setup (or departure from
T . B ' normal setup), date, and name of operator.
7.5 Qualification Testing

751 For th | lificati 6.4.1 8.2.2 Measurement data should be recorded in the natural
5.1 For the complete qualification test (see o ), recordnirs (for example, volts, ohms) of the thermometric property
the |nd|cat|qn of the monitoring thermome.ter contmuously Ofwhenever possible. The time of each determination should be
at frequent intervals to establish the freezing curve. ContinU€acorded. Corrections to the data (for example, measuring
recording until all of the reference material is frozen and th&gyr;ment calibration corrections) should be shown explicitly.
temperature in the cell approaches the temperature of the g ; 3 procedural and incidental data should be recorded as

heating device. Evaluate the setting of the heating devicg ., hriate. These should include the time of all procedural

cogtrol, based %r) the |nd|cat|o?] of the mlomtormg thermoTeéegactions, and the time and a brief description of any observed
and note any adjustments to the control parameters implie Wxperimental anomalies.
the evaluation.

. ) o 8.3 Freezing-Point Cell Records
7.5.2 For the immersion qualification test (see 6.4.3), pro- g 31 |npitial Description and Characteristics

ceed as in 7.5.1 until the monitoring thermometer indicates that g 3 1 1 source of the cell,

the freezing plateau has been reached. Raise and hold theg 3 1 2 Date acquired and placed into service,

monitoring thermometer so that its temperature sensing portion g 3 1 3 Mass and chemical composition of reference mate-
is near the top of the reentrant well. When the thermometeﬁaL

indication becomes steady, record the indication. Lower the g 31 4 Critical dimensions, including depth of immersion,
monitoring thermometer a predetermined distance, wait for g

steady indication, and record the indication as before. Repeatg 3 1 5 Assigned value of freezing point and associated
this process at five to ten uniformly spaced stations in thgyncertainty.

reentrant well until the monitoring thermometer is again fully g3 History of Cell Use

immersed. Then continue recording as in 7.5.1. 8.3.2.1 The cumulative time above room temperature,
7.6 Thermometer Calibratian 8.3.2.2 The cumulative time at or near the freezing point,
7.6.1 Remove the monitoring thermometer from the celland 8.3.2.3 A description of accidents, abuse, and unusual use,
insert a heated test thermometer. When the test thermometgnd
indicates a steady temperature, record its indication. If it has 8.3.2.4 A complete description of any cell modification and
been determined previously that the test thermometer meets tite purpose.
requirements of 6.5.2, then remove it from the cell. Otherwise, 8.3.3 History of Cell Performance
raise and hold the test thermometer so that its temperature-8.3.3.1 The maximum undercool,
sensing region is near the top of, but inside, the uniform 8.3.3.2 The indication of the dedicated monitoring ther-
temperature region determined in 7.5.2 (see also 6.4.3). Whanometer at the freezing point,
the indication of the test thermometer becomes steady, record 8.3.3.3 For a calibration test, the difference between the first
the indication. If the temperature equivalent of the differenceand final indications of the monitoring thermometer, and
between the two indications is not significant, the test ther- 8.3.3.4 For a complete qualification test, the duration of the
mometer meets the requirements of 6.5.2. freezing plateau, the time required for complete freezing, and
7.6.2 Repeat the procedure for the next test thermometer, ihe freezing range.
any. See 6.5 for details. After calibration of the last test 8.4 Dedicated Monitoring Thermometer Recards

g. Documentation
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8.4.1 The thermometer records should include initial de-cryoscopic constant of the reference material (see Table 1).
scription, characteristics, and history of use comparable to 8.6.2.2 If the freezing point depressioAT, caused by

those for the freezing-point cell in 8.3.1 and 8.3.2. impurities is small, it may be estimated from measurements on
8.4.2 The records should include the results of all calibrathe freezing curve using the approximation in Eq 2:

tions of the thermometer and all available information dealing X, — X,

with thermometer contributions to uncertainty. AT = gt 4

8.4.3 In addition to the data in 8.3.3.2 and 8.3.3.3, thermom-
eter performance records should include the results of any,
measurements at low-temperature reference points. If the

monitoring thermometer is a platinum resistance thermometeEooling rate, it may be assumed that half the material is frozen

performance records should be tabulated in terms of resistan% half the total f ing ti h | Fig. 1
ratios, for exampleR(T)/R(0)or R(T)/R(TP) whereR(T)is the Segﬁlariai"ﬁy? reezing time has elapsed (see Fig. 1)

resistance of the thermometer at temperaflirdR(0) is the

whereX, is the indication of the monitoring thermometer at
e beginning of the freezing plateau, axlis the indication
hen half the reference material is frozen. For a constant

. 0°C TPyis th ) he triol . 8.6.3.1 If a set of observations, covering many qualification
re;sstance at , arR(TP)is the resistance at the triple point tests, shows no significant change or drift in the indications of
of water. the dedicated monitoring thermometer at the freezing point,

8.5 Other Auxiliary Equipment _ o _ then the variability of the combined thermometer-freezing
8.5.1 The equipment records should include initial descrlp—poim system may be expressed by:

tion, characteristics, and history of use comparable to those for

the freezing-point cell in 8.3.1 and 8.3.2. g [ S(X=X)? 5)
8.5.2 The records should include the results of all calibra- (n — 1)(dX/dT)?

tions of measuring instruments, tabulations of current and past yhereX is the mean of the set of indications, is thei-th

with measuring instrument contributions to uncertainty. set, andS is the estimate of the standard deviation of one
8.5.3 The records should include tabulations of current an@etermination in terms of temperature.

past control settings. 8.6.3.2 If a set of indications, covering many qualification
8.5.4 The records should include a schedule for periodigests, of the dedicated monitoring thermometer at the freezing

maintenance and calibration of equipment. point displays a uniform drift with time that the thermometer is
8.6 Calculations at elevated temperature, then a linear regression analysis can
8.6.1 Temperature and Temperature Difference yield both a drift rate and standard deviation of the combined

8.6.1.1 Thermometer indications in terms of the thermometthermometer-freezing point system.
ric property,X, are converted to values of temperatureon a
particular temperature scale, through the relationship betweeh Precision and Bias
X andT determined when the thermometer is calibrated. The 9.1 A freezing-point cell contributes to the uncertainty of a
relationship may be expressed by a formula or by a calibratiothermometer calibration because of variability in the cell and
table, or the conversion may be made automatically byts use, and because of uncertainty in the value assigned to the
recording instrumentation. Note that in the case of a platinunfreezing point of the cell.
resistance thermometer serving as a monitoring thermometer, 9.2 The precision component due to cell variability and use
resistance ratio (see 8.4.3) is the usual quantity related tust be evaluated from an analysis of measurement variability
temperature. of the combined system, consisting of the monitoring ther-
8.6.1.2 Small temperature differences or incremeA, mometer and the freezing-point cell. Separating thermometer
may be estimated from small differences or incrementX,in variability from cell variability is usually not possible. If the

AX, by the approximation system is very stable, the evaluation of 8.6.3.1 yields an upper
AX bound on the standard deviation of the freezing point of the
AT = g7t @ cell. The best of such systems have standard deviations of less
than 1 mK.

where the quantitydX/dT is the first derivative ofX as a
function of T, evaluated at the midpoint of the temperature
increment. The value oflX/dT may be obtained from the
thermometer calibration or from reference tables.

8.6.2 Freezing Point Depression

8.6.2.1 If the concentration of impurities in the reference

9.3 The uncertainty in the value assigned to the cell freezing
point contributes a component to thermometer calibration
uncertainty. If the value assigned is that attributed to the
freezing point of pure material, then the contribution to
uncertainty caused by impurities in the cell reference material
may be estimated by the methods of 8.6.2. If a freezing-point
Galue is determined by measurement, then the uncertainty in
the value must come from analysis of the measurement process
%pon which the determined value is based. See 6.2.8.

freezing point, the depression of the freezing pokif, from
that of the ideally pure material may be estimated by th
approximation

C 10. Keywords

AT =+ ?3) ] . . ) .
10.1 calibration; cryoscopic constant; fixed point; freeze;
whereC is the mole fraction of impurities, an@l is the first  freezing curve; freezing plateau; freezing point; freezing-point
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