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Abstract

Since 1994, the National Scientific Centre “Institute of Metrology” has maintained and used the state primary mea-
surement standard of the unit of temperature by radiation (DETU 06-03-96), which is the upper link of the traceability
chain for non-contact temperature measuring instruments in the range from 1357.7 to 2800 K. One of the components of
the standard is the copper fixed point, which is a cylindrical graphite crucible with a fixed point of metal — pure copper.

The condition of the metal fixed point and graphite elements was naturally affected over the period of operation of
the standard, which necessitated their improvement. In addition, other components of the state were improved or com-
pletely upgraded — the irradiator (the furnace for the fixed point), argon protection and temperature control systems, and
the standard pyrometer.

The purpose of this study is to confirm the metrological characteristics of the state measurement standard in terms
of the realization of the copper fixed point temperature following the modernization of the standard. An overview of the
experimental equipment, measurement procedures, obtained results, and the corresponding uncertainty budget are provided.
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1. Introduction

In the range above 1234.93 K, the reproducibili-
ty of the International Temperature Scale, ITS-90, is
based on the realization of the freezing temperatures
of pure metals — the fixed points of silver, gold, and
copper [1].

A fixed point is a graphite crucible, usually of
cylindrical shape, filled with a pure metal, which, by
its design, has a blackbody cavity.

The graphite crucible is placed in the wor-
king space of a furnace, whose heating and cooling
temperature regimes allow for the realization of the
freezing phase transitions of a pure metal, which are
identified by optical, i.e., non-contact, methods, and
which serve as the basis for further extrapolation of the
temperature scale according to Planck’s Law.

In Ukraine, the ITS-90 is realised by non-contact
methods in the range from 1357.7 to 2800 K using the
state primary measurement standard of the unit of tem-
perature by radiation (DETU 06-03-96, hereinafter —
the state standard), which is maintained and used at
the National Scientific Centre “Institute of Metrology”
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[2, 3]. The state standard was developed based on the
copper fixed point and put into operation in 1994. This
experimental study was carried out at the National Sci-
entific Centre “Institute of Metrology” with the aim of
confirming the characteristics of the standard in terms
of the realization of the copper fixed point temperature
following the modernization of the standard.

2. Experimental equipment and measurement procedures
2.1. Description of the fixed point
2.1.1. Metal purity

In the ideal approximation, the temperature of the
freezing fixed point shall characterize the phase transi-
tion of a pure single-component substance. However,
real materials are not absolutely pure. Table 1 shows
the composition and concentrations of impurities in
the copper that has been used in the state standard
since 1994.

Summing up the concentrations of the impurities
results in a total value not exceeding 4.1X10-3%, and
the metal purity was 99.996%. The estimate of the un-
certainty associated with metal impurities was 30 mK
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based on the results of international comparisons [4].
Reducing impurity concentrations affects the properties
of the metal fixed point and, consequently, the value
of the reproduced temperature and corresponding un-
certainty [5]. One of the tasks of modernizing the state
standard was to equip it with a copper fixed point with
a purity of not less than 99.9999%. Table 2 shows the
data from the certificate of analysis of impurities in
the metal of the improved fixed point. The analysis
was carried out using the glow discharge mass spec-
trometry method.

Table 1
Composition and concentration of impurities in
the copper fixed point used since 1994

Impurities Concentration, not more than, %
1 |Sb (Antimony) 6x10+
2 | Pb (Lead) 2x10+
3 |Sn (Tin) 2x10+
4 | As (Arsenic) 4x 104
5 | Bi (Bismuth) 3x10+
6 |Zn (Zinc) 4x 104
7 | Mn (Manganese) 3x10+*
8 | Mg (Magnesium) 3x10*
9 |Si (Silicon) 3x104
10 | Ni (Nickel) 6x10+*
11 | Fe (Iron) 5x10+

Table 2
Composition and concentration of impurities in the
metal of the improved fixed point

Impurities Concentration, not more than, %
1 | Al (Aluminum) 0.012x10*
2 | C (Carbon) 0.14x10*
3 | Cl (Chlorine) 0.003x10*
4 | Fe (Iron) 0.02x10*
5 |1 (Iodine) 0.009x10#
6 | K (Potassium) 0.005x10*
7 | Li (Lithium) 0.001x10*
8 | Mn (Manganese) 0.005%10+
9 |Na (Sodium) 0.001x10*
10 |S (Sulfur) 0.015x10*
11 | Ti (Titanium) 0.006x10*

The total impurity concentration does not exceed
0.217x10* %, and the copper purity is 99.9999 %.
2.1.2. Crucible

As part of the standard modernization, a new
design of the graphite crucible for the copper fixed
point was manufactured. The crucible is made of a
carbon-carbon composite — fine-grained graphite with
a pyrocarbon binder. The purity of the composite cor-
responds to class OSCh-7-3. To protect against oxi-
dation, the crucible is placed in a graphite protective
shell, unlike the previous version of the fixed point,
where the protective shell was made of stainless steel.
Table 3 shows the main characteristics of the crucible
and the protective shell.

Table 3
Characteristics of the graphite crucible and the pro-
tective shell

Design Cylindrical shape
Crucible
Length x outer diameter, mm 158x41
Cavity length x inner diameter, mm 108x12
Cavity opening diameter, mm 3.0
Opening area, mm? 7.1
Cavity wall thickness, mm 3.0
Metal volume, cm? 50.9
Metal weight, g 456
Protective Shell
Length x outer diameter, mm 200x58
Inner diameter, mm 42

Fig. 1 shows a sketch of the crucible with the
protective shell. The blackbody cavity has a cylindrical
shape with a conical bottom with an internal angle
of 120°.
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Fig. 1. Sketch of the crucible with a protective graphite shell:
1 — graphite plug; 2 — walls of the graphite crucible; 3 — copper;
4 — exit aperture of the blackbody cavity; 5 — graphite elements
of the protective shell

Fig. 2 shows the external appearance of the cruci-
ble with a protective shell. The body of the protective
shell has grooves for placing cable-type thermoelectric
converters and a tube for supplying argon.

Fig. 2. The crucible with a protective shell: 1 — graphite
crucible with copper; 2 — protective graphite shell; 3 — exit
aperture of the blackbody cavity; 4 — graphite shell assembly;
5 — grooves for thermoelectric converters

During previous studies, a so-called “crucible simu-
lator” was used to determine the heating parameters of
the fixed point. It is a graphite shell with a graphite in-
sert, the external appearance of which is shown in Fig. 3.
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Fig. 3. The crucible simulator: 1 — graphite shell;
2 — graphite insert

2.1.3. Furnace (Irradiator)

The protective shell with the graphite crucible is
placed in the ceramic tube of the “Promin-V/1350”
irradiator, which is part of the state measurement stan-
dard DETU 06-03-96. The ceramic tube has three
heating windings made of “Kanthal Al1” nichrome
wire, to which electrical power is supplied via cor-
responding independent regulation channels. Fig. 4
shows a diagram of the irradiator in its assembled form.
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Fig. 4. Elements of the “Promin-V/1350” irradiator: 1 — ceramic
tube; 2 — stationary thermal plug; 3 — thermal screen;

4 — heating windings; 5 — one of the three thermoelectric
converters; 6 — exit aperture at the end face of the irradiator with
a removable heat radiation plug; 7 — protective graphite shell
containing the graphite crucible; 8 — tube for supplying argon

To equalize the temperature profile, a thermal
screen made of fireclay brick was installed behind
the protective shell with the crucible. To prevent
heat loss through the front flange of the irradiator,
it was thermally insulated with elements made of cal-
cium-silicate board with a thickness of 30 mm. The
operating junctions of each of the three regulating
thermoelectric converters are located in the work-
ing space of the irradiator under the corresponding
heating windings.

2.1.4. Argon protection system

To prevent oxidation of the graphite elements and
their subsequent deformation, high-purity gaseous ar-
gon in 40 1 cylinders was used, with an argon volume

fraction of not less than 99.998%. Argon was supplied
to the working space of the furnace through a tube
made from stainless steel with an inner diameter of
3 mm. The tube was located in special grooves ma-
chined in the thermal screen and the protective gra-
phite shell. The gas flow rate was regulated using a
brass argon flow regulator AR-40-2DM in concert with
an RM-A-0.063 GUZ rotameter with a built-in regu-
lating valve. The distance between the argon exit hole
into the working space of the radiator and the end face
of the graphite protective shell is 15 mm. During the
study, argon was supplied at temperatures above 450 °C.
2.1.5. Temperature control system

The temperature control system includes OWEN
TRM-101 temperature controllers (measuring-regu-
lating devices) together with three cable-type Chro-
mel-Alumel (Type K) thermoelectric converters (here-
inafter — TCs). Using response across the three heating
zones (regulation channels “2”, “3”, and “4”), electri-
cal power is supplied to the three heating windings of
the radiator. Through channel “1”, power is supplied
to the thermostat of the free ends of the TCs, where
a platinum sensing element with the nominal static
conversion characteristic NSC Pt100 according to [5]
is used as the temperature sensor.

To optimize the settings of the temperature con-
trollers, including the values of temperature setpoints
depending on time intervals, preliminary studies were
carried out using a crucible simulator, which was hea-
ted to a temperature of 1090 °C. The irradiator reached
a temperature of 1090 °C across all regulation channels
in 250 minutes. Table 4 shows the values of tempera-
ture setpoints depending on time intervals.

Table 4
Temperature setpoint values during preliminary
studies

Time interval

Temperature setpoint .
P P required to reach

value, ¢_,°C
set

Heating rate,
°C per minute

t., minutes
1000 180 5.4
1080 25 3.2
1090 45 0.2

2.1.6. Standard pyrometer

During the study, a precision LP4 linear pyro-
meter in concert with a personal computer was used.
Communication with the personal computer was car-
ried out via the RS232 serial interface. The pyrome-
ter software (LP4DE) allows monitoring the pyrometer
operation, recording the values of the pyrometer out-
put signals, and the corresponding temperature curves.
Measurements were performed at intervals of 10 s. The
temperature of the pyrometer measuring head, with
a silicon radiation receiver and interference filters, is
stabilized at a certain value (not less than 29.0 °C)
to ensure the stability of the detector output signal.
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The pyrometer is equipped with three interchangeable
interference filters (Table 5). In this experiment, the
filter with A = 650 nm was used.

Table 6
Temperature setpoint values during heating of
the copper fixed point

. Time interval Heating
Temperature setpoint . .
Table 5 value. 1 °C required to reach | rate, °C per
> Tset? 1 1
Characteristics of the LP4 pyrometer [p_MINULES minute
interference filter 950 147 6.3
Characteristic Filters, »/A%, nm/nm 1080 70 1.9
650/10 800/15 895/20 1094 45 0.3
Maximum, nm 650 800 895
Half-width, nm 10 15 20 The freezing plateau was initiated by temperature
Transmittance value, % 72 69 70 setpoints for all heating zones, the value of which was
Average effective 6502 300 1 895.1 8 °C below the phase transition temperature.
wavelength, nm

The pyrometer was adjusted along the optical axis
of the graphite crucible cavity using a fiber-optic illu-
minator. The focal length was 830 mm, which corre-
sponds to a target diameter of 0.9 mm. The pyrometer
position was controlled through the eyepiece, observing
the pyrometer field-of-view diaphragm (Fig. 5), which
shall be centred in the exit aperture of the cavity.

Fig. 5. Adjustment of the LP4 pyrometer: 1 — exit aperture of
the cavity; 2 — field-of-view diaphragm of the LP4 pyrometer

2.2. Measurement procedure

Before the study, the value of dark current U, of
a standard pyrometer was verified. In the measuring
range “R1” (from 1 pA to 7.95 nA), it shall be within
+ 0.5 pA. During the study, the internal temperature
t. . of the pyrometer measuring head was also verified.
It shall not be less than 29.0 °C.

During the study, the temperature in the thermo-
stat of the free ends was recorded. It reaches the set
regime of 36.0 °C in 2 to 2.5 hours.

Table 6 shows the values of temperature setpoints
and the approximate heating rate of the fixed point to
reach 1094 °C according to the three heating zones
(Fig. 6). During heating, the melting plateau of copper
was also recorded. At a temperature of 1094 °C, the
process was stabilized for 30 minutes.

Fig. 6. Process of the “Promin-V/1350” radiator temperature
reaching the 1094 °C regime

3. Results

Table 7 shows the measurement results for the
temperature in the thermostat of the free ends of the
TCs, the internal temperature of the standard pyro-
meter measuring head, and the value of the dark cur-
rent (zero output signal) of the standard pyrometer.
These measurements were performed before the start
of copper melting. As it can be seen, the thermostat
reached the set regime, and the parameters of the stan-
dard pyrometer are within the required limits. When
processing the data for the copper freezing plateau, the
value of the pyrometer dark current, obtained as the
arithmetic mean of 50 observations, was accounted for.

Table 7
The thermostat and standard pyrometer
parameters

Temperature setpoint LP-4 (650 nm filter)
Time, | for the thermostat of U. pA
h:min | the free ends of the | ¢, °C (rangoé: “R,l ”)

TCs, °C
10:20 36.0 25.85 0.302
Thermoregulator
readings, °C

10:35 37.5 26.09 0.220
11:04 35.2 27.20 0.211
11:28 36.2 27.99 0.204
12:19 36.0 28.98 0.210
13:29 36.1 29.42 0.208

Fig. 7 shows an example of the melting and free-
zing phase transitions of the copper fixed point in one
realization, and Fig. 8 shows the freezing temperature
curve on an enlarged scale. The magnitude of super-
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cooling during the freezing is at the level of 1.2 °C
to 1.9 °C.

The duration of the plateau for the realized tran-
sitions ranged from 11 to 30 minutes. The number of
observations during the processing of experimental data
ranged from 65 to 180, respectively.

0,155 \
0,150

the reproducible value of the fixed point temperature
is considered to be the temperature corresponding to
a certain fraction of the melt. In the second method,
50%, i.e., the first half of the plateau, was taken for
the processing. Table 9 shows an example of processing
one of the freezing plateaus by the two methods. As it
can be seen, the convergence between the two methods
is 0.5 mK. The magnitude of the plateau slope indi-
cates the effects from impurities in the metal on the
fixed point temperature to some extent. The negative
sign of the plateau slope in the second method suggests
the incorrectness of using only 50% of the plateau for

<
[
5
5 ous
[ calculating this parameter.
i) u \
£ 0140 Table 8
g \ Determination of the increment of the standard
°© 0,135 pyrometer calibration characteristic around the
AR aLhnShMORSRTI8S2ISSRAERS temperature of the copper fixed point
SooRdmaaIFNAISIaIaNaTEn
Time, h:min:s o dl/dT, nA/°C (range
AL nA AT, °C from 1 pA to 7.95 nA)
Fig. 7. Example of the realization of melting and freezing During the heating process
of the copper fixed point 0.004886 2.847 0.001716
0.004998 2.826 0.001769
013 \ 0.005165 2.919 0.001769
< 0,148 During the cooling process
5 \ 0.001652 0.937 0.001763
- 0,146
6 \ 0.002134 1.224 0.001743
g, 0,144 0.001963 1.141 0.001720
£ o1 \ \ Average value (n = 6) 0.001748
3
" egesgencernssagnasgagge Table 9
R EERLEERREEEREEE LR Results of processing the experimental data on
Time, h:min:s the freezing plateau of the copper fixed point
Fig. 8. Experimental temperature curve of the freezing phase Method 1 Method 2
transition of the copper fixed point Number of observations 45 32
Average value of the
For the transformation of the experimental data ﬁ}/;rometer output signal, 0.144012 0.144011
processing results for the plateau into a temperature Stondard i of
equivalent, the value of the increment (derivative) T;];le "X r?/ilce amty o 0.260993x 10 | 0.386963x 107
of the standard pyrometer calibration characteristic dl/dT. nA/°C 0.001748
I = A(T) around the temperature of the copper fixed ;
Lo . . . Standard uncertainty of
point is required. This parameter was determined three Type A, mK 1.5 2.2
times, b(?th during heating and during coolmg of tl}e Plateau slope, mK 7 25
fixed point, and the result taken was the arithmetic
; . Range of values on the 45 62
mean of six values (Ta.ble 8). The estimate ,Of the plateau, mK
pyrometer dark curr.ent in .the temperature equivalent Convergence of methods, 0.144012 — 0.144011] /
around the copper fixed point, calculated based on the |mK 0.001748 = 0.5

dl/dT value, is 114 mK.

The experimental data for the freezing plateau
were processed by two methods according to [6], ha-
ving assessed the convergence between them. The first
method involves removing the initial and final 15% of
the plateau, and the reproducible temperature value
(output signal of the standard pyrometer) is determined
as the average value calculated within the remaining
70% of the readings. According to the second method,

Table 10 shows the results of experimental data
processing for three reproductions of the copper free-

zing plateau.

4. Uncertainty budget
The combined standard uncertainty of the realiza-

tion of the phase transition temperature of the copper

freezing fixed point is calculated using the formula:
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Table 10
Results of experimental data processing for three reproductions of the copper freezing plateau
Plateau realization Average value of the Standard uncertainty . Standarq uncertainty
number pyrometer output according to tvoe “A”. nA dl/dT, nA/°C according to type
signal, nA & p ’ “A”, mK
1 0.144010
2 0.144036 1.36814%x10°° 0.001748 7.8
3 0.144017
Average value, nA, n = 3 0.144021
Table 11

Uncertainty budget for the realization of the copper freezing phase transition temperature

Uncertainty components Standard uncertainty, mK, 2013 | Standard uncertainty, mK, 2025
Type A Type A
Repeatability of the value 7 72.0 10.0
Type B Type B
Realization of copper freezing plateau
Impurities 30.0 10.0
Emissivity 20.0 20.0
Plateau identification 5.0 5.0
Temperature difference in cavity walls, heat
transfer processes 10.0 10.0
Standard comparator/pyrometer
Adjustment 50.0 25.0
Spectral parameters 55.0 55.0
Source size effect 60.0 45.0
Drift (instability) 20.0 10.0
Resolution 5.0 3.0
Standard Uncertainty, mK 127.1 80.7
Expanded Uncertainty, mK (k = 2) 254.2 161.4

u=1/ui+u%, (1)

where u, is the standard uncertainty of Type A in the
temperature equivalent (Table 10); u, is the standard
uncertainty of Type B, which includes uncertainties
associated with the copper fixed point and the standard
pyrometer as components [7].

The estimates of the components of the uncer-
tainty budget for the realization of the freezing phase
transition temperature, performed according to [7],
for the improved copper fixed point are given in Ta-
ble 11. For comparison, Table 11 also provides esti-
mates of the components of the standard uncertainty
obtained during the international comparisons of the
DETU 06-03-96 state standard at the copper fixed
point [8] in 2013.

5. Conclusions

The characteristics of the state standard in terms
of the realization of the copper fixed point tempera-
ture were studied on the state primary measurement
standard of the unit of temperature by radiation
(DETU 06-03-96). During the study, the compo-
nents of the state standard — graphite crucibles, pure

copper, the furnace (irradiator), argon protection and
temperature control systems, and the standard pyro-
meter — which were improved or completely upgraded
as part of the work on the modernization of the state
standard — were used.

The results of the study show that after the mo-
dernization of the state standard, the Type A standard
uncertainty, due to the repeatability of the freezing pla-
teau, does not exceed 10 mK, which is a significantly
smaller value compared to the results obtained during
the international comparisons in 2013 [8]. The replace-
ment of the fixed point with copper of 99.9999% purity
also reduced the Type B uncertainty component associ-
ated with the concentration of impurities in the metal.
The use of the precision LP-4 linear pyrometer during
the recording of the freezing plateau affects both the
value of the Type A uncertainty and the Type B un-
certainty components due to factors such as pyrometer
adjustment, source size effect, instability, and resolu-
tion. Thus, the value of the expanded uncertainty of
the realization of the copper freezing phase transition
temperature has been reduced by almost 40% com-
pared to 2013 [8], which fully confirms the metrolo-
gical characteristics of the state standard.
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Jloc/izKeHHs BAOCKOHAJIEHOI penepHOol TOYKHA Midi
i3 3acTOCYBaHHAM JiHiiiHOro mipomerpa LP4

P.IN. Ceprienko, P.B. MNywwuH, B.B. Cknapos

HaujoHanbHul Haykosul uyeHmp “lHcmumym mempornogii”, 8yn. MupoHocuybka, 42, 61002, Xapkis, YkpaiHa
rymma.sergiyenko@metrology.kharkov.ua

AHoTania

3 1994 p. B HHI “Inctutryr MeTpoJiorii” 30epira€Tbcsl Ta 3aCTOCOBYETHCS JEPXKABHUIA MEPBUHHUI €TaJlOH OAWMHUILI
temreparypu 3a BurnpoMineHHsIM JJETY 06-03-96, sikuii € BEepXHbOIO JIAHKOIO CXEMU TPOCTEKYBAHOCTI [UIst OE3KOHTAKTHUX
3aco0iB BUMiplOBaHHs TemIiepaTypu B nianaszodi Big 1357,7 no 2800 K. OnHuM 3i cKJIagoBUX €JIEMEHTIB JepKaBHOIO eTa-
JIOHA € perepHa ToYKa Mijli, siKa sIBJsie co0ot0 rpadiToBMii TUTETh MWIIHAPUYHOI (OPMU 3 PETIEPHUM METAJIOM — YHUCTOIO
Migmo. Yac ekcrityaTalii eTajoHa 3aKOHOMIpHUMM YMHOM BIUIMHYB Ha CTaH PENepHOro MeTaay Ta rpadiToBUX €JIEMEHTIB,
110 OOYMOBMJIO HEOOXiIHICTh X OHOBJIEHHsI. KpiM TOro, MpoBeaeHO IOOIpalloBaHHs a00 MOBHE OHOBJICHHS iHILIMX CKJIa-
IOBUX €JIEMEHTIB JEPXKaBHOTO €TaJloHa — BUIIPOMiHIOBaya (Iedi /g pernepHOi TOYKU), CUCTEM aprOHOBOTO 3aXUCTy Ta
peryjiioBaHHsI TeMIepaTypy, eTaJOHHOTO MipoMeTpa.

MeTo1o NOCIiIXKEHHS € MiATBePKEHHSI METPOJIOTIYHUX XapaKTepPUCTUK JEePKAaBHOTO €TaJIOHA B YaCTUHI peaizallii
TeMIIepaTypu perepHoi TOYKM Mili IMicas MPOBEAeHHSI poOIT 3 yIOCKOHAJIEHHS IEep:KaBHOIO eTajoHa.

HaBeneHo omnuc OHOBJIEHOI periepHOi TOYKW Mili. PO3TISTHYTO KOHCTPYKIIiIO BIOCKOHAJEHOTO Ipad)iTOBOrO TUIJIS
i3 3axucHolo 000J0OHKOI0. HaBeneHo cxeMy medi juist periepHoi Toyku Mimi. OnucaHO CUCTEMM aproHOBOrO 3axMCTy Ta
KOHTPOJIIO TeMmIepatypu. HaBeneHo Tpolienypy BUMiploBaHb 3a TOITOMOTOIO JiHiliHOTO TlipomeTpa LP4. HamaHo pesyiabTatn
peanizauii Temneparypu ($pa3oBOro rnepexoay TBepAHEHHSsI periepHoi TOYKM Mii. PO3MIsIHyTO MeToAMKY BU3HAUYEHHST TIPUPOC-
Ty TpaJyloBaJbHUX XapaKTepUCTHK eTaJoOHHOro mipomerpa LP4 HaBKoJIO TemrepaTypu pernepHOi TOYKM Mimi. Po3misiHyTo
IIBa METOIU OOPOOKM €KCIEePUMEHTAIbHUX JAaHUX Ha TUIaTO TBEPAHEHHS ISl BUSHAUYEHHS BUXiTHOTO CUTHAJIy €TaJOHHOTO
mipomeTpa. HaBeneHo OIiHKY cTaHmApTHOI HEBM3HAYEHOCTI 32 TUIOM A MJis1 KiabKox ruiato. [lomaHo OromkeT HeBU3HA-
YEHOCTI JuIsl peaiizallii Temriepatypu (a3oBOro Irnepexoay TBEpAHEHHS Mifi.

KmouoBi ciioBa: nepxxaBHUIA €TajoOH; JIHIAHUI MMpOMETp; TIaTO TBEpAHEHHS;, perepHa TOuKa.
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