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1. Introduction 

The Co-C eutectic point (1324 
o
C in ITS-90) is a very promising secondary fixed-point 

between Cu and Pd freezing points. It is useful to calibrate a thermocouple at high 

temperature, and thus there is a strong need for international comparison in order to validate 

CMC. To meet this need, this comparison was started. The first protocol was circulated in 

February 2010 by the pilot laboratory, KRISS, Korea, and a final protocol (Appendix A) 

incorporating the changes raised by the participants was approved in July 2010. 

After construction of the artefacts by the pilot laboratory, circulation started in September 

2010. The measurement was completed in July 2014 and returned to the pilot laboratory. The 

calibration procedure used by the individual laboratory is given in Appendix B. The 

instruments used by each participant are given in Appendix C. The measurement data from 

the participants are given in Appendix D. Immersion temperature profiles of Co-C 

realization furnace are given in Appendix E, and the obtained 3 melting curves of Co-C 

eutectic point are shown in Appendix F. Uncertainty calculations as supplied by each NMI 

laboratory is given in Appendix G. 

 

 

2. Participants and Measurement schedule 

Table 1. List of participants and real measurement schedule 

Name of Laboratory Contact Person Real Schedule  

KRISS – Korea 
Yong-Gyoo Kim 

dragon@kriss.re.kr 
July – September 2010, Started 

NIM - China 
Zheng Wei 

zhengw@nim.ac.cn 
October 2010 – January 2011 

NMIJ – Japan 
Hideki Ogura 

h.ogura@aist.go.jp 
February – April 2011 

NMIA – Australia 
Ferdouse Jahan 

Ferdouse.Jahan@nmi.gov.au 
May – August 2011 

NPLI - India 
Y.P. Singh 

ypsingh@mail.nplindia.org 
September 2011– June 2014 

KRISS – Korea 
Yong-Gyoo Kim 

dragon@kriss.re.kr 
July 2014, Finished 
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3. Preparation of artefacts 

Two Pt/Pd thermocouples (serial number: APMP_PtPd_10_01 and APMP_PtPd_10_02) were 

constructed using wires of 0.5 mm diameter and 1700 mm long. Table 2 shows the source and 

purity of Pt and Pd wires used in this comparison. Pt and Pd wires were initially electric-

annealed at about 1300 
o
C and 1100 

o
C for 24 h, respectively. And temperature was lowered 

to about 500 
o
C as-attached in wire-anneal system and annealed for 24 h. These annealed 

wires were inserted into alumina insulator (700 mm long, 3.2 mm diameter) having twin 

bores (bore diameter of 1.0 mm). The alumina insulator was baked at 1500 
o
C more than 1 h 

before use. Hot junction was made not using a strain relief coil as described in literatures 

[1,2]. Junction was located in Pd wire side inside the bore about 3 mm. The assembled 

thermocouples were secondly annealed in the vertical tube furnace at 1000 
o
C for 48 h 

followed by the furnace cooling to about 450 
o
C. Finally after 48 h, thermocouples were 

withdrawn to ambient. Figure 1 shows the assembled artefacts stored in the wooden 

transportation box. 

Table 2. Maker and purity of Pt and Pd wires 

 

APMP_PtPd_10_01 APMP_PtPd_10_02 

Pt Pd Pt Pd 

Source Heraeus Co. Heraeus Co. Heraeus Co. 
Johnson Matthey Co. 

(Currently Alfa Aesar) 

Purity 99.9999 % 99.99 % 99.9999 % 99.997 % 

 

 

  Figure 1. Photo of prepared artefacts 
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4. Measurement results by participants 

Table 3 summarizes the reported emf values at the Ag freezing point before and after 

measurement at the Co-C melting point. KRISS_I and KRISS_F denote for the ‘Initial 

measurement’ and ‘Final measurement’, respectively. After the circulation, the average emf at 

the Ag point were changed by -1.8 V and -4.6 V for APMP_PtPd_10_01 and 

APMP_PtPd_10_02, respectively.  

Table 4 summarizes the measured emf values at the Co-C melting point. Melting point was 

determined from the inflection point as according to the protocol in Appendix A. 

APMP_PtPd_10_01 showed maximum variation of 5.5 V between NMIs and 18.5 V for 

APMP_PtPd_10_02 thermocouple, respectively. 

 

Table 3. Summary of freezing emf at the Ag point 

NMIs 

Freezing emf at the Ag point /V 

APMP_PtPd_10_01 APMP_PtPd_10_02 

Before After Difference Before After Difference 

KRISS_I 10786.2 10786.8 0.6 10800.8 10800.7 -0.1 

NIM 10786.0 10785.6 -0.4 10799.9 10799.7 -0.2 

NMIJ 10785.2 10784.8 -0.4 10800.2 10802.4 2.2 

NMIA 10785.4 10784.8 -0.6 10800.2 10800.3 0.1 

NPLI 10787.7 10786.5 -1.2 10803.8 10803.5 -0.3 

KRISS_F 10784.8 10784.7 -0.1 10795.8 10796.4 0.6 

 

Table 4. Summary of melting emf at the Co-C point 

NMIs 

Measured emfs at Co-C melting point /V 

APMP_PtPd_10_01 APMP_PtPd_10_02 

1st 2nd 3rd Average ± 1  1st 2nd 3rd Average ± 1  

KRISS_I 18581.6  18581.6  18581.7  18581.6 ± 0.1  18604.5  18604.6  18604.7  18604.6 ± 0.1  

NIM 18582.2  18582.5  18582.6  18582.4 ± 0.2  18608.4  18608.4  18608.5  18608.4 ± 0.1  

NMIJ 18581.3  18581.4  18581.5  18581.4 ± 0.1  18604.8  18605.1  18605.5  18605.1 ± 0.4  

NMIA 18583.3  18584.0  18583.0  18583.4 ± 0.5  18613.0  18613.8  18613.5  18613.4 ± 0.4  

NPLI 18586.6  18585.1  18584.6  18585.4 ± 1.0  18624.1  18622.6  18622.6  18623.1 ± 0.9  

KRISS_F 18579.6  18579.9  18580.1  18579.9 ± 0.3  18611.0  18610.8  18610.3  18610.7 ± 0.4  
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5. Calculation of thermoelectric inhomogeneity  

Figure 2 shows the immersion temperature profile of Co-C realizing furnace reported by each 

participant as in Appendix E. Temperature gradient zone of the furnace was calculated using 

this profile as indicated by the protocol. If the gradient zone is wide, then much longer part of 

the thermocouple wires are under the temperature gradient. Thus the thermoelectric 

inhomogeneity may become larger. The thermoelectric scanning tests for artefacts were 

optional and NMIA did scanning tests. So other than NMIA, inhomogeneity values were 

given using the KRISS scan results. Inhomogeneity at Co-C point was calculated using 

equation (1) below as indicated in the protocol. 

2
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Figure 3 shows the thermoelectric scanning results performed by KRISS at 200 
o
C after the 

Co-C point measurements before and after the circulation. NMIA did a thermoelectric 

scanning in their laboratory, and calculated the inhomogeneity as shown in Figure 4. As 

shown in Figure 3, thermoelectric inhomogeneity was nearly same before and after the 

circulation. The maximum emf changes of KRISS_F due to the inhomogeneity at 200 
o
C 

were calculated to 0.4 V for APMP_PtPd_10_01 and 2.7 V for APMP_PtPd_10_02, 

respectively. These correspond to inhomogeneity of ± 0.0196 % and ± 0.132 % at 1324 
o
C.  
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Figure 2. Temperature immersion profiles of the Co-C realization furnaces 
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(a) Initial measurement
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(b) Final measurement
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Figure 3. Thermoelectric scanning results by KRISS at 200 
o
C 
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Figure 4. Thermoelectric scanning result at 200 
o
C given by NMIA 

  



 page 9 / 49 

Table 5. Summary of thermoelectric inhomogeneity calculations 

NMI 

Measured 

immersion 

length 

/mm 

Temperature 

gradient 

zone 

/mm 

APMP-PtPd-10-01 APMP-PtPd-10-02 

EMax

/V 

Inhomogeneity 

at 1324 
o
C 

/V 

Standard 

uncertainty 

/V 

EMax  

/V 

Inhomogeneity 

at 1324 
o
C 

/V 

Standard 

uncertainty 

/V 

KRISS_I 570 250 ~ 570 0.4 ± 3.6 2.1 2.9 ± 26.3 15.2 

NIM 500 200 ~ 500 0.5 ± 4.5 2.6 3.0 ± 27.2 15.7 

NMIJ 700 300 ~ 650 0.4 ± 3.6 2.1 2.8 ± 25.4 14.7 

NMIA 615 350 ~ 550 0.4 ± 3.6 2.1 3.0 ± 27.2 15.7 

NPLI 520 300 ~ 520 0.4 ±3.6 2.1 2.8 ± 25.4 14.7 

KRISS_F 570 250 ~ 570 0.4 ± 3.6 2.1 2.7 ± 24.5 14.1 

 

Table 5 shows the summary of thermoelectric inhomogeneity calculation results. Temperature 

gradient zone of each NMI was calculated based on the reported temperature immersion 

profile from the participants as described in Fig.2 of the protocol. EMax was calculated from 

the scanned data of Fig.3 at the region of temperature gradient zone. Finally inhomogeneity 

was calculated using eq.(1) and the corresponding standard uncertainty was obtained by 

assuming rectangular distribution.  
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6. Uncertainty calculation 

Table 6 represents the calibration uncertainties calculated by the pilot laboratory using data 

from the participants. Uw/o denotes for the reported uncertainty from the participants without 

the thermoelectric inhomogeneity factor. Uin denotes the contribution from the thermoelectric 

inhomogeneity as in Table 5. Udrift means the stability of artefacts during the comparison. 

This term was calculated using the change of emf at the Ag freezing point measured by 

KRISS before and after the circulation as equation (2). Expanded uncertainty, Utotal (k=2), 

was calculated by using a combined uncertainty of equation (3). 

 
Ag

CCoAg

drift
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EE
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32
       (2) 

 
222

/ driftinowtotal uuuu        (3) 

Utotal does not include the calibration uncertainty of Co-C cell used in the comparison, NMIs 

who want to declare their CMC should include the uncertainty of Co-C cell (ucell). To define 

this factor, NMIs may do another experiments through measurement with the standard 

radiation thermometer to determine the realization temperature of the cell in ITS-90 scale. 

 

Table 6 Summary of uncertainty calculation 

NMI 

U(k=2) /V 

APMP_PtPd_10_01 APMP_PtPd_10_02 

Uw/o Uin Udrift Utotal Uw/o Uin Udrift Utotal 

KRISS_I 1.2 4.2 1.8 4.7 0.4 30.4 4.5 30.7 

NIM 1.3 5.2 1.8 5.7 1.1 31.4 4.5 31.7 

NMIJ 0.9 4.2 1.8 4.7 4.4 29.4 4.5 30.1 

NMIA 1.7 4.2 1.8 4.9 1.0 31.4 4.5 31.7 

NPLI 4.6 4.2 1.8 6.5 4.3 29.4 4.5 30.0 

KRISS_F 0.6 4.2 1.8 4.6 1.6 28.2 4.5 28.6 
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7. Comparison data analysis 

Figure 5 shows the plots of measured results in Table 4. Error bars denote the expanded 

uncertainties (Uw/o, k=2) reported by participants without inhomogeneity factor as calculated 

in Table 6. 
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(b) APMP_PtPd_10_02
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Figure 5. Plots of measured emfs given by the participants in Table 4. Error bars denote 

the expanded uncertainties, Uw/o, (k=2) in Table 6. 
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To calculate the comparison reference value, which is to be a form of the average of the 

obtained values (Xi) and their uncertainties (ui), two different measures of the average were 

considered, the one is the (a) simple mean and the other is the (b) weighted mean. Median 

was not counted in this comparison because of small number of participants.  

(a) Simple mean  

 nXX isimple         (4) 

 nuu isimple  2
       (5) 

(b) Weighed mean 

   22

iiiweighted uuXX       (6) 

   21 iweighted uu        (7) 

In case of the weighted mean, Birge ratio was calculated. Birge ratio is a measure of how well 

estimated uncertainties explain the dispersion of the data. 

 Birge ratio = )1()( 22   nuXX iweightedi     (8) 

If the spread of the data points Xi is consistent, then the Birge ratio is close to 1 or less. If the 

spread of the data is larger than the expected from the error bars, the Birge ratio will be 

greater than 1 [3].  

 

Table 7. Statistical analysis of the comparison data 

 

 

APMP_PtPd_10_01 APMP_PtPd_10_02 

emf/V 
U (k=2) 

nE  emf/V 
U (k=2) 

nE  
V 

o
C V 

o
C 

NMI 

KRISS_I 18581.6 4.7 0.20 0.08 18604.6 30.7 1.30 0.19 

NIM 18582.4 5.7 0.25 0.06 18608.4 31.7 1.34 0.07 

NMIJ 18581.4 4.7 0.20 0.13 18605.1 30.1 1.27 0.18 

NMIA 18583.4 4.9 0.22 0.26 18613.4 31.7 1.34 0.07 

NPLI 18585.4 6.5 0.27 0.50 18623.1 30.0 1.27 0.37 

KRISS_F 18579.9 4.6 0.20 0.43 18610.7 28.6 1.21 0.01 

simple mean /V 18582.4 ± 5.7 (k=2) 18610.9 ± 33.4 (k=2) 

weighted mean /V 18582.0 ± 2.1 (k=2) 18611.0 ± 12.4 (k=2) 

Birge ratio 0.3 0.2 
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(a) APMP_PtPd_10_01
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(b) APMP_PtPd_10_02
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Figure 6. Plots of differences between the weighted mean and reported melting emf by 

the participants. Error bars denote the expanded uncertainties, Uw/o, (k=2) in Table 6. 

Cyan lines denote the uncertainty of the weighted mean. 
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The calculated Birge ratio was 0.4 and 0.3 for APMP_PtPd_10_01 and APMP_PtPd_10_02, 

respectively, so it was decided to use the weighted mean as the comparison reference value 

in this comparison. Figure 6 shows the differences between the weighted mean and the 

reported value by the participants in Table 7. Error bars denote the expanded uncertainties. 

Cyan lines mean the calculated uncertainty of weighed mean using eq.(7). 

In order to check the discrepancies of the data from the participants, En number was 

calculated [4]. It can be useful to evaluate a participant’s ability to have close to the assigned 

value (here, weighted mean value) within their claimed expanded uncertainty. nE  lower 

than 1 can be taken as an indicator of successful performance if the uncertainties are valid 

and the deviation is smaller than needed by the participants. 
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For two Pt/Pd thermocouples having greatly different thermoelectric inhomogeneity, En 

number were much lower than 1 as 0.24 for APMP_PtPd_10_01 and 0.15 for 

APMP_PtPd_10_02 in average.   

As shown in Table 6, the calculated expanded uncertainty of calibration strongly depends on 

the thermoelectric inhomogeneity. By means of APMP_PtPd_10_01 which had smaller 

inhomogeneity, it was verified that the calibration uncertainty level claimed by each NMI 

could be achieved at the Co-C eutectic melting point for supporting of CMCs. 

 

8. Conclusions 

Using two Pt/Pd thermocouples having greatly different thermoelectric inhomogeneity, 

international comparison was done at the Co-C eutectic melting point. Results from all 

laboratories were consistent with the reference value within the calculated uncertainties. 

Birge number less than 1 and small En number of this comparison mean that the comparison 

successfully demonstrated the use of Pt/Pd thermocouple to compare the calibration 

capabilities of participating laboratories at the melting temperature of Co-C eutectic point 

regardless of the amount of thermoelectric inhomogeneity. Even the calculated expanded 

uncertainties of calibration were dominated by the thermoelectric inhomogeneity, it was 

verified to obtain the calibration uncertainty level of {(0.2 
o
C ~ 0.3 

o
C) + ucell} (k = 2) at the 

Co-C eutectic melting point by means of Pt/Pd thermocouple if the inhomogeneity is small 

enough. Since the uncertainty budget used in this comparison does not include the uncertainty 

of the Co-C fixed-point cell itself, NMIs who want to use this comparison report to assess 

NMI’s calibration capability of thermocouples, the uncertainties on the determination of the 

ITS-90 values of Co-C melting temperature should be added. 
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Appendix A: Protocol of the comparison (APMP.T-S7) 
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Appendix B: Description of procedures supplied from the participants  

Appendix B-1. NIM 
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Appendix B-2. NMIJ 
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Appendix B-3. NPLI 
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Appendix C: Instruments used in the comparison from the participants  

Appendix C-1: KRISS 

 

Appendix C-2: NIM 

 

Appendix C-3: NMIJ 
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Appendix C-4: NMIA 

 

 

Appendix C-5: NPLI 
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Appendix D: Measurement results from the participants  

Appendix D-1: KRISS 
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Appendix D-2: NIM 

 

 

 

Appendix D-3: NMIJ 
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Appendix D-4: NMIA 

 

 

 

Appendix D-5: NPLI 
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Appendix E: Immersion profiles of furnace from the participants 

Appendix E-1: KRISS 
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Appendix E-2: NIM 
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Appendix E-3: NMIJ 
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Appendix E-4: NMIA 
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Appendix E-5: NPLI 
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Appendix F: Melting curves from the participants 

Appendix F-1: KRISS_Initial 
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Appendix F-1: KRISS_Final 
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Appendix F-3: NIM 
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Appendix F-4: NMIJ 
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Appendix F-5: NMIA 
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Appendix F-6: NPLI 

 

 

  



 page 44 / 49 

Appendix G: Uncertainty tables from the participants 

Appendix G-1: KRISS_Initial 
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Appendix G-2: KRISS_Final 
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Appendix G-3: NIM 
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Appendix G-4: NMIJ 
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Appendix G-5: NMIA 

 

 

 

 

 

 

 

 



 page 49 / 49 

Appendix G-6: NPLI 

  

  

 

 


