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SUMMARY  
 

Aluminum oxide (Al2O3), commonly referred to as alumina, is extensively used in a variety of 
applications as a fundamental material for ceramics, catalyst substrates, ingredients in cosmetics, 
or media in chromatography. High purity alumina, in particular, plays a crucial role in the display 
and semiconductor industries. Trace elements such as iron (Fe), magnesium (Mg) and silicon (Si) 
in high-purity alumina can significantly affect the material's properties such as optical transparency 
and mechanical strength, potentially degrading the quality of final products. Therefore, the 
accurate measurements of trace elements in alumina are important for the relevant industries.  

Despite the importance, there had been no CCQM (Consultative Committee for Amount of 
Substance: Metrology in Chemistry and Biology) IAWG (Inorganic Analysis Working Group) 
comparison studies on such advanced materials since 2008. Thus, a Key Comparison was initiated 
to address the current and future CMCs (Calibration and Measurement Capabilities) for category 
"9. Advanced materials" in "List of Amount of Substance Categories" of CCQM CMCs 
particularly concerning "Difficult to dissolve metals" of "Matrix challenges" in the IAWG Core 
Capability table. Then, KRISS proposed a comparison for measurements of elemental impurities 
in alumina powder and CCQM IAWG approved the Key Comparison (KC), CCQM-K144 Trace 
elements in alumina powder, in parallel with CCQM-P182.  

There are four participants, JSI (Slovenia), KRISS (Republic of Korea), NIM (China), UNIIM 
(Russia), in CCQM-K144. Participants measured the mass fractions, expressed in mg/kg, of iron 
(Fe), magnesium (Mg), and silicon (Si) in high purity alumina powder. Participants were free to 
choose any appropriate methods based on their measurement procedures, considering complete 
dissolution of the alumina powder, if required. Various measurement procedures including 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with standard addition (SA) or isotope 
dilution (ID) calibration approaches, Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES) with standard addition (SA) following sample dissolution were employed by the 
participants. Additionally, Instrumental Neutron Activation Analysis with k0-method (k0-INAA) 
was also implemented for Fe without needing to dissolve the alumina by one participant 
demonstrating equivalence between measurement results regardless of sample dissolution. 

After extensive discussions in the IAWG, the Key Comparison Reference Values (KCRVs) and 
Degrees of Equivalence (DoEs) for all three measurands were calculated using the NIST Decision 
Tree (NDT) for Key Comparisons (https://decisiontree.nist.gov). The consensus estimates and 
standard uncertainties for mass fractions of Fe, Mg, and Si were calculated based on the statistical 
model, "Hierarchical Gauss-Gauss", recommended in the NDT application and were then selected 
as the candidate KCRVs and their standard uncertainties. The values were w(Fe)=2.332 mg/kg 
(u(Fe)=0.109 mg/kg), w(Mg)=2.341 mg/kg (u(Mg)=0.307 mg/kg) and w(Si)=12.22 mg/kg 
(u(Si)=0.83 mg/kg), respectively.  

https://decisiontree.nist.gov/
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Successful participation in CCQM-K144 directly demonstrates each participant's measurement 
capabilities in determining mass fraction of iron (Fe), magnesium (Mg) and silicon (Si), in mass 
fraction range more than 0.05 mg/kg in an alumina powder and similar matrices. All participants’ 
DoE values were statistically indistinguishable from zero at 95 % confidence, demonstrating their 
competence within their respective levels of uncertainty. Therefore, CMCs that align with the 
“How Far the Light Shines” (HFTLS) statement can be supported by this CCQM-K144.  
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INTRODUCTION 

Aluminum oxide (Al2O3), commonly known as alumina, is a fundamental material used in a 
variety of applications including ceramics, catalyst substrates, cosmetic ingredients, and 
chromatographic media. In recent high-tech industries, high-purity alumina is crucial as it serves 
as advanced material in the manufacture of sapphire glasses for displays, capping and dielectric 
layers in semiconductors, ceramic components for electric vehicles, nanoparticles, and more. Trace 
elements, such as iron (Fe), magnesium (Mg) and silicon (Si), present in high-purity alumina can 
significantly impact the material's properties such as optical transparency and mechanical strength. 
High levels of these elemental impurities can adversely affect the quality and yield of the final 
products. Therefore, the accurate measurements of trace elements in alumina are important for the 
relevant industries.  

Despite the importance, there have been no CCQM (Consultative Committee for Amount of 
Substance: Metrology in Chemistry and Biology) IAWG (Inorganic Analysis Working Group) 
comparison studies on advanced materials since 2008. Therefore, in October 2016, the CCQM 
IAWG approved the Key Comparison (KC) CCQM-K144, titled 'Trace elements in alumina 
powder'. The purpose of this KC is to evaluate the participants’ capabilities for measuring the mass 
fractions of impurities, specifically Fe, Mg and Si, in high-purity alumina powder. This KC is 
particularly challenging due to the difficulty associated with dissolving alumina powder during 
sample preparation.  

Successful participation in CCQM-K144 directly demonstrates a participant's measurement 
capabilities to determine the mass fractions of iron (Fe), magnesium (Mg) and silicon (Si) in 
alumina powder and similar matrices. This capability is aligned with the '9. Advanced materials' 
category in the 'List of Amount of Substance Categories' within CCQM Calibration and 
Measurement Capabilities (CMCs). In the IAWG Core Capability table, magnesium is classified 
under 'Group I and II: Alkali and Alkaline earth', iron under 'Transition elements', and silicon under 
'Metalloids/Semi-metals'. This is specifically relevant for mass fraction range of more than 0.05 
mg/kg for all three elements, categorized under 'Difficult to dissolve metals' of 'Matrix challenges. 

The following sections of this report document the timeline of CCQM-K144, the measurands, 
study material, participants, results, and how participation in CCQM-K144 supports CMC claims 
including "How Far the Light Shines" statement. The Appendices contain official communication 
materials and summaries of information about the results provided by the participants.  
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TIMELINE 
Table 1:  Timeline for CCQM-K144 

Date Action 
Apr. 2016 Proposal presented in CCQM IAWG 

Oct. 2016 IAWG approval as CCQM-K144  

Apr. 2018 Draft protocol presented to IAWG  

Oct. 2018 Call for participation to IAWG members 

Dec. 2018 Sample distribution to participants. 

Aug. 2019 Result submission  

Sep. 2019 First discussion on the results 

Nov. 2020 Second discussion on the results 

May. 2021 Discussion on the candidate KCRVs and DoEs using Decision Tree approach 

Jun. 2023 Distribution of "IAWG Guidance on Using NIST Decision Tree for Comparison 
Reporting" 

Nov. 2023 Confirmation of the KCRVs and DoEs 

Apr. 2024 Circulation of Draft A report 

Nov. 2024 Circulation of Draft B report 

Feb. 2025 Final report approved by IAWG 
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MEASURANDS 
The measurands are the mass fractions (on a dry mass basis), mg/kg, of the elements, iron (Fe), 

magnesium (Mg), and silicon (Si) in alumina powder. The expected mass fractions are listed in 

the following table: 

Table 2: Expected range of measurands for CCQM-K144 

Element 
Expected mass fraction 

(mg/kg) 

Fe 1~20 

Mg 1~20 

Si 1~20 

 

STUDY MATERIALS 
Each participant received two PFA bottles and each bottle sealed in a polymer bag contained about 
30 g of alumina powder. It was required to report the measurement results obtained only from one 
sample bottle. The sample in the other bottle was recommended to use for preliminary analysis.  

The sample of alumina powder for CCQM-K144 was produced by KRISS in accordance with ISO 
17034 and ISO Guide 35 from a single batch of high-purity alumina powder (with nominal purity 
of 99.999 % provided by a commercial company). The raw material was carefully selected after 
particle size analysis using field-emission scanning electron microscopy (FE-SEM) and 
preliminary analysis by ICP-MS. The particle size distribution was in the range from 0.3 μm to 0.8 
μm. To obtain appropriate homogeneity as a reference material, the alumina powder batch in a 
polypropylene bottle was thoroughly mixed using cylinder roller. Then, the homogenized powder 
was bottled into 50 mL PFA bottles. All sample handling processes were carried out in a clean 
environment with filtered air through PTFE HEPA filter. All bottles and sample handling tools 
contacting with sample were sequentially cleaned by using 6 % mass fraction hydrochloric acid, 
10 % mass fraction nitric acid, 5 % mass fraction hydrofluoric acid, and deionized water (18 
MΩ⋅cm resistivity). 

The recommended minimum sample amount for analysis was at least 1 g. Measurement results 
were to be reported on a dry-mass basis. 

 

Dry Mass Determination 
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Dry mass correction of the sample masses was to be carried out to obtain the equivalence among 
the participants’ reported results. All participants were required to follow the method outlined in 
the protocol. Samples of about 1 g taken in weighing bottles were to be dried at 110 °C for 2 hours 
by using a drying oven. Samplings for both dry mass correction and analysis were recommended 
to be weighed out at the same time to minimize any change in moisture content during sampling. 
The true mass changes before and after drying had to be evaluated for dry mass correction of the 
measurement results. 

 

Homogeneity Assessment of Study Material 

The homogeneities were evaluated by ICP-MS and ICP-OES measurements. The standard 
deviations of measurement results of Fe, Mg, and Si in subsamples taken from 12 bottles were 
used to estimate between-bottle homogeneity. The between-bottle standard deviations were 
1.92 %, 2.55 %, 3.52 % for Fe, Mg, and Si, respectively. For the estimation of within-bottle 
homogeneity, three subsamples in each bottle were taken and the mean of the standard deviations 
of measurement results were used. The within-bottle standard deviations were less than 2.9 %, 
1.6 %, and 2.5 % for Fe, Mg, and Si, respectively. The mass of subsamples taken was about 1 g. 
After the alumina powder samples were dissolved by pressurized microwave-assisted acid 
digestion with 25 % volume fraction hydrochloric acid, the sample solutions were centrifuged to 
observe if any undissolved particles were present. In addition, the sample solutions were also 
investigated by dynamic light scattering and optical microscopy. No particles in sample solutions 
were observed after sample dissolution. 

 

Table 3:  Results of the homogeneity assessment for Fe, Mg and Si in alumina powder sample 
for CCQM-K144 

Element Fe Mg Si 

Within-bottle standard deviation*, swth: 1.92 % 2.55 % 3.52 % 

Between-bottle standard deviation, sbtw: 2.9 % 1.6 % 2.5 % 
* Within-bottle standard deviations were obtained by ICP-OES 

 
 
Stability Assessment of Study Material 

Since the alumina powder was well known to be stable, the mass fractions of Fe, Mg and Si in the 
study material are stable. The mass fractions of Fe, Mg and Si in the study material measured in 
2018 and 2019 were in good agreement with each other.   
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PARTICIPANTS, INSTRUCTIONS AND SAMPLE DISTRIBUTION 

The call for participation was distributed in October 2018 with the intent to distribute samples in 
December 2018, receive results in August 2019, and discuss results, firstly, at the Ekaterinburg 
IAWG meeting, September 2019. See Table 1 for study timeline. Appendix A reproduces the Call 
for Participation; Appendix B reproduces the study Protocol. Table 4 lists the institutions that 
registered for CCQM-K144.  

 

Table 4: Institutes registered for CCQM-K144 

NMI or DI Code Country Contact 

Jožef Stefan Institute JSI Slovenia Radojko Jaćimović 

Korea Research Institute of 
Standards and Science KRISS Republic of 

Korea Kyoung-Seok Lee 

National Institute of Metrology NIM China Tao Zhou 

Ural Research Institute for 
metrology – Affiliated Branch 
of the D.I. Mendeleev Institute 
for Metrology 

VNIIM-
UNIIM 

Russian 
Federation Egor Sobina  

 

Each participant received two PFA bottles of alumina powder. It was requested to report the 
measurement results obtained only from one sample bottle. The sample in the other bottle was 
recommended to use for preliminary analysis. When each participant received the sample bottles, 
it was required to return “Sample Receipt Form” to the pilot laboratory, KRISS, for confirmation 
of package and its content. 

A Report Form of Results was provided to the participants by e-mail. Participants were required 
to report their results as mass fraction, mg/kg, obtained from measurements of at least five sub-
samples of 1 g in a single sample bottle with dry mass correction. Participants confirmed one 
result for each measurand for the KCRV calculation in CCQM-K144. The completed Report 
Form of Results was submitted to KRISS on the scheduled deadline by e-mail. It was 
recommended to provide detailed information about the applied procedure for the measurement: 

• Final results with standard and expanded uncertainties for each measurand.  
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• If the final result has been calculated from more than two measurement methods,it was 

requested that the individual results are combined to report one final result.  

• Additional results obtained from more than two measurement methods were encouraged 

to be submitted to CCQM-P182. 

• Information about sample preparation: sample dissolution method (apparatus, reagents 

with their quantities and concentration, temperature, pressure, time, etc.) or direct 

sampling procedures. 

• Information about instrumental analysis: Instrument and experimental conditions used 

for the measurement. 

• Information about the calibration method including reference material used for 

calibration or other materials in the analytical procedure. 

• Details of the uncertainty evaluation: all uncertainty sources and their typical values. 

 

RESULTS 

Participants were requested to report a single estimate of the mass fraction, mg/kg, for Fe, Mg, and 
Si from only one sample bottle, respectively. In addition to the quantitative results, participants 
were instructed to describe their analytical methods and approach to uncertainty estimation.  
Appendix B reproduces the report form. 

CCQM-K144 results were received from 4 institutions for Fe and 3 institutions for Mg and Si that 
received samples. 

 

Methods Used by Participants 

For CCQM-K144, participants used various measurement procedures which are summarized in 
Table 5. For Fe and Si, both NIM and VNIIM-UNIIM used Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) with standard addition calibration method. For Mg, VNIIM-UNIIM 
applied the isotope dilution mass spectrometry (IDMS) to ICP-MS. KRISS combined Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with standard addition (SA) for all 
three measurands. When participants used ICP-MS and ICP-OES, sample dissolutions with 
concentrated acids by microwave digestion and autoclave heating were employed. For Fe 
measurements, JSI used Instrumental Neutron Activation Analysis with k0-method (k0-INAA) 
without alumina dissolution. There was no clear trend or discrepancy between measurement results 
depending on whether sample dissolutions were employed or not, except NIM’s result.  
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Table 5: Summary of measurement methods used by participating NMI/DI 

Participating 
NMI/DI 

Measurand: 
w(element), 

(mg/kg) 

Sample 
preparation 

method 
Calibration method Analytical 

instrument 

JSI w(Fe) No treatment k0-method INAA 
(TRIGA Mark II 
reactor, HPGe 
detectors) 

KRISS w(Fe), 
w(Mg), 
w(Si) 

Microwave 
digestion 

Standard addition (SA) ICP-OES 

NIM w(Fe), 
w(Mg), 
w(Si) 

Microwave 
digestion 

Standard addition (SA) ICP-MS 
(high resolution) 

VNIIM-
UNIIM 

w(Fe), 
w(Mg), 
w(Si) 

Autoclave 
acid 
dissolution  

Mg: Isotope dilution 
mass spectrometry 
(IDMS) 
Fe and Si: Standard 
addition (SA) 

ICP-MS 

 
 
Calibration Materials Used by Participants 

Participants established the metrological traceability of their results using certified reference 
materials (CRMs) with stated traceability and/or commercially available high-purity materials 
for which they determined the purity. In Table 6, reference materials for calibration and the 
traceability sources used by participants were summarized. 

Table 6: Summary of calibration materials used by participants 

Participating 
NMI/DI 

Measurand: 
w(element), 

(mg/kg) 
Reference material used for calibration (traceability) 

JSI w(Fe) Fe: IRMM-530R (Al-0.1 %Au alloy); JRC, IRMM,  
w(Au) = (1.003 ± 0.012) g/kg, k = 2 

 KRISS w(Fe), 
w(Mg), 
w(Si) 

KRISS mono-elemental standard solution CRM of Fe, Mg, 
and Si (Traceable to the SI by in-house purity assessment) 
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NIM w(Fe), 
w(Mg), 
w(Si) 

Fe: GBW08616 calibration solution of Fe, w(Fe) = (1000 ± 2) 
μg/mL 
Mg: GBW(E)080126 calibration solution of Mg 
Si: GBW(E)080272 calibration solution of Si 

VNIIM-
UNIIM 

w(Fe), 
w(Mg), 
w(Si) 

Fe: PRM-1.3-176-003-2016-Fe 
(99.9636±0.0093) % 
Traceable to in-house purity measurement procedure 
Mg: PRM    № 3158 Mg²⁴ 
(atomic fraction of 24Mg is (99.846 ± 0.002) %, 
 atomic fraction of  25Mg is (0.090 ± 0.002) %) 
Traceable to in-house isotope ratio measurement procedure 
Si: PRM Si № 5213B 
(99.98 ± 0.02) % 
Traceable to in-house purity measurement procedure 
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Participant Results for mass fraction of iron (Fe) 

The results for CCQM-K144 for the determination of iron are detailed in Table 7 and presented 
graphically in Figure 1.  

 

Table 7: Reported results for mass fraction of iron, w(Fe)  
  

Participating 
NMI/DI 

Reported 
w(Fe) 

(mg/kg) 

Reported 
combined 
standard 

uncertainty, uc 
(mg/kg) 

Coverage 
factor, k 

(95 % level of 
confidence) 

Expanded 
uncertainty, 
U (mg/kg) 

Number of 
replicates, 

n 

KRISS 2.14 0.096 2.36 0.23 7 
VNIIM-UNIIM 2.24 0.205 2 0.41 6 

JSI 2.25 0.09 2 0.18 7 
NIM 2.9 0.2 2 0.4 6 

 

 

Figure 1: Illustrated Reported Results for the mass fraction of iron, w(Fe), (mg/kg). Error bars are 
uc. 
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Participant Results for mass fraction of magnesium (Mg) 

The results for CCQM-K144 for the determination of magnesium is detailed in Table 8 and 
presented graphically in Figure 2.  

 

Table 8: Reported results for mass fraction of magnesium, w(Mg) 
 

Participating 
NMI/DI 

Reported 
w(Mg) 
(mg/kg) 

Reported 
combined 
standard 

uncertainty, uc 
(mg/kg) 

Coverage 
factor, k 

(95 % level of 
confidence) 

Expanded 
uncertainty, 
U (mg/kg) 

Number of 
replicates, 

n 

KRISS 1.95 0.09 2.36 0.20 7 
VNIIM-UNIIM 2.08 0.12 2 0.24 6 

NIM 3.5 0.43 2 0.9 6 
 

 
Figure 2: Illustrated Reported Results for the mass fraction of magnesium, w(Mg), (mg/kg). Error 
bars are uc. 
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Participant Results for mass fraction of silicon (Si) 

The results for CCQM-K144 for the determination of silicon (Si) is detailed in Table 9 and 
presented graphically in Figure 3.  

 

Table 9: Reported results for mass fraction of silicon, w(Si) 
 

Participating 
NMI/DI 

Reported 
w(Si) 

(mg/kg) 

Reported 
combined 
standard 

uncertainty, uc 
(mg/kg) 

Coverage 
factor, k 

(95 % level of 
confidence) 

Expanded 
uncertainty, 
U (mg/kg) 

Number of 
replicates, 

n 

VNIIM-UNIIM 10.28 0.97 2 1.94 6 
KRISS 12.2 0.1 2.36 0.21 7 
NIM 14.6 1.5 2 3.0 6 

 

 
Figure 3: Illustrated Reported Results for the mass fraction of silicon, w(Si), (mg/kg). Error bars 
are uc. 
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KEY COMPARISON REFERENCE VALUE (KCRV) ESTIMATION 

As per the agreement made by the IAWG, the NIST Decision Tree (NDT, (Version 1.0.4)) was 
used to calculate the KCRVs and the degrees of equivalence (DoEs) of participants. The NDT 
requires the identification of participants, reported results, uncertainties, and degrees of freedom 
(DoFs) as input. When a participant did not report the DoF value, it has been estimated based on 
the reported coverage factor. Following a series of hypothesis tests related to homogeneity, 
symmetry, and normality (Gaussian shape) of the set of data, the NDT recommends the best 
statistical model for calculating the KCRV and DoE. The recommendation of the NDT has been 
followed, unless otherwise noted.  

From the results reported by the participants, three different statistical tests were conducted, and 
the 'Hierarchical Gauss-Gauss' model was recommended for all three elements, as shown in Figure 
4. While the power of the statistical tests is not high with small data sets, the selected model appears 
reasonable from a visual inspection of the data. The results of these tests for each measurand as 
reported by the participants are summarized in In Table 10.  

Table 10: The NIST Decision Tree test results for participants’ reported results of Fe, Mg, and Si 

Steps 
(Statistical test) Element Test results Suggestion Recommendation 

Step 1. Homogeneity 
(Cochran’s Q-test) 

Fe p-value = 0.0080 
Q = 11.82 

Heterogeneous 
(overdispersion) 

Hierarchical 
Gauss-Gauss 
(HGG) 

Mg p-value = 0.0018 
Q = 12.64 

Heterogeneous 
(overdispersion) 

Si p-value = 0.039 
Q = 6.47 

Heterogeneous 
(overdispersion) 

Step 2. Symmetry 
(Miao-Gel-Gastwirth 
test) 

Fe p-value = 0.128 Symmetrical 

Mg p-value = 0.2532 Symmetrical 

Si p-value = 0.7492  Symmetrical 

Step 3. Normality 
(Shapiro-Wilk test) 

Fe p-value = 0.226 Gaussian 

Mg p-value = 0.5755 Gaussian 

Si p-value = 0.8833 Gaussian 
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Figure 4: Decision Tree recommendation of Hierarchical Gauss-Gauss for participants’ reported 
results of Fe, Mg, and Si in CCQM-K144 

 

The NDT provides dark uncertainty, τ (tau), from dispersion of the participants’ reported results, 
as well as the consensus estimate of the mass fraction, w, and its standard uncertainty, u. Thus, the 
contribution from the dark uncertainty to each participant's reported result was represented by the 
square root of (ui

2+τ2), where ui is the participant’s reported uncertainty, when comparing the 
participants’ results with respect to the candidate KCRV and its standard uncertainty. Detailed in 
Table 11 to 13 are the consensus estimates of mass fractions of Fe, Mg and Si and their standard 
uncertainties, 95 % coverage intervals (expanded uncertainties), dark uncertainties, and the models 
used for their estimation. Figures 5 to 10 illustrate the participants’ results, considering the 
contribution of dark uncertainty.  
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Table 11: Consensus estimate of the candidate KCRV for iron (Fe) and its standard uncertainty, 
95 % coverage interval, and dark uncertainty with the model for the estimation. 

Consensus 
estimate 
of w(Fe) 
(mg/kg) 

Standard 
uncertainty, u 

(mg/kg) 

95 % coverage 
interval 
(mg/kg) 

Dark 
uncertainty, τ 

(mg/kg) 

Model used 
for the 

estimation 

2.332 0.109 2.11-2.55 0.153 HGG 
 

 

Figure 5: Participants’ results for the mass fraction of iron, w(Fe), with respect to the candidate 
KCRV, w(Fe)KCRV (represented by a thick black line), and its associated standard uncertainty, 
uKCRV (shown as red lines) in CCQM-K144. The thick error bars indicate the standard uncertainty 
of each participant’s result, ui, while the thin error bars incorporate the dark uncertainty, τ (i.e., 

± �(𝑢𝑢𝑖𝑖2 + 𝜏𝜏2). 
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Table 12: Consensus estimate of the candidate KCRV for magnesium (Mg) and its standard 
uncertainty, 95 % coverage interval, and dark uncertainty with the model for the estimation. 

Consensus 
estimate 
of w(Mg) 
(mg/kg) 

Standard 
uncertainty, u 

(mg/kg) 

95 % coverage 
interval 
(mg/kg) 

Dark 
uncertainty, τ 

(mg/kg) 

Model used 
for the 

estimation 

2.341 0.307 1.742-2.94 0.448 HGG 
 

 

Figure 6: Participants’ results for the mass fraction of magnesium, w(Mg) with respect to the 
candidate KCRV, w(Mg)KCRV (represented by a thick black line), and its associated standard 
uncertainty, uKCRV  (shown as red lines) in CCQM-K144. The thick error bars indicate the standard 
uncertainty of each participant’s result, ui, while the thin error bars incorporate the dark 

uncertainty, τ (i.e., ± �(𝑢𝑢𝑖𝑖2 + 𝜏𝜏2). 
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Table 13: Consensus estimate of the candidate KCRV for silicon (Si) and its standard uncertainty, 
95 % coverage interval, and dark uncertainty with the model for the estimation. 

Consensus 
estimate 
of w(Si) 
(mg/kg) 

Standard 
uncertainty, u 

(mg/kg) 

95 % coverage 
interval 
(mg/kg) 

Dark 
uncertainty, τ 

(mg/kg) 

Model used 
for the 

estimation 

12.22 0.83 10.5-13.95 1.40 HGG 
 

 

Figure 7: Participants’ results for the mass fraction of silicon, w(Si) with respect to the candidate 
KCRV, w(Si)KCRV (represented by a thick black line), and its associated standard uncertainty, 
uKCRV (shown as red lines) in CCQM-K144. The thick error bars indicate the standard uncertainty 
of each participant’s result, ui, while the thin error bars incorporate the dark uncertainty, τ (i.e., 

± �(𝑢𝑢𝑖𝑖2 + 𝜏𝜏2). 
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DEGREES OF EQUIVALENCE (DoE) 
The degrees of equivalence in CCQM-K144 were evaluated using the NIST Decision Tree 
(https://decisiontree.nist.gov). The DoE value for a given measurand and for the ith participant, Di, 
is the reported measurement value, xi, minus the KCRV (Di = xi – KCRV). They are listed in Tables 
14-16 and graphically shown in Figures 8-10. For the NDT procedures used to estimate each of 
the KCRVs in this comparison, the expanded uncertainty of Di, U(Di), is half the shortest interval 
centered on Di that is believed to encompass the true value with 95 % probability, where the 
endpoints of the interval are derived directly from a large sample drawn from the corresponding 
probability distribution. Therefore, the error bars in the plots represent the expanded uncertainties 
of Di at 95 % confidence level, U(Di). In these figures, the horizontal line denotes perfect 
agreement with the KCRV, the black dot represents the Di value, and the uncertainty bars represent 
U(Di). 

All participants in CCQM-K144 demonstrated equivalence. In the third column in each table, the 
uncertainties with symbol * are the participant’s reported uncertainty and the dark uncertainty 

added in quadrature, √(τ2+u2(xi)). For participants without an asterisk (*), the value is just their 
reported standard uncertainty u(xi).  

 

 

 

 

 

 

 

 

 

 

 

 

 

https://decisiontree.nist.gov/
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Table 14: Degrees of Equivalence, Di, and the expanded uncertainty, U(Di), for the mass fraction 
of iron (Fe) in CCQM-K144. Those values accompanied by an asterisk (*) are the participant's 
reported uncertainty and dark uncertainty added in quadrature, √(τ2+u2(xi)), while those without 
an asterisk are the reported uncertainty, u(xi). 

Participating 
NMI/DI 

Reported 
mass 

fraction, 

xi 

(mg/kg) 

Standard 
uncertainty, 

u(xi) 

(mg/kg) 

Difference from 
KCRV, 

Di 

(mg/kg) 

Expanded 
uncertainty of the 

difference, 

U(Di) 

(mg/kg) 

Di / U(Di) 

KRISS 2.14 0.096 -0.190 0.285 -0.667 

VNIIM-UNIIM 2.24 0.205 -0.090 0.454 -0.198 

JSI 2.25 0.09 -0.080 0.280 -0.286 

NIM 2.9 0.25* 0.570 0.646* 0.882 
 

 

Figure 8: Degrees of Equivalence, Di, and the expanded uncertainty, U(Di), for the mass fraction 
of iron (Fe) in CCQM-K144. Those values accompanied by an asterisk (*) are estimated using the 

participant's reported uncertainty and dark uncertainty added in quadrature, √(τ2+u2(xi)), while 
those without an asterisk are estimated using just the reported uncertainty, u(xi). 
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Table 15: Degrees of Equivalence, Di, and the expanded uncertainty, U(Di), for the mass fraction 
of magnesium (Mg) in CCQM-K144. Those values accompanied by an asterisk (*) are the 
participant's reported uncertainty and dark uncertainty added in quadrature, √(τ2+u2(xi)), while 
those without an asterisk are the reported uncertainty, u(xi). 

Participating 
NMI/DI 

Reported 
mass 

fraction, 

xi 

(mg/kg) 

Standard 
uncertainty, 

u(xi) 

(mg/kg) 

Difference from 
KCRV, 

Di 

(mg/kg) 

Expanded 
uncertainty of the 

difference, 

U(Di)(mg/kg) 

Di / U(Di) 

KRISS 1.95 0.09 -0.391 0.625 -0.626 

VNIIM-UNIIM 2.08 0.12 -0.261 0.645 -0.404 

NIM 3.5 0.62* 1.159 1.701* 0.681 
 

 

Figure 9: Degrees of Equivalence, Di, and the expanded uncertainty, U(Di), for the mass fraction 
of magnesium (Mg) in CCQM-K144. Those values accompanied by an asterisk (*) are the 
participant's reported uncertainty and dark uncertainty added in quadrature, √(τ2+u2(xi)), while 
those without an asterisk are the reported uncertainty, u(xi). 
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Table 16: Degrees of Equivalence, Di, and the expanded uncertainty, U(Di), for the mass fraction 
of silicon (Si) in CCQM-K144.  

Participating 
NMI/DI 

Reported 
mass 

fraction, 

xi 

(mg/kg) 

Standard 
uncertainty, 

u(xi) 

(mg/kg) 

Difference from 
KCRV, 

Di 

(mg/kg) 

Expanded 
uncertainty of the 

difference, 

U(Di) 

(mg/kg) 

Di / U(Di) 

VNIIM-UNIIM 10.28 0.97 -1.942 2.529 -0.768 

KRISS 12.2 0.1 -0.02199 1.733 -0.013 

NIM 14.6 1.5 2.378 3.374 0.705 
 

 

 

Figure 10: Degrees of Equivalence, Di, and the expanded uncertainty, U(Di), for the mass 
fraction of silicon (Si) in CCQM-K144. 
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USE OF CCQM-K144 IN SUPPORT OF CALIBRATION AND 
MEASUREMENT CAPABILITY (CMC) CLAIMS 

How Far the Light Shines, Core Capability Statements and CMC support 

Successful participation in CCQM-K144 demonstrates the following measurement capabilities in 
determining mass fraction of alkali and alkaline earth elements, transition metals (except Hg), and 
metalloids in mass fraction range more than 0.05 mg/kg in alumina powder or other metal or metal 
oxide matrices that are difficult to dissolve.  

All participants’ DoE cross zero, meaning that everyone has demonstrated their competency within 
the level of uncertainty used to calculate their DoE values. Consequently, CMCs that align with 
the HFTLS and with uncertainties aligned with the DoE are supported.  

 

Core Capability Table 
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CONCLUSIONS 

CCQM-K144 Trace elements in alumina powder has been successfully conducted demonstrating 
measurement capabilities of all participants. This KC directly evaluates the ability to accurately 
determine the mass fractions of iron (Fe), magnesium (Mg) and silicon (Si), in range more than 
0.05 mg/kg in an alumina powder and similar matrices. For Fe measurement, four NMIs/DIs, JSI 
(Slovenia), KRISS (Republic of Korea), NIM (China), and VNIIM-UNIIM (Russia) participated 
in CCQM-K144. For Mg and Si, three participants, KRISS, NIM, and VNIIM-UNIIM, reported 
their measurement results. Various measurement procedures were employed, including 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with standard addition (SA) or isotope 
dilution (ID) calibration approaches, Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES) with standard addition (SA) following sample dissolution. Additionally, one 
participant used the Instrumental Neutron Activation Analysis with k0-method (k0-INAA) for Fe 
without needing to dissolve the alumina, demonstrating equivalence can be achieved regardless of 
sample dissolution. 

The consensus estimates for the mass fractions of Fe, Mg, and Si were calculated using the 
'Hierarchical Gauss-Gauss' model recommended by the NIST Decision Tree (NDT) for Key 
Comparisons. These values were subsequently approved as the KCRVs in CCQM IAWG. 
Following the procedures in the "IAWG Guidance on Using the NIST Decision Tree for 
Comparison Reporting", an assessment was conducted to determine the incorporation of dark 
uncertainty into the uncertainties. This evaluation resulted in the final DoE tables. All participants' 
results complied with the KCRVs, although a few participants required their reported measurement 
uncertainty to be expanded by dark uncertainty to agree with the KCRV. Remarkably, all 
participants' DoEs crossed zero, and the absolute values of Di / U(Di) remained below one, 
demonstrating their competence within their respective levels of uncertainties. Therefore, 
participants can use this KC as supporting evidence for claiming the CMCs that align with the 
HFTLS.  
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APPENDIX A:  Call for Participation 

Date: Nov. 6, 2018 

E-mail title: Registration for CCQM-K144/P182: Mg, Fe and Si in Alumina 

 

Dear Colleagues, 

 

Please find attached documents prepared by KRISS for CCQM-K144/P182: Mg, Fe and Si in 
Alumina. The registration form should be returned to Dr. Kyoung-Seok Lee (E-mail: 
kslee@kriss.re.kr) and Dr. Yong-Hyeon Yim (E-mail: yhyim@kriss.re.kr) by 24 November 
2018. 

 

Please note that only participation in the key comparison will allow support of CMCs. Also if 
results from more than one method are submitted for CCQM-K144 only the method used for the 
result designated for the KCRV is directly approved for CMCs. The registration is open to 
NMIs/DIs in accordance with the CIPM MRA. Any proposed participation in CCQM-P182 by 
an expert laboratory should first be discussed with the coordinating laboratory (KRISS) and 
myself as it will be necessary to complete an additional BIPM form for approval by the CCQM 
President. 

 

Best regards, 

Mike Sargent  
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APPENDIX B:  Protocol 

 
CCQM-K144/CCQM-P182  

“Trace elements in alumina powder” 
 

Technical Protocol 
 

1. Introduction  

Aluminium oxide (Al2O3), commonly called alumina, has been widely used in various industries 

as a basic material for ceramics, a catalyst for chemical reactions, an ingredient for cosmetics, 

and a medium for chromatography. In recent industries, high purity alumina is essential as one of 

the advanced materials from raw material of sapphire glasses with excellent mechanical strength 

and high transparency to nanoparticles. Trace elements such as iron (Fe), magnesium (Mg), and 

silicon (Si) in high purity alumina may influence the material properties such as optical 

transparency and mechanical strength. If there are higher levels of these elements as impurities in 

high purity alumina, qualities and yields of final product can be severely reduced. Therefore, the 

accurate measurements of trace elements in alumina are important for the relevant industries.  

Recent advances in high-end display and semiconductors require more robust quality control of 

advanced materials and the demands on relevant measurement standards are increasing. 

However, there were no CCQM IAWG studies on the advanced materials since 2008. Therefore, 

a Key Comparison was included in the IAWG’s five-year plan of 2018 to cover current and 

future CMCs for these area (“9. Advance materials” and “14. Other materials” in “List of 

Amount of Substance Categories” of CMCs of Chemistry) which are related to the IAWG Core 

Capability table on “Difficult to dissolve metals” of “Matrix challenges.” In 2016, KRISS 

proposed the comparison for the determination of trace elements in alumina powder and IAWG 

approved it as the Key Comparison, CCQM-K144 in parallel with CCQM-P182. 
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2. Sample 

Each participant will receive two PFA bottles and each bottle sealed in a polymer bag containing 

about 30 g of the alumina powder. It is required to report the measurement results obtained only 

from one sample bottle for exclusion of consideration of between-bottle homogeneity in a 

participating laboratory. The sample in the other bottle can be used for preliminary analysis. 

Please confirm the delivery of the sealed samples by e-mail with the receipt as soon as the 

sample bottles have arrived.  

The sample of alumina powder for CCQM-K144/P162 was produced by KRISS in accordance 

with ISO 17034 and ISO Guide 35 from a single batch of high purity alumina powder (≥ 99.999 

%) which was synthesized by a commercial company, MiCo, Ltd., Korea. The raw material was 

carefully selected after particle size analysis using field-emission scanning electron microscopy 

(FE-SEM) and ICP-MS screening of Fe, Mg, and Si. The particle size distribution was in range 

of 0.3 µm to 0.8 µm. The alumina powder was put in a 50 L pre-cleaned polypropylene bottle. 

To obtain appropriate homogeneity as a reference material, alumina powder in the bottle was 

thoroughly mixed using cylinder roller. Then, the homogenized powder was bottled into 50 mL 

PFA bottle. Each bottle contains around 30 g of high purity alumina powder. All sample 

handling processes were carried out in a clean environment with filtered air through PTFE HEPA 

filter. All bottles and sample handling tools whose surfaces were contacted with sample were 

sequentially cleaned by using 6 % hydrochloric acid, 10 % nitric acid, 5 % hydrofluoric acid, and 

deionized water (18 MΩ⋅cm resistivity).  

The homogeneities were evaluated by ICP-MS and ICP-OES measurements. The standard 

deviations of measurement results of iron (Fe), magnesium (Mg), and silicon (Si) in subsamples 

taken from 12 bottles were used to estimate between-bottle homogeneity. The between-bottle 

standard deviations were 1.92 %, 2.55 %, 3.52 % for Fe, Mg, and Si, respectively. For the 

estimation of within-bottle homogeneity, three subsamples in each bottle were taken and the 

mean of the standard deviations of measurement results were used. The within-bottle standard 

deviations were less than 2.9 %, 1.6 %, and 2.5 % for Fe, Mg, and Si, respectively. The amount 

of subsamples taken was about 1 g. After the sampled alumina powder was dissolved by 

pressurized microwave-assisted acid digestion with 25 % hydrochloric acid, the sample solution 
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was centrifuged to observe if any undissolved particles were present. In addition, the sample 

solution was also investigated by dynamic light scattering and optical microscopy. No particles 

in sample solutions were observed after sample dissolution. 

3. Measurands 

The measurands are the mass fractions, mg/kg, of the elements, iron (Fe), magnesium (Mg), and 

silicon (Si) in alumina powder. The expected mass fractions are listed in the following table: 

Element 
Expected mass fraction 

(mg/kg) 

Fe 1~20 

Mg 1~20 

Si 1~20 

 

4. Core Capabilities 

The measurands with the expected range in alumina powder sample agreed in IAWG for this 

Key Comparison can be used to support CMCs based on the following core capability (CC) 

matrix table:  
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4. Sample storage and handling 

The sample should be kept in its original package without exposure to direct light in a place at 

room temperature and with low humidity. The sample bottle should be shaken vigorously before 

opening to ensure re-homogenization of the content. Then, it opened only after being in 

equilibration at room temperature to prevent condensation of moisture from the air and a drift 

during weighing in mass measurements. To minimize silicon contamination, use of quartz or 

glass materials should be avoided.  

5. Measurement method 

Participants are free to choose any appropriate methods (e.g. ICP-MS, GDMS, ICP-OES, LA-

ICP-MS, etc.) based on their own standard procedures for the measurement values and the 

evaluation of measurement uncertainties. In case of using more than two measurement methods, 

participants are required to submit only one result to CCQM-K144 for the KCRV calculation 

although participants are encouraged to submit all additional results to CCQM-P182. It is 

suggested that the measurement results are obtained from at least five sub-samples for each 
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measurand with a minimum sub-sample mass of 1 g. If sample dissolution procedures are 

necessary, it is recommended to check the absence of residual particles in sample solutions by 

centrifugation around 20,000 rpm for 10 min. to ensure complete dissolution of the alumina 

powder.  

6. Dry mass correction 

Dry mass correction of the sample masses should be carried out to obtain the equivalence among 

the participants’ reported results. Samples of about 1 g taken in weighing bottles are dried at 110 

°C for 2 hours by using a drying oven. Samplings for both dry mass correction and analysis are 

recommended to be carried out at the same time to minimize any change in moisture content 

during sampling. The true mass changes before and after drying should be evaluated for dry mass 

correction of the measurement results.  

7. Reporting 

A Report Form of Results will be provided to the participants by e-mail. Participants are 

required to report their results as mass fraction, mg/kg, obtained from measurements of at 

least five sub-samples of 1 g in a single sample bottle with dry mass correction. Participants 

confirm one result for each measurand for the KCRV calculation in CCQM-K144. The 

completed Report Form of Results should be submitted to KRISS on the scheduled dead line by 

e-mail. It is recommended to provide detailed information about the applied procedure for the 

measurement: 

 Final results with standard and expanded uncertainties for each measurand.  

 If the final result has been calculated from more than two measurement methods, please, 
report the individual results with the combined final results.  

 Additional results obtained from more than two measurement methods are encouraged to
 submit to CCQM-P182. 

 Information about sample preparation: sample dissolution method (apparatus, reagents w
ith their quantities and concentration, temperature, pressure, time, etc.) or direct samplin
g procedures 

 Information about instrumental analysis: Instrument and experimental conditions used fo
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r the measurement 

 Information about the calibration method including reference material used for calibratio
n or other materials in the analytical procedure 

 Details of the uncertainty evaluation: all uncertainty sources and their typical values 

8. Time schedule 

 Sample dispatch: Dec. 2018 

 Reporting: End of Aug. 2019 

 Draft report: CCQM IAWG meeting in Sep. 2019 

8. Contact: 

Dr. Kyoung-Seok Lee 

Korea Research Institute of Standards and Science (KRISS) 

267 Gajeong-ro, Yuseong-gu, Daejeon 305-340, Republic of Korea 

E-mail: kslee@kriss.re.kr 

Tel: +82-42-868-5841 

Fax: +82-42-868-5801 
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APPENDIX C:  Registration Form 
 

CCQM-K144/CCQM-P182 “Trace elements in alumina powder” 
 

Registration Form 

Institute 
Full Name: 

Abbreviated Name: 

Address* 

 

City:                          State: 

Country: 

Postcode: 

Contact Name  

E-mail  

Telephone/Fax  

* The sample will be delivered to this address. Please fill it in detail. 

Measurand 

(as mass fraction) 

CCQM-K144 

(Yes/No) 

CCQM-P182 

(Yes/No) 

Mg   

Fe   

Si   

 

Signature:                                         Date:                                    

Please return the completed form via e-mail no later than 24th Nov. 2018 to 

Dr. Kyoung-Seok Lee (E-mail: kslee@kriss.re.kr) and Dr. Yong-Hyeon Yim (E-mail: 

yhyim@kriss.re.kr) 

Korea Research Institute of Standards and Science (KRISS) 

Address: 267 Gajeong-ro, Yuseong-gu, Daejeon 305-340, Republic of Korea 

Telephone: +82-42-868-5841 Fax: +82-42-868-5801 

mailto:kslee@kriss.re.kr
mailto:yhyim@kriss.re.kr
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APPENDIX D:  Sample Receipt Form 
 

CCQM-K144/CCQM-P182 “Trace elements in alumina powder” 
 

Sample Receipt Form 

Institute National Institute of Metrology, China 

Contact Name Tao ZHOU 

Email zhoutao@nim.ac.cn 

Sample No. for 2 bottles 126, 127 

Receipt date 2018-12-17 

 

Confirmation of package content 

State 1st bottle 2nd bottle 

Intact √ √ 

Broken - - 

Other thing 

(please report) 

- 

 

 

 

 

- 

 

 

 

 

 

Please return this form after receipt of the samples via e-mail to 

Dr. Kyoung-Seok Lee (E-mail: kslee@kriss.re.kr) and Dr. Yong-Hyeon Yim (E-mail: 

yhyim@kriss.re.kr) 

Korea Research Institute of Standards and Science (KRISS) 

Address: 267 Gajeong-ro, Yuseong-gu, Daejeon 305-340, Republic of Korea 

Telephone: +82-42-868-5841 Fax: +82-42-868-5801 

mailto:zhoutao@nim.ac.cn
mailto:kslee@kriss.re.kr
mailto:yhyim@kriss.re.kr
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APPENDIX E:  Reporting Form 
 

 

 

 

 

Repor t  of  Resul t s

CCQM- K144/CCQM- P182 Tr ace el ement s  i n al umi na powder

Par t i ci pant  I nf or mat i on
I nst i t ut e Name

Cont act  Name

E- mai l

Anal yst  Name( s)

Dat e

Bot t l e No.  used f or  anal ys i s

Measur and CCQM- K144 CCQM- P182

Mg

Fe

Si

Si gnat ur e

Repor t  of  Resul t s

CCQM- K144 Tr ace el ement s  i n al umi na powder

Summar y of  Resul t s  f or  CCQM- K144
Measur and Mg Fe Si

Over al l  mean of  measur ement  r esul t  ( mg/kg)

Number  of  subsampl es  ( n )

St andar d devi at i on of  t he mean ( mg/kg)

Combi ned st andar d uncer t ai nt y,  u c ( mg/kg)

Cover age f act or ,  k ,  of  95 % Conf i dence l evel

Expanded uncer t ai nt y,  U ( mg/kg)
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Repor t  of  Resul t s

CCQM- K144 Tr ace el ement s  i n al umi na powder

Measur and:  Magnes i um ( Mg)
Sampl e mass

( g)
Mass  f r act i on

( mg/kg)
1

2

3

4

5

6

Dr y mass  cor r ect i on
Sampl e mass

( g)
Rel at i ve moi st ur e

cont ent  ( %)
1

2

3

Sampl e t r eat ment  met hod ( Pl ease gi ve det ai l s  of  sampl e pr epar at i on pr ocedur e)

Appar at us  ( i f  any)

Pr ocedur e wi t h oper at i ng par amet er s  i ncl udi ng
r eagent s ,  t ar get  mat er i al s ,  t emper at ur e,  t i me,

pr essur e,  power ,  et c.

Type of  sampl e t r eat ment

Measur ement
f or  each subsampl e

Mean ( mg/kg)

St andar d devi at i on of  t he mean ( mg/kg)

Combi ned st andar d uncer t ai nt y,  u c ( mg/kg)

Cover age f act or ,  k ,  of  95 % Conf i dence l evel

Expanded uncer t ai nt y,  U ( mg/kg)

Measur ement
f or  each subsampl e

Mean ( %)

St andar d devi at i on of  t he mean ( %)
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Measur ement  and Cal i br at i on met hod 

Uncer t ai nt y budget
Measur ement  Model  f or  t he measur and and descr i pt i on of  t he i nput  quant i t i es

I nput  quant i t i es Uni t Typi cal  val ue St andar d uncer t ai nt y Type

React or  and det ect or  wi t h oper at i ng condi t i ons
i ncl udi ng dat a anal ys i s  sof t war e

Ref er ence mat er i al s  used f or  cal i br at i on
( t r aceabi l i t y,  val ue,  st andar d uncer ai nt y,  i sot ope

r at i os ,  et c. )

Ref er ence mat er i al s  used f or  i nt er nal  st andar d
( pr ovi der ,  t r aceabi l i t y,  val ue,  st andar d

uncer ai nt y,  i sot ope r at i os ,  et c. )

Ref er ence mat er i al s  f or  qual i t y cont r ol
( pr ovi der ,  val ue,  st andar d uncer ai nt y,  i sot ope

r at i os ,  et c. )

Uncer t ai nt y sour ces

Cal i br at i on met hod
( I D,  St andar d addi t i on,  di r ect  compar at or ,  k 0,

ext er nal  st andar d,  et c. )

I nst r ument  wi t h oper at i ng condi t i ons

Typi cal  s i gnal  i nt ensi t i es  of  pr ocedur e bl ank,
r eagent  bl ank,  et c.

Measur ement  met hod
( I CP- OES,  I CP- MS,  GDMS,  I NAA,  et c. )
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APPENDIX F:  NIST Decision Tree Reports 
For Fe, 
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For Mg,  
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For Si,  
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