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Definition: Matrix certified reference materials (mnCRMs) are materials characterized by
suitable homogeneity, stability, and traceability, with certified values, including uncer-
tainties, and a specific matrix. mCRMs constitute a reference for instrumental analytical
methods and ensure their metrological consistency. Matrix certified reference materials
(mCRMs) are essential tools for ensuring the accuracy and traceability of analytical mea-
surements, particularly for samples with complex matrices. These mCRMs are carefully
manufactured materials that closely mimic the composition and properties of real samples,
allowing laboratories to validate their analytical methods, calibrate analytical instruments,
or check the classical methods. This article highlights the challenges associated with the pro-
duction and characterization of these complex mCRMs, including obtaining homogeneous
materials, establishing accurate target values, and ensuring stability for different types of
materials, such as gases, liquids, and metal alloys. Additionally, the process of statistical
evaluation through the use of advanced statistical methods is discussed, as is the systems
approach associated with the implementation of the ISO 17034 standard, which specifies the
requirements for manufacturers of reference materials. This paper also includes a summary
of the current status in trends of normalization as well as mCRM production.

Keywords: matrix certified reference materials; traceability; ISO 17034; production process;
statistical approach

1. Introduction

Contral tasks for modern laboratories include ensuring the reliability of chemical
and instrumental analysis results and meeting quality requirements. For this purpose,
laboratories use certified reference materials (CRMs). According to the definition of the ISO
17034:2016 standard, CRMs are reference materials for which one or more properties have
been characterized by a metrologically recognized procedure, and should be accompanied
by a certificate specifying the value of the listed properties and the associated uncertainty;,
and confirming the maintenance of metrological traceability [1]. This means that CRMs are
materials with an exceptional degree of homogeneity and a very well-selected and defined
composition that serve as a reference point for laboratories worldwide [2].

Laboratories use CRMs in several key ways to ensure the accuracy and reliability of
analytical results. They are used for (a) instrument calibration, ensuring measurement accu-
racy and traceability over time (including the development of new methods), (b) validation
of new analytical methods, confirming that the methods produce reliable and accurate
results, (c) routine quality control to monitor the performance of analytical methods and
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instruments, (d) proficiency testing and interlaboratory comparisons, where laboratories
analyze the same CRM and compare results to ensure traceability, consistency, and ac-
curacy across different laboratories, (e) training laboratory personnel, ensuring they can
accurately perform analyses and interpret results, (f) procedure uncertainty estimation,
(g) demonstration of regulatory compliance of results, (h) troubleshooting and detection
of potential issues with instruments or reagents, and (i) stability studies for analytical
instrumentation. Additionally, their usage in the above-mentioned areas supports the
evaluation of laboratories and audits carried out by regulatory bodies.

The standardized system of units, known as the International System of Units (SI),
was approved in 1960 at the General Conference on Weights and Measures. Since then, the
standards or definitions associated with it have officially set reference points in many areas
of life. Although it is straightforward to refer to a mass standard in classical gravimetric
methods or a volume standard in volumetry, it is much more challenging to refer to SI
units in instrumental techniques that rely, for example, on determining the interaction of
electromagnetic radiation with matter. In these methods, the recorded signals from samples
are compared with signals previously obtained for well-known reference materials. In
this case, there arises a need for reference materials that, on the one hand, allow for the
calibration of the apparatus, and on the other, prove it is operating correctly. This situation
and the need for standardization have prompted various institutions to take actions to
produce appropriate materials. Alongside the development of the market and producers,
systemic development has progressed, requiring the establishment of universal standards.
The International Organization for Standardization (ISO) has been involved for years in pro-
cesses aimed at standardizing rules to ensure the metrological recognition of CRM systems.
Further sections describe the standards system developed by the organization with the
most important sets of guidelines—ISO Guide 30, ISO 33401:2024, ISO 33405:2024 [3-5], and
ISO 17034:2016 [1], which replaced ISO Guide 34 [6]. According to ISO 17034 [1], reference
material producers must meet a range of requirements regarding quality management,
documentation, traceability, and certification. The process of producing reference standards
must be strict and controlled to ensure that the resulting products comply with specified
specifications and standards. Laboratories analyze very different samples, operating in
various areas of industry and science, and therefore require different reference materials.
Hence, producers offer CRMs in various forms with certified physical or chemical proper-
ties (biological, solution-based, solid, liquid, metal alloys, and many others). Whenever
possible, laboratories choose CRMs with compositions corresponding to the real samples
they analyze. In this context, it is often necessary to use matrix certified reference materials
(mCRMs), i.e., those in which the matrix is defined and relevant from the point of view
of the analytical methods used. Such materials are often used in the area of solid sample
analysis and techniques where various matrix effects occur. Given the great diversity of
analyzed materials, it cannot be expected that mCRMs will be commercially available for all
types of matrices. Furthermore, the production process for matrix standards is complicated
and often takes many years, resulting in limited offerings and a constant race in which
standard producers strive to keep up with new materials produced in the industry. As a
result of systemic changes and introduced standards (laboratories with a quality system
implemented in accordance with ISO/IEC 17025 [7] are required to use certified reference
materials produced by a manufacturer meeting the requirements of ISO 17034 [1]), interest
in CRMs is steadily increasing. In the Scopus database, 75 documents were found under
the keyword “Matrix certified reference materials” in the period of 1998-2025, with a
significant increase in the number of scientific documents observed after 2018. By subject
area, chemistry accounts for as much as 40% of all articles since the initiation of Scopus, fol-
lowed by biochemistry (15.2%), engineering (9%), physics and astronomy (8.3%), chemical
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engineering (6.2%), and environmental sciences (5.5%). Other subject areas account for less
than 5% [8]. Therefore, there is a need to ensure the availability of sufficient quantities of
these materials. Among mCRM producers that compete on the global market, the following
should be mentioned: NIST (National Institute of Standard and Technology, USA), LGC
Standards (UK), BAM (Bundesanstalt fiir Materialforschung und-Priifung, Germany), RIST
(Research Institute of Industrial Science and Technology, Republic of Korea), KTR (Korea
Testing and Research Institute), IRMM (Institute for Reference Materials and Measurements,
European Union), and NMIJ (National Metrology Institute of Japan). Certified reference
materials can be found by searching the Internet, but with the growth of the CRM market
and the diversity of producers, finding the right choice has become difficult. This is why
using a reference material database such as COMAR (platform of BAM) or CNRM (The
National Sharing Platform for Reference Materials of China) can help users find materials
more easily. For example, the COMAR database has 2030 CRMs with additional division by
ISO 17034-accredited CRMs (1218) [1] and CRMs from NMIs (national metrology institutes)
(285). Moreover, it offers the function to search for CRMs by producer, material, properties,
or fragments. In turn, the CNRM database can be divided by category or subcategory:
ferrous metals (carbon steel, low-alloy steel, ferro-alloy, etc.), non-ferrous metals and gases
(heavy metals and their alloys, light metals and their alloys, gases in metals, rare-earth
element ores), geological materials (ore, rock), energy resources (coal, fuel, petroleum
products), and many others. All of these are designed to help choose the right material.

2. The Process of Manufacturing Materials for Matrix CRMs

The production of matrix certified reference materials (mCRMs) is a meticulous, multi-
stage process that is governed by strict international guidelines (mainly ISO 17034 [1]
and ISO 17025 [6]). The aim of these guidelines is to achieve the highest possible levels
of homogeneity, stability, and traceability, ensuring that CRMs can be reliably used for
instrument calibration, method validation, and quality control. Depending on the type of
CRM that is being developed, production is carried out in different ways, but the general
scheme is as follows:

Planning and material selection (defining the need);
Material processing and preparation;

Homogeneity testing;

Stability testing;

Characterization (value assignment);

Certification and documentation;

Post-certification monitoring.

Table 1 briefly describes, in a very general way, how the individual stages differ
depending on the type of material (gas, liquid or solid state), with regard to metal alloys,
polymers, organic substances, geological samples, etc.

The development process also involves the preparation of a certificate that contains
information about the CRM, including its certified values, uncertainties, and intended
use. Once the value assignment process is complete, the CRM may be included in the
accreditation scope of the accredited reference material producer.
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Table 1. The general differences between three states of mCRMs.

Gaseous mCRMs [9-12]

Liquid mCRMs [9,13-17]

Solid-State mCRMs [9,18-22]

Gas phase (e.g., nitrogen,

Metals, polymers, organic

Matrix synthetic air). Water, organic solvents, oils. mattery or inorganic substances.
- Static (e, - Gravimetric (preferred) ~ Mixing, melting, casting,
Preparation gravimetric) - Volumetric (less machining, physical
Methods ) Dynamlc-: (e-g. ) accurate). homogenization, grounding,
permeation devices). polymerization.
Achieved thorough mixing
Achieved by rolling Achieved by stirring, gnd/or. casting, Polymerlzatlon
. s . Lo in special conditions etc.;
. cylinders or using internal ~ shaking, or sonication; 7 -
Homogeneity . R e . verified by sampling (procedure
mixers; verified by verified by analysis and . .
. L suitable to materials form),
statistical assessment. statistical assessment. . .
analysis, and statistical
assessment.
Short-term and long-term
Sensitive to temperature stability studies according to
and pressure changes; Short-term and long-term ISO 17034 [1]. Testing long-term
Stability short-term and long-term  stability studies according to  stability under storage
stability studies according  ISO 17034 [1]. conditions is crucial, while
to ISO 17034 [1]. short-term stability has a lower
impact on materials.
Ideally uses definitive
. . (cl.lrect) methods; Multi-lab and multi-method
Based on comparison with  ;single-lab reference
. . approaches are often used as a
primary standards. Single  procedures and value . .
. . strategies. Uses of multiple
o laboratory strategy is more  transfer from higher-order d .
Characterization analytical techniques (e.g.,

often, with
mass-/volume-based
characterization

CRMs are often used
strategies. For more complex
liquid matrices, laboratory
networks and multi-method
approaches may be used.

spark-OES, XRF, volumery,
gravimetry, etc.) to decrease bias
impact on the certified results;

Certified Parameters

Composition, e.g., volatile
organic compounds (e.g.,
benzene, toluene), gases as
03, CO,, CHy, N>O, SFq,
NO,, and others.

Concentrations of
organic/inorganic analytes
in liquid matrix.

Elemental and compounds
content (main
elements/components and
impurities).

Specialized gas handling

Calibrated balances,

Technological equipment, e.g.,
mixers, grinders, furnaces, and
polymerization reactors. As the

Equipment systems, gas . e materials are usually industrial
. volumetric flasks, filtration ) . . .
Requirements chromatography, . materials, industrial or pilot
) ! systems, higher-order CRMs. X .
permeation devices. scale equipment for routine
industrial processing may be
necessary.
Primary and secondary Traceable to SI units via Traceable to SI units through
Traceabilit standards defined; primary calibrated instruments and  calibrated analytical methods,
y standards are directly primary standards or higher-order CRMs or direct
Sl-traceable. existing CRMs. analysis.
Gas-surface interactions, Volumetric errors, analyte . .
.. e g . Inhomogeneity, segregation,
Challenges leakage, reactivity, gas solubility, filtration,

operating difficulties.

reactivity of components.

mechanical treatment.
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3. Process of Statistical Assessment

A very important constituent of the mCRM production process is the determination
of the measured value and its extended uncertainty. The approach to this depends on the
type of CRM. There are two types of measurand determination approaches—independent
of the particular procedure and operationally determined, where the completely described
procedure is the one accepted. In the case of matrix CRMs, both of the approaches may be
used for different values; however, as the matrix has an essential meaning in analysis of
composition or physical properties, the independence of mass or mole or other SI-traceable
values may be reached. This is always a favorable situation, where CRM may be used
for different analytical methods and procedures, and thus the majority of certified values
are treated in this way. The choice of approach has an impact on further laboratory steps
and analysis, and thus for any particular procedure, only that procedure can be used in
all analytical processes, while in the independent variant, different authorized methods
may be used. However, the statistical approach will be the same in both cases. A new
CRM is statistically processed according to its main properties: homogeneity, stability, and
characteristic (certified) values. The final aim is the determination of the traceable certified
values and their extended uncertainties. The general guidelines for all of these three stages
are included in ISO 33405:2024 [5]. Finally, each of the properties delivers a constituent of
the final extended uncertainty. Table 2 summarizes the main uncertainty constituents, their
importance, and the general most-often-used approach to determination.

Table 2. Main uncertainty constituents for matrix CRMs.

Homogeneity [20,23-28]

Reason for Importance

Ensures consistent distribution of certified properties and matrix components across
mCRM units.

Approach to
Determination

Empirical testing involves selecting representative units from the batch (typically >10 or
cube root of total units) and analyzing them using one-way ANOVA to partition variance
into between- and within-unit components. The F-statistic and p-value are used to test the
null hypothesis of homogeneity. If inhomogeneity is detected, it is quantified and included
in the uncertainty budget. The standard uncertainty is calculated from the mean square
values. Random sampling and repeated measurements are essential. ISO 33405 [4]
provides detailed procedures. Previous methods like the F-Snedecor test only assessed
variance consistency without quantifying uncertainty.

Short-Term Stability [28-32]

Reason for Importance

Confirms that CRM properties remain unchanged during transport and short-term storage.

Approach to
Determination

Stability is tested by storing CRM units at various conditions simulating transportation
conditions for several days or weeks, e.g., temperatures (e.g., —20 °C to 40 °C). Linear
regression analysis is often used to assess trends over time. If the slope is statistically
insignificant (e.g., assessed via Student’s t-test), the material is considered stable. ISO 33405
[4] and ISO 17034 [1] provide guidance.

Long-Term Stability [28-32]

Reason for Importance

Ensures CRM properties remain stable over the product’s shelf life.

Approach to
Determination

Long-term stability is assessed over months or years of storage or via accelerated testing
(e.g., using high temperature or humidity). Linear regression is used to model changes
over time, and the significance of the slope is tested. If the slope is significant, a trend is
present and must be accounted for. The standard stability uncertainty is calculated from
the slope’s standard error and the time interval. ANOVA may also be used to compare
values across time points. Real-time monitoring is also practiced by some producers. ISO
33405 [5] and reference [32] describe these methods.
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Table 2. Cont.

Certified Value Determination [33-36]

Reason for Importance

Provides the official value for CRM users, minimizing bias and ensuring traceability.

Approach to
Determination

Several strategies are used, as follows: (1) single-lab reference procedures, (2) value transfer
from another CRM, (3) mass-/volume-based characterization, (4)

operational /non-operational definitions. For matrix CRMs (mCRMs), multi-lab and
multi-method approaches are preferred to reduce bias. Each lab analyzes random units
multiple times, and averages are calculated. Outliers are removed only with technical
justification supported by statistics (e.g., Grubbs or Q-Dixon tests). The final certified value
is the average of lab-level averages. This approach is used by major producers like BAM,
NM]IJ, JRC, and LGC. ISO 33405 [5] and ISO 17034 [1] provide detailed protocols.
Determination of the certified value is also a process which brings uncertainty. Therefore,
the characterization uncertainty has to be estimated. For the mentioned strategy, the
standard uncertainty of characterization is equal to the standard deviation of the datasets
used for characterization over the root square of the number of datasets [5].

The determined certified value has to be noted with its expanded uncertainty U.
The final budget of the uncertainty includes uncertainty of homogeneity, uncertainties of
stabilities (long and short term/transportation), and uncertainty of characterization [1,5].
It has to be noted that the expanded uncertainty is calculated as standard uncertainty
multiplied using the coverage factor k. Commonly used values for k are 2 and 3, which
correspond to confidence levels of approximately 95% and 99% for a normal distribution.
For mCRMs, a value of k = 2 is more often used, meaning that the measurement result with
expanded uncertainty covers 95% probability that the true value lies within this interval.

It has to be emphasized that certified value uncertainty is not equal to measurement
uncertainty. The result of the analysis of a certified reference material does not have to
fall within the uncertainty of the certified value, because in the measurement uncertainty
budget, in addition to the uncertainty of the certified value resulting from the characteristics
of the CRM itself (homogeneity, stability, characterization process), the uncertainty arising
from the measurement method used, and sometimes also from environmental factors (e.g.,
temperature or pressure), must be taken into account. It is worth noting that mCRMs are
often used as a reference in the determination of expanded uncertainties of measurements,
as is described in ISO/IEC Guide 98-3 (GUM) [37].

It should be clearly stated that there is no one universal statistical approach to the
production of mCRMs, as they encompass a very wide scope of materials and the process
of statistical treatment of the results has to be considered separately for each new product.
The general methodology described is probably the one most commonly used by mCRM
producers. However, general rules and examples are included in the ISO 33405 standard [5].

4. A Systematic Approach to the Production of Certified
Reference Materials

A systematic approach to the production of certified reference materials (CRMs) is
fundamental to ensuring the accuracy, traceability, and reliability of measurement results
in laboratories worldwide [38]. International standards such as ISO 17034:2016—General
requirements for the competence of reference material producers—and the ISO 33400
series establish uniform guidelines for terminology, production, characterization, and
documentation [1,39]. Compliance with international guidelines ensures that CRMs are
metrologically consistent, enabling a reliable comparison of results between different
laboratories [40]. This directly translates to the accuracy of test results and customer trust.
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Additionally, in some cases covered by legal regulations, meeting legal requirements often
depends on the use of CRMs that comply with international standards.

The most important standards that closely support the implementation of ISO 17034 re-
quirements include ISO Guide 30:2015, Reference materials—Selected terms and definitions;
ISO 33401:2024, Reference materials—Contents of certificates, labels and accompanying
documentation; and ISO 33405:2024, Reference materials—Approaches for characterization
and assessment of homogeneity and stability [3-5]. The terminology used in the field
of reference materials is also aligned with the ISO/IEC Guide 99:2007 [41] International
vocabulary of metrology—Basic and general concepts and associated terms (VIM), which
provides standardized definitions essential for clear communication in metrology and qual-
ity assurance. A cross-referenced and comprehensive overview of the most relevant and
up-to-date ISO standards and technical reports related to the production and application of
reference materials is presented in Figure 1 and Table 3.

ISO 33403:2024

Reference materials—

Requirements and
ISO/TR11773:2013 recommendations foruse
Global distribution of

reference materials ISO/TR 16476:2016

Reference materials—
Establishing and expressing

ISO 33401:2024 metrological traceability of quantity
Reference materials— values assigned to reference materials
Contents of certificates,
labels and accompanying

1SO 33406:2024

documentation )
Approaches for the production

of reference materials
with qualitative properties

1SO 17034:2016 ISO 33405:2024
General requirements for  Reference materials— 'SQ 33407:2024 .
the competence of Approaches for characterization Guidance for the production
reference material and assessment of homogeneity of pure organic substance
producers and stability certified reference materials
ISO/TR 10989:2009
Reference materials—Guidance on,
and keywords used for,
ISO Guide 30:2015 i ceteoorizaton
Reference materials—
Selectedterms and definitions ISO/DIS 33408
Guidance for the production
of pure inorganic substance
certified reference materials
ISO/TR 33402:2025
Good practice in reference ISO/TR 79:2015
material preparation Reference materials

Examples of reference materials
for qualitative properties

Figure 1. Relationship between ISO 17034 [1], ISO 33400 [4,5] series, and technical reports in CRM
production [42].

In summary, a systematic approach to CRM production, based on international stan-
dards such as ISO 17034 [1] and the ISO 33400 [5] series standards, as well as the indicated
technical reports, is essential for ensuring high-quality and reliable measurement results.
This approach promotes the continuous improvement of production processes and raises
quality standards.
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Table 3. Overview of ISO Standards and Technical Reports relevant to the production and use of

reference materials.

Document

Title

Scope and Application

1SO 17034:2016 [1]

General requirements for the
competence of reference material
producers

Specifies general requirements for the
competence of producers of reference
materials, including certified reference
materials (CRMs).

ISO/TR 33402:2025 [43]

Good practice in reference material
preparation

Provides guidance on best practices for
preparing reference materials.

Reference materials—Good practice in

Describes good practices for using RMs

150 33403:2024 [44] using reference materials and CRMs in measurement processes.
Approaches for the production of . .
ISO 33406:2024 [45] reference materials with qualitative Offfers guidance for producers on creating

properties

RMs with assigned qualitative properties.

ISO/TR 79:2015 [46]

Reference materials—Examples of
reference materials for qualitative
properties

Provides examples of reference materials
with qualitative properties.

ISO/TR 10989:2009 [47]

Reference materials—Guidance on and
keywords used for RM categorization

Offers recommendations on how to
categorize reference materials and defines
related terminology.

ISO/TR 11773:2013 [48]

Global distribution of reference materials

Discusses the international distribution
landscape of reference materials.

ISO/TR 16476:2016 [49]

Reference materials—Establishing and
expressing metrological traceability of
quantity values assigned to reference
materials

Covers how to establish and express
metrological traceability for values
assigned to RMs.

ISO/Guide 30:2015 [3]

Reference materials—Selected terms and
definitions

Defines selected key terms related to
reference materials.

ISO 15194:2009 [50]

In vitro diagnostic medical
devices—Measurement of quantities in
samples of biological
origin—Requirements for certified
reference materials and the content of
supporting documentation

Specifies requirements for CRMs used in
in vitro diagnostics and the required
supporting documentation.

International vocabulary of

Provides standardized terminology and
definitions used in metrology, forming the

ISO Guide 99:2007 [41] metrology—Basm and general concepts conceptual basis for all reference material
and associated terms (VIM)
standards.
Guidance for the production of pure Provides guidance on preparing certified
ISO 33407:2024 [51] organic substance certified reference reference materials based on pure organic
materials substances.
Guidance for the production of pure .
ISO/DIS 33408 [52] inorganic substance certified reference Covers the production of CRMs from pure

materials

inorganic substances.

5. Conclusions and Prospects

Certified reference materials are crucial for ensuring measurement traceability and the

accuracy of results in instrumental analytical chemistry. mCRM production is challenging

because it usually requires a non-regular approach to the development of the material,

many tests (e.g., homogeneity, long-term and short-term stability, characterization tests),

statistical treatment of the analytical results suitable to the process, and working within
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quality systems, standards, and formal regulations. Because of the variety of mCRMs, the
description or establishment of one universal procedure is impossible; different producers
use different production processes, strategies, and different statistical treatment of the
results to produce materials with the most suitable properties for use. The dynamic
development of technology poses new challenges and opens new opportunities. Currently,
the greatest challenges in the production of new CRMs are linked to advanced analytical
techniques, such as next-generation mass spectrometry and high-resolution spectroscopy,
which require CRMs of higher quality, stability, and homogeneity to meet their specific
requirements. Moreover, the development of “small spot” techniques for direct analysis of
solid samples, such as laser ablation inductively coupled plasma spectrometry, micro X-ray
fluorescence spectrometry, or glow discharge optical emission spectrometry, has resulted in
the requirement of mCRMs with confirmed homogeneity in very small sample volumes.
The development of new materials, including nanomaterials and biomaterials, poses a
challenge for mCRM manufacturers to develop appropriate matrix reference materials
considering their unique properties. As a result, Lukasiewicz-IMN, an mCRM producer, has
observed an increasing interest in the market for the development of individual and specific
reference materials well suited for specific processes or customers. The other observed
demand is for a short production time; mCRM production usually takes years, but the
need for direct and immediate availability of CRMs is common. Increasing awareness of
standardization requirements in the market will result in demand for mCRMs produced
in reference to the most current standards. This is, now and in the future, challenging
because of the dynamic characteristics of such regulations, especially the implementation
of new ISO standards in place of preliminary ISO Guides and other formal and informal
documents. The unexpected result of such dynamic regulations is the decreasing demand
for CRMs produced in the past, when the specific regulations were not present. As the
development of new mCRMs always results from the development of new materials,
similar progress may be expected in the current trends in material engineering. The future
challenges posed to reference material manufacturers include, among others, the use of
artificial intelligence and machine learning to design and produce CRMs with optimal
properties that are adapted to specific applications. The CRM market is shaping up as a
dynamic area in which technological innovation and changing analytical needs will shape
the development of new reference materials. Taking into account all the observed changes
and trends, it can be assumed that technological and formal requirements for mCRMs
are growing. Therefore, the past strategy used by producers for the production of large
batches which will satisfy the market for many years is no longer relevant. All these factors
also affect the cost of production and, as a result, the prices of mCRMs, but also stimulate
producers to change and develop. Currently, no factors have been identified that could
reduce the dynamics of changes in the certified reference material market in the future.
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