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Estimating the Uncertainty of the Result for Tests of Resistance to 
Environmental Conditions on the Example of the Method of Resistance 

to Neutral Salt Mist According to EN ISO 9227 / ASTM B117

Marcin GARBACZ1

Summary
Environmental laboratory tests are one of the most frequently performed tests to evaluate materials used, among others, 
for the construction of rail vehicles. Th e requirements of the EN ISO/IEC 17025 standard for research laboratories, par-
ticularly when evaluating the compliance of materials with the specifi ed requirements, impose on laboratories the need 
to consider the results of fi nal measurements along with the uncertainties of these results. Due to the complexity of the 
physical and chemical processes occurring during environmental tests, determining the sources of uncertainty of the mea-
surement result can be very complicated. Th e article presents one of the methods of estimating the complex uncertainty 
for environmental tests on the example of corrosion tests using the NORDTEST TR 537 concept of uncertainty estimation. 
Th e article presents an exemplary method of uncertainty estimation based on a set of empirical data obtained in an accred-
ited Laboratory for Testing Materials and Structural Elements of the Railway Institute with the use of within-laboratory 
reproducibility and method bias. Examples of uncertainty estimation depending on the type of tested objects (metal details 
and paint coatings) and the method of their evaluation aft er corrosion tests (quantitative and qualitative methods) are 
presented. Th e article also briefl y presents the possibilities of interpreting and processing the obtained data as part of the 
control carried out inside the laboratory on the basis of a simple statistical tool such as Shewhart control charts and the 
Ishikawa diagram for the method of determining corrosivity in salt chambers, identifying important factors infl uencing 
the measurement uncertainty and at the same time showing the complexity the entire research process.

Keywords: neutral salt spray, control charts, within-laboratory reproducibility, inter-laboratory reproducibility, bias, metal 
workpieces, paint coatings

1. Introduction

Th e environmental resistance tests carried out in
the laboratory are designed to refl ect the natural work-
ing conditions of the product along with factors that 
may adversely aff ect its performance. Various physical 
and chemical factors can adversely aff ect the product’s 
usability, shelf life and safety. Th e purpose of the per-
formed environmental tests is to assure the manufac-
turer that their product is constructed in accordance 
with the relevant standards/legal requirements and in 
such a way that it is safe for use. One particularly sen-
sitive area concerning material safety is rail transport. 
Future designs of rolling stock involve creating new 
structural solutions based on lightweight materials 
while ensuring maximum safety. Th e vehicle’s body 
must be protected against corrosion, sound, heat, and 

vibration, and the materials used for these purposes 
must be resistant to various environmental factors. 
Th e environmental resistance tests of materials car-
ried out in the laboratory can refl ect many naturally 
occurring ageing mechanisms, such as resistance to 
corrosion, resistance to solar radiation, resistance to 
climatic conditions including humidity, resistance to 
thermal conditions, i.e. fl ammability properties, etc. 
Th e selection of the preferred ageing test for the mate-
rial should be tailored to the everyday exposure it will 
experience in the train’s construction.

In most cases, laboratory tests based on environ-
mental tests are standardised and provide a reasonably 
high repeatability/reproducibility, as well as the possi-
bility of creating a specifi c quality ranking of materi-
als under the same ageing conditions carried out in the 
laboratory. However, one oft en overlooked issue is that 
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environmental tests are burdened with a certain degree 
of uncertainty in the obtained results, and attempting 
to determine this uncertainty is a complex matter. Th e 
accreditation of research laboratories, in light of the 
requirements of the EN ISO/IEC 17025 [1] standard, 
as well as the evolving approach of ILAC to assessing 
these requirements, forces research laboratories to take 
increasing responsibility in reporting results along with 
determining the uncertainty of those results. One of 
the key changes introduced by the standard concerns 
the principle of decision-making. Th is principle de-
scribes how measurement uncertainty is taken into ac-
count when determining compliance with a specifi ed 
requirement, especially when meeting specifi c legal 
regulations is necessary. Furthermore, each laboratory 
should implement procedures describing how uncer-
tainty is estimated and specify the identifi ed sources of 
uncertainty for each method, even when this uncer-
tainty is not reported in the fi nal reports (the informa-
tion is irrelevant to the Client). Th e article presents an 
example of an approach to estimating measurement 
uncertainty of environmental tests, using corrosion 
tests as an illustrative case.

Accelerated corrosion testing is carried out in 
special chambers allowing testing in an artifi cial cor-
rosive atmosphere. Th e applied atmosphere in these 
chambers intensifi es the corrosion processes of met-
als, their alloys, and other materials used for corro-
sion protection, such as paint systems. Th e intensifi -
cation of corrosion processes is achieved by exposing 
the materials to factors such as temperature, relative 
humidity, moisture condensation, pH, the presence 
and concentration of corrosive components (e.g., ac-
ids, chlorides, SO2, H2S), etc.

Th e article describes the issues of estimating the 
complex uncertainty of corrosion tests and uncertainty 
assessment of samples aft er testing in a salt spray cham-
ber in accordance with the requirements of the EN ISO 
9227 [2] standard and its American equivalent ASTM 
B117 [3]. Estimating the uncertainty of the results is 
challenging due to the complexity of the test, a signifi -
cant number of partial uncertainty components involved 
in the research process, numerous instruments used in 
auxiliary measurements, as well as various types of tested 
samples and diff erent methods of their assessment.

Th e exemplary approach to estimating the mea-
surement uncertainty of salt chamber tests, as well as 
selected methods for assessing samples aft er this type 
of testing (complex uncertainty), is based on experi-
mental results obtained at the accredited Materials & 
Structure Laboratory of the Railway Research Institute.

1.1. Salt spray corrosion resistance test method

Th e most widely used accelerated corrosion test-
ing method worldwide is the salt spray test method 

with appropriately defi ned process parameters. It has 
been employed for many decades to determine the 
corrosion resistance of metals and protective coatings 
(metallic, conversion, oxide, and paint coatings). Salt 
spray corrosion tests are used to compare materials 
exposed to the same agent in the form of a uniformly 
atomised mist of sodium chloride solution at a fi xed 
concentration, temperature and suitably adjusted pH 
of the spray. Th e primary purpose of these tests is 
to determine the time required to initiate corrosion 
under established conditions and classify the materi-
als’ resistance based on the chosen method param-
eters (solely for comparative purposes). However, the 
results may (but do not necessarily have to) also be 
indicative of the service life of these elements in real 
operating conditions.

Worldwide, the most commonly used internation-
al standard for assessing material corrosiveness is EN 
ISO 9227 [2], as well as the American standard ASTM 
B117 [3]. Th e standards are almost identical, with the 
main diff erence being that the American counterpart 
does not include the possibility of using acidic salt 
spray (AASS) or copper-accelerated acetic acid salt 
spray (CASS) as described in the ISO standard (these 
methods are described in separate American stan-
dards). Th ey also diff er in the use of diff erent refer-
ence materials and the approach to chamber calibra-
tion, which is briefl y characterized in the later part of 
the article. Both standards contain detailed guidelines 
for conducting corrosion resistance tests, and the 
most important requirements include the supervision 
of process parameters such as:
 chamber operating temperature,
 salt spray collection rate (in measuring cylinders 

with funnels, in ml/h),
 concentration and pH of the sprayed salt solution,
 appropriate purity of water and reagents for pre-

paring salt solutions,
 method of spraying (particle size distribution), etc,
 humidity (the compressed air that is used to create 

the salt spray is heated and saturated with mois-
ture in a pressurised humidifi er).

Research in a  salt spray chamber (depending on 
the type) can be conducted using three diff erent types 
of salt spray, as presented in Table 1. Test 1 is de-
scribed by the previously mentioned ISO and ASTM 
standards, while Tests 2 and 3 are only described by 
EN ISO 9227 [2].

Testing in neutral salt spray (NSS) is particularly 
useful for studying: metals and their alloys, metallic 
coatings (anodic and cathodic), conversion coatings, 
anodic oxide coatings, and organic coatings on metal 
materials. On the other hand, testing in acetic acid 
salt spray (AASS) and copper accelerated  salt spray 
(CASS) is useful for studying decorative coatings such 
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as copper + nickel + chromium or nickel + chromi-
um. It has also been found that such tests are suitable 
for studying anodic and organic coatings on alumi-
num substrates [4]. In the case of rail transport, where 
organic coatings on steel and aluminum are primarily 
used for corrosion protection, the most common ap-
plication involves testing with neutral salt spray.

Th e salt spray corrosion test is a  quality control 
examination commonly used to assess the quality of 
a specifi c technological process, for example, for ele-
ments coated with anti-corrosive layers. It tests ele-
ments that are typically capable of withstanding, for 
instance, 480 hours without visible signs of corrosion 
on the surface. If a batch of material starts corroding 
aft er 96 hours, it indicates an error in the technologi-
cal process and the need to rectify this error in the 
anti-corrosive layer manufacturing process [4].

Th e results of salt spray corrosion tests cannot be 
directly converted into operating time under real-
world operating conditions. Particularly large dis-
crepancies between natural ageing and accelerated 
ageing in salt spray were observed for zinc coatings on 
steel substrates and organic coatings pigmented with 
zinc phosphate and another active inhibitor. Th e rea-
sons for these observed diff erences lie in the absence 
of “dry periods” during salt spray ageing, which are 
necessary for the formation and reformation of the 
passivation layer on zinc, as well as the hydrolysis of 
the inhibitor and surface passivation. As a result of the 
observed discrepancies between the eff ects of natural 
and accelerated ageing, cyclic corrosion tests (CCT) 
have been developed in recent years, mainly driven 
by the automotive industry. Th ese tests aim to better 
replicate the corrosive damage that may occur under 
natural conditions. Cyclic tests are based on intermit-
tent exposure of samples in salt spray, with alternating 

periods of varying humidity, which suffi  ciently ap-
proximates the real-world corrosive conditions to 
which the samples are exposed in their natural envi-
ronment [4].

1.2.  Concepts for determining the uncertainty 
of salt spray corrosion tests

Building the uncertainty budget for tests using salt 
spray chambers (or environmental testing in general) 
can be based on two diff erent concepts.

Th e fi rst concept involves estimating the uncer-
tainty of the method based on constructing the un-
certainty budget, considering each activity performed 
during the research process, and then determining 
the complex uncertainty, following guidelines such as 
the GUM [5].

Estimating the uncertainty budget for environ-
mental tests based on this concept can be problem-
atic and highly complex due to the large number of 
variables and possible intercorrelations of individual 
components, which may lead to inaccurate estimation 
of sensitivity coeffi  cients in the complex uncertainty. 
Such an approach proves to be very useful when 
quantifying individual components of uncertainty. 
However, in some cases, this methodology can also 
result in underestimating the measurement uncer-
tainty, partially because it is challenging to consider 
all possible contributions to uncertainty, as is the case 
in the considered method for corrosion resistance 
testing using salt spray chambers [6]. Figure 1 pres-
ents a simplifi ed cause-and-eff ect diagram (“fi shbon” 
diagram otherwise known as the Ishikawa diagram) 
for the method of determining corrosion resistance in 
salt spray chambers according to EN ISO 9227 [2] and 
ASTM B117 [3].

Table 1
Standardised corrosion resistance tests using salt spray tests

Test number 1 2 3

Test type: Neutral Salt Spray (NSS) tests Acetic Acid Salt Spray 
(AASS) tests

Copper Accelerated Salt Spray (CASS) 
tests

Solution composition: NaCl 50 ± 5 g/l NaCl 50 ± 5 g/l, 
CH3COOH1

NaCl 50 ± 5 g/l
CuCl2·2H2O 0.26 g/l ± 0.02 g/l, 

CH3COOH1

Temperature 35 ± 2°C 50 ± 2°C

pH of the condensate 
at 25°C 6.5÷7.2 3.1÷3.3

Th e average condensate 
collection rate for 
a surface of 80cm2

1.5 ml/h ± 0.5 ml/h

1 CH3COOH used for acidifying the solution and adjusting it to the appropriate pH.
[Authors’ own elaboration].
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Th e second concept concerns the calculation of 
measurement uncertainty adopted in environmen-
tal laboratories based on the document NORDTEST 
TR 537 [7]. Th is method has also been described in 
Polish in the Information Bulletin of the Pollab Club 
2/51/2008 [8]. In the proposed model for calculating 
uncertainty, both within-laboratory reproducibility 
(RW) and the estimation of laboratory and method 
bias together (using CRM, interlaboratory compari-
sons, recovery studies) are taken into account, or the 
estimated inter-laboratory reproducibility (SR – stan-
dard deviation of reproducibility) is used for this pur-
pose, e.g., based on results from diff erent rounds of 
profi ciency testing for a given method.

 

 

Within-laboratory 
reproducibility – Rw

Inter-laboratory 
reproducibility – SR

Tested sample Result Report analysis 
+ Client decision

Method and laboratory bias:
1. CRM

2. PT/ILC
3. Recovery tests

Fig. 2. Uncertainty model of measurement as depicted in the 
fi shbone diagram [Author’s own elaboration]

Th e article provides a more detailed description of 
the method using the concept of calculating measure-
ment uncertainty adopted in environmental laborato-
ries, based on the document NORDTEST TR 537 [7], 
utilising within-laboratory reproducibility along with 
estimating the laboratory and method bias using ref-
erence materials (RMs).

It should be strongly emphasised that the estima-
tion of each method’s uncertainty should encompass 
the entire research process, including the assessment 
of the sample aft er the completion of the test (regard-
less of whether the method is qualitative or quanti-
tative). In cases where data will be reported only for 
the method used for the corrosion test (without con-
sidering the ageing test itself), such information must 
always be included in the test reports for the Clients. 

1.2.1.  Flow chart for estimating uncertainty for 
tests conducted in a salt spray chamber

According to the methodology described in NOR-
DTEST TR 537 [7], as well as in the translation of the 
Information Bulletin of the Pollab Club 2/51/2008 [8], 
the results of uncertainty calculations should be based 
on a fl ow chart consisting of 6 specifi ed stages (steps). 
Th is fl ow chart is presented in Table 2.

Table 2
Flow chart for determining uncertainty based on within-

laboratory control and laboratory bias for a method in 
accordance with the concept of NORDTEST TR 537 [7] for 

environmental tests
Step Action

1 Determine the measured value

2

Determine quantitatively (relatively) the within-labora-
tory reproducibility, u(RW), for: 
A: control sample B: any steps not covered by the con-
trol sample

3 Determine quantitatively (relatively) the components of 
laboratory and method bias, u(bias)

4 Transform the components into standard uncertainty

5 Calculate the complex standard uncertainty, uC

6 Calculate the expanded uncertainty, U

1.2.2. Within-laboratory reproducibility – Rw

Estimating the within-laboratory reproducibility 
uncertainty u(RW) must cover all stages of the research 
process, and the measurement results of the control 
sample should be conducted exactly in the same way as 
the tested samples. When estimating the within-labora-
tory reproducibility uncertainty u(RW), it is important 
to consider the long-term variations of the most signifi -
cant components of uncertainty occurring within the 
laboratory, e.g., caused by diff erent standard solutions, 
new batches of reagents, diff erent instruments, or dif-
ferent laboratories conducting the tests.

For tests conducted in salt spray chambers, the 
entire research process is based solely on placing the 
sample (workpiece) into the chamber and then con-
tinuously monitoring the proper operation of the salt 
spray chamber (oft en on a daily basis) by observation 
of the temperature inside the chamber, the amount of 
condensate in the measuring cylinders (with a funnel 
of 80 cm2 surface area), pH, and density of the sprayed 
solution. Additionally, during the test, the salt solu-
tion tanks are replenished with a 5% sodium chloride 
solution with the appropriate pH and density. Th e so-
lution must be prepared from suitably pure reagents 
– with certifi cates of analysis (p.a.grade) – and water 
with a conductivity of less than < 20 μS/cm or < 5 μS/
cm (depending on the standard), obtained through 
distillation or deionisation processes.

To analyse the within-laboratory reproducibility 
for an environmental method, it would be best to base 
it on the principle of determining the method’s robust-
ness, which assesses the impact of small, unintentional 
changes (conditions) in the measurement method on 
the fi nal result. Robustness testing is carried out based 
on signifi cance tests or analysis of variance (ANOVA). 
It involves detecting signifi cant diff erences between 



102 Garbacz M.

variances and mean values of measurement series 
generated for slightly diff erent measurement condi-
tions, such as variations in temperature, pH of salt so-
lutions, or purity of reagents used in the analysis. Th e 
aim of such tests is to identify which parameters of 
the measurement method should be strictly adhered 
to and which parameters, if varied randomly, have an 
insignifi cant impact on the test result. However, this 
approach requires a signifi cant amount of work and 
research, as well as familiarity with more advanced 
statistical techniques.

Also, a  useful and less time-consuming tool for 
ongoing quality control of measurements in the labo-
ratory is the use of control charts. Th ey make it pos-
sible to monitor variability in a controlled process or 
sequence of analyses and to determine whether devia-
tions of measurement results from accepted norma-
tive values are random in nature. Th e most commonly 
used control charts are Shewhart charts and CuSum 
(cumulative summing chart) charts.

Th e fundamental element of Shewhart charts is the 
set of control lines. It consists of a centre line (CL), with 
two warning limits drawn parallel to it, also known as 
action limits (upper and lower warning limits UWL 
and LWL), and two more distant control limits known 
as alarm limits (upper and lower control limits UCL 
and LCL). To determine the position of lines on the 
Shewhart chart, it is necessary to know the estimator 
of the expected value of the parameter that charac-
terises the controlled process and the estimator of the 
measure of dispersion (variance) of the value of this 
parameter around its mean value. In practice, the es-
timator of the expected value is typically an arbitrarily 
imposed nominal value, a known value for a certifi ed 
reference material, or the mean from a pilot sample. 
Th e estimator of dispersion can be an acceptable or 
assumed level of precision, the standard deviation 
value of a population of results, or the standard de-
viation of a pilot sample. Depending on the statistical 
implementation of the quality control program, the 
Shewhart chart can be constructed by plotting the fol-
lowing values: the arithmetic mean of measurement 
results (multiple or duplicate analysis), the standard 
deviation (multiple analysis), the range (multiple or 
duplicate analysis), the moving range (individual 
analysis), or individual measurement values [9].

Th e CuSum chart, on the other hand, is based on 
the diff erences between the means of consecutive mea-
surement series and the target value (reference). If the 
process of performing the analysis is correct, the points 
plotted on the chart will cluster around zero along the 
horizontal axis. If, on the other hand, a line is formed 
from the points that is inclined relative to the horizon-
tal axis, this indicates a systematic error [9].

Section 3 of this article, which contains the 
experimental results for the within-laboratory 

reproducibility analysis u(RW), utilises the Shewhart 
control chart.

1.2.3. Laboratory/method bias

When determining the source of laboratory 
and method bias u(bias), reference materials (RM/
CRM), results from inter-laboratory comparisons 
(profi ciency tests) or recovery studies of the addi-
tion of a standard to the sample (for typical chemical 
analyses) are used. Bias sources should be eliminat-
ed as much as possible. According to the GUM [5]
guide, the measurement result should always be 
corrected, if the bias is signifi cant, based on reli-
able data, preferably such as CRM. However, even if 
the bias is zero, it must be estimated and treated as 
a component of uncertainty.

Although, unlike exposure in natural atmospheric 
conditions, laboratory testing in salt sprays is con-
ducted with a  reduced number of controlled vari-
ables, oft en leading to more repeatable results, esti-
mating laboratory or method bias is questionable due 
to the highly random nature of the corrosion process 
itself (e.g., random formation of protective coatings 
on steel test panels under the infl uence of corrosion 
products, irregular alloy composition, signifi cant ran-
domness during the test duration, etc.). In this article, 
it is determined on the basis of a  reference material 
(calibration steel plates).

1.2.4. Inter-laboratory reproducibility – SR

In the case of obtaining satisfactory results from 
inter-laboratory comparisons for estimating method 
uncertainty, the reproducibility index (usually provid-
ed as the standard deviation of measurement repro-
ducibility) can be used, provided that the comparison 
includes all uncertainty components and estimation 
steps (stages). In this scenario, the estimation of ex-
panded uncertainty is possible by directly utilising the 
standard deviation parameter from inter-laboratory 
comparisons. However, using this method can lead to 
signifi cant overestimation of uncertainty, depending 
on the quality of the laboratory’s work [10].

2. Research material, methodology and 
apparatus used

For many years, the Materials & Structure Labora-
tory of the Railway Research Institute has been con-
ducting research using neutral salt spray (NSS) in ac-
cordance with the methodology described in EN ISO 
9227 [2] and ASTM B117 [3] standards, for which 
the Laboratory is accredited by the Polish Centre for 
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Accreditation (AB 369). Th e Materials & Structure 
Laboratory of the Railway Research Institute con-
ducts corrosion resistance tests on:
 metallic elements with diverse chemical composi-

tions (aluminum, steel, copper, and others) as well 
as metal alloys used in various industrial sectors, 
primarily in the railway industry,

 paint coatings commonly used in the transporta-
tion industry.

During the examination of the ageing eff ects of 
metal elements in salt spray, the Laboratory deter-
mines the percentage of the sample’s surface aff ected 
by corrosion and its type, e.g., according to EN ISO 
10289 [11] standard. Additionally, when possible, the 
Laboratory measures the mass loss of the samples us-
ing gravimetric methods.

Th e eff ects of salt spray ageing of paint coatings are 
usually assessed using the EN ISO 4628 series of stan-
dards (for which the Laboratory is also accredited):
 EN ISO 4628-1 General introduction [12], 
 EN ISO 4628-2 Assessment of degree of blister-

ing [13],
 EN ISO 4628-3 Assessment of degree of rusting [14],
 EN ISO 4628-4 Assessment of degree of cracking [15],
 EN ISO 4628-5 Assessment of degree of fl aking [16],
 EN ISO 4628-8 Assessment of degree of delamina-

tion and corrosion around a scribe [17],
and other selected methods to assess changes in phys-
ical and chemical properties, e.g. assessment of adhe-
sion or hardness of the coating.

Th e article also presents a method for estimating 
the corrosion uncertainty for selected assessment 
methods of tested objects (quantitative and qualita-
tive-quantitative methods) based on long-term ex-
perimental results from the resources of the Materials 
& Structure Laboratory.

2.1.  Standardised salt spray test plates 
(calibration)

In order to ensure repeatability and reproducibil-
ity of test results according to EN ISO 9227 [2] and 
ASTM B117[3] standards, it is recommended to peri-
odically “calibrate” the salt spray chamber by placing 
steel reference samples inside it (evenly distributed 
over the entire surface used for testing) and estimat-
ing the mass loss aft er a  specifi ed exposure time to 
salt spray In this context, the term “calibration” is un-
derstood as checking the proper operation of the salt 
spray chamber, including the correct execution of in-
dividual steps during its operation in accordance with 
the requirements of the standard (e.g., concentration 
and density of the salt solution, correction of the pH 
of the solutions when required, purity of the water 

used for their preparation, proper spraying of the salt 
spray, etc.). Calibration results that signifi cantly devi-
ate from the acceptable criteria suggest that the cham-
ber is not working properly or the entire standardised 
testing process is being conducted incorrectly. Th e 
obtained calibration results will not make it possible 
to adjust the instrument, nor do they provide precise 
information on the cause of an incorrect result, but 
they are a valuable source of information on the qual-
ity of the tests carried out.

2.1.1. Calibration in accordance with EN ISO 9227

Th e requirements of EN ISO 9227 [2] regarding 
the calibration of the chamber are precisely described 
in detail in the ISO/TC156/WG7 [18] report referred 
to in the standard, which was created by a specialist 
technical group responsible for developing standards 
in the fi eld of corrosion of metals and alloys. Th is re-
port served as the basis for subsequent updates of the 
standard with appropriate provisions concerning the 
verifi cation of the proper functioning of salt spray 
chambers, and the established assumptions for the 
entire calibration procedure were developed based on 
the results of research conducted by 18 laboratories 
from 9 countries. Th e mentioned report defi nes an 
appropriate control sample, which is a CR4 steel plate 
with an exact composition specifi ed in ISO 3574 [19], 
and also describes the precise methodology for con-
ducting salt spray chamber calibration. According to 
the guidelines of the report [18] and standard [2], cal-
ibration should be performed on a minimum of four, 
preferably six, of the mentioned steel plates or clean 
zinc plates. Th e dimensions of the plates are (150 × 
70 × 1) mm for steel and (50 × 100 × 1) mm for zinc 
plates, evenly distributed throughout the chamber at 
an angle of 20 ± 5° relative to the vertical axis. Th ese 
plates should be prepared in advance by degreasing 
and applying adhesive tape to their back and edges, 
ensuring that only one side of the reference sample is 
exposed to the salt spray.

Th e duration of the test under the specifi ed condi-
tions is 24 or 48 hours, depending on the chosen vari-
ant of the salt spray test. Immediately aft er removing 
the samples from the salt spray chamber (which is cru-
cial, as corrosion continues to progress), the samples 
are cleaned using hydrochloric acid with an inhibitor 
in the form of hexamethylenetetramine or diammoni-
um citrate for steel plates, and a saturated solution of 
glycine for zinc samples. Th e specifi c mass loss of the 
reference plates caused by corrosion, measured with 
an accuracy of 1 mg, is then converted to mass loss 
relative to the exposed surface area in the salt spray 
test. Table 3 shows the permissible mass loss of the 
reference steel and zinc plates, as defi ned by standard 
PN-EN ISO 9227 [2], while Figure 3 illustrates the 
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appearance of steel plates before and aft er exposure 
following the etching process.

It is worth mentioning at this point that while steel 
corrodes much faster than zinc under natural condi-
tions (approximately 14–25 times, depending on the 
atmosphere), under NSS test conditions it corrodes 
only 1.4 times faster, indicating an uneven accelera-
tion of corrosion of steel and zinc under the condi-
tions found in salt chambers [20].

Table 3
Permissible mass loss of reference plates during chamber 

calibration according to EN ISO 9227 [2]

Test 
method

Exposure 
time [h]

Permissible mass 
loss of the zinc 
reference plate 

[g/m2]

Permissible mass 
loss of the steel 
reference plate 

[g/m2]

NSS 48 50 ± 25 70 ± 20

AASS 24 30 ± 15 40 ± 10

CASS 24 50 ± 20 55 ± 15

Fig. 3. CR4 steel calibration plates before and 48h aft er testing 
(etched) [Author’s own elaboration]

2.1.2. Calibration in accordance with ASTM B117

Th e requirements of ASTM B117 [3] regarding 
chamber calibration are described in Chapter X3 of the 
standard (detailed information is provided in the in-
ter-laboratory comparison report RR:G01-1003 [21]).
According to the provisions of this annex, the required 
test panels should have dimensions of (76 × 127 × 
0.8) mm, i.e., (3.0 × 5.0 × 0.0315) inches, and should 
be made of cold-rolled SAE 1008 carbon steel (UNS 
G10080). Th ese plates must be prepared in advance by 
degreasing, although it is not necessary to tape the back 
and edges of the plates as for the calibration described 
in EN ISO 9227 [2]. Calibration should be carried out 
for a minimum of 2 test panels placed at an angle of 
30° relative to the vertical axis, and cylinders with fun-
nels for measuring salt solution precipitation should be 
placed near the panels. Th e tested panels can be sub-
jected to 3 diff erent exposure periods, namely 48, 96, 
and 168 hours. Aft er removing the panels, they should 
be rinsed with water and cleaned by etching in the same 
way as described in the methodology according to the 
EN ISO 9227 standard[2]. Th e test determines the mass 
loss of the reference plates due to corrosion with an ac-
curacy of 1 mg (there is also no need to determine the 
mass loss per surface as in EN ISO 9227 [2]).

Th e above-described calibration practice has been 
validated, and the relevant standard includes infor-
mation about the method’s repeatability and repro-
ducibility, as well as established criteria for accepting 
the obtained results depending on the test duration. 
Th e allowable mass loss of the reference steel plates, 
specifi ed by ASTM B117 [3], is presented in Table 4, 
while Figure 4 shows an exemplary appearance of the 
steel plates before and aft er exposure following the 
etching process.

Calibration according to EN ISO 9227 [2] and 
ASTM B117 [3] can be carried out in parallel, as all 
the parameters of the salt chamber processes are the 
same. Simultaneous calibration on both types of test 

Table 4
Permissible mass loss of reference plates (specifi ed repeatability and reproducibility limits) during chamber calibration 

according to ASTM B117 [3]

Test 
method

Exposure 
time [h]

Average 
sample mass 

loss1 [g]

Mean standard 
deviation of 

repeatability Sr
1 [g]

Mean standard 
deviation of 

reproducibility SR
1 [g]

Repeatability 
limit r1 [g]
(P = 95%)

Reproducibility limit 
R1 [g] (P = 95%)

NSS

48 0.8174 0.0559 0.1094 0.1565 0.4352

96 1.5054 0.0982 0.1655 0.2750 0.4633

168 2.5968 0.2227 0.3510 0.6234 0.9828

1 Average values for 3 types of UNS G10080 panel sets (designations QP1, AP, QP2) and 3 laboratories (for all data presented in the 
standard).
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panels contributes to a more accurate determination 
of the proper functioning of the salt spray chamber.

Fig. 4. SAE 1008 grade steel calibration plates before and aft er 
exposure in the salt chamber (etched) aft er exposure times of 

48h, 96h and 168h (from left  to right, respectively) [Author’s own 
elaboration]

3. Test results and their interpretation

As mentioned at the beginning of the article, mea-
surement uncertainties should include the entire test 
process, i.e. the complex uncertainty, i.e. in this case 
the uncertainty resulting from the corrosion test and 
the uncertainty resulting from the assessment of the 
test samples aft er the corrosion test. Th e method of 
estimating uncertainties for corrosion tests can vary 
signifi cantly depending on the type of tested object 
and the assessment method. In this regard, each labo-
ratory should introduce its own procedures for esti-
mating uncertainties based on the applied methods or 
generalise them to at least distinguish between quan-
titative assessment (hard numerical data) and quali-
tative assessment (oft en highly subjective results) 
Table 5 presents the most important remarks and the 
method of estimating uncertainties for selected ex-
ample tests of corrosion resistance conducted in the 
Materials & Structure Laboratory according to the ad-
opted concept of NORDTEST TR 537 [7]. Th e assess-
ment covers both qualitative tests (gravimetric meth-
ods) and qualitative-quantitative tests (paint coatings/
metal workpieces).

 
3.1.  Estimation of the complex uncertainty 

for quantitative assessment methods 
(gravimetric method) for salt chamber tests

Th e estimation of the reproducibility uncertainty 
u(RW) of the test method was based on the results of 
the salt chamber calibration using the reference plates 
as RM. Testing of the calibration plates described in 
sections 2.1.1 and 2.1.2 of this article was carried out 
at the Materials & Structure Laboratory of the Rail-
way Research Institute in accordance with the re-
quirements of EN ISO 9227 [2] and ASTM B117 [3]. 

Th e analysis of data for calibration on RM accord-
ing to EN ISO 9227 [2] was based on Shewhart chart 

for individual measurements using arbitrarily pro-
vided normative values. Based on [18], to estimate 
the reproducibility for the NSS method according to 
EN ISO 9227 [2], it was assumed that the expected 
value is 69.1 g/m2, while the standard deviation of 
the population is 10 g/m2. Th e necessary data used 
for the calculations are presented in Table 6. Th e data 
includes test results from 3 years, conducted by dif-
ferent researchers. Figure 5 presents the cumulative 
corrosiveness of 6 calibration samples determined by 
3 laboratory technicians from August 2018 to Octo-
ber 2021. Figure 6 shows the Shewhart control chart 
along with the developed statistics. Statistical tests 
for gross error and systematic error for the collected 
data did not show signifi cantly deviating values at the 
adopted signifi cance level of 5%. Additionally, a  test 
was conducted to check whether the introduced re-
sults (sample size n = 36) belong to a population with 
a  normal distribution to be able to estimate the ap-
propriate coverage factors for expanded uncertainty. 
Th e applied statistics of the test (construction of the 
so-called normal probability plot) at the adopted sig-
nifi cance level α = 5% did not provide evidence to 
reject the hypothesis that the distribution is normal 
[critical value of the test statistic rcrit (95%, 36): 0.9686, 
experimental value of the test statistic (correlation co-
effi  cient of the normal plot) rexp: 0.9692].

In the case of calibration data in accordance with 
ASTM B117 [3], the analysis was based on the mass 
loss graph of reference plates as a  function of time, 
with the determination of appropriate trend lines 
forced to intersect at the origin of the coordinate sys-
tem. Th e collected data is presented in Table 7 (the 
data includes test results from 3 years, conducted by 
diff erent researchers), and the graphical presentation 
of the results is shown in Figure 7. Also, in this case, 
a test was conducted to check whether the introduced 
results belong to a population with a normal distri-
bution, in order to estimate the appropriate coverage 
factors for expanded uncertainty. Th e applied statis-
tics of the test (construction of the so-called normal 
probability plot) at the adopted signifi cance level α = 
5% did not provide evidence to reject the hypothesis 
that the distribution is normal [critical value of the 
test statistic rcrit (95%, 12): 0.9267, experimental value 
of the test statistic for 48h: rexp: 0.9771 (aft er excluding 
two outliers), 96h: rexp: 0.9437, 168h: rexp: 0.9636].

Figure 8 shows the distribution of samples in 
the Ascott Premium CC1000iP salt spray chamber 
together with a  summary of the mean results and 
standard deviations for the reference material (RM) 
tested, as summarised in Tables 6 and 7. Analysis of 
such data additionally makes it possible to determine 
whether there is a  stable and uniform distribution 
of corrosion in the chamber throughout its working 
space. Table 8 presents a comprehensive summary of 
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Fig. 5. Summary of the total corrosivity (6 calibration samples), determined by three laboratory technicians over the time period 
August 2018 – October 2021, in accordance with EN ISO 9227 [2] [Author’s own elaboration]

Fig. 6. Shewhart chart with statistics created for single measurements on the basis of arbitrarily provided normative values for 
calibration results according to EN ISO 9227 [2]; [Author’s own elaboration]



Estimating the Uncertainty of the Result for Tests of Resistance to Environmental Conditions… 109

y = 0,0212x

y = 0,0191x

y = 0,0101x

y = 0,0151x

y = 0,0161x

y = 0,0144x

y = 0,0121x

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

4,00

0 24 48 72 96 120 144 168 192

Re
fe

re
nc

e 
sa

m
pl

es
 m

as
s l

os
s [

g]

Exposure �me in the salt chamber [h]

Laboratory technician I Laboratory technician II Laboratory technician III

Trend line with the intersec�on of the point (0,0) 
for the ASTM B117 repeatability 

and reproducibility limits (range of 
permi�ed results for calibra�on)

Posi�on I 
Data for 6 samples Mean SD 
ISO 9227 [48h, g/m2] 69.2508 3.5633 

ASTM B117 [48h, g] 0.7592 0.0614 

Posi�on II 
Data for 6 samples Mean SD 
ISO 9227 [48h, g/m2] 71.9092 5.1297 

ASTM B117 [96h, g] 1.4770 0.0935 

Posi�on IV 
Data for 6 samples Mean SD
ISO 9227 [48h, g/m2] 70.8596 5.8903 

ASTM B117 [48h, g] 0.7776 0.0630 

Posi�on III 
Data for 6 samples Mean SD
ISO 9227 [48h, g/m2] 70.1120 6.1096 

ASTM B117 [168h, g] 2.5050 0.1952 

Posi�on V 
Data for 6 samples Mean SD
ISO 9227 [48h, g/m2] 68.7857 5.0186 

ASTM B117 [96h, g] 1.4124 0.1250 

Posi�on VI 
Data for 6 samples Mean SD
ISO 9227 [48h, g/m2] 70.7786 4.5231 

ASTM B117 [168h, g] 2.5929 0.2188 

Fig. 7. Graphical presentation of the results of the salt spray chamber calibration performed by 3 laboratory technicians for the time 
period August 2018 – October 2021 complying with ASTM B117 [3]; [Authors’ own elaboration]

Fig. 8. Distribution of samples in the Ascott Premium CC1000iP salt spray chamber, together with a summary of the mean results and 
standard deviations for the reference material (RM) tested, as summarised in Tables 6 and 7 [Author’s own elaboration]
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the estimated complex uncertainty for quantitative 
assessment methods (gravimetric method) for tests 
conducted in the salt spray chamber, according to the 
concept of uncertainty estimation for environmental 
testing NORDTEST TR 537 [7].

Analysis of the Shewhart chart presented in Figure 
6 and the graph presented in Figure 7, in which the 
collected calibration data is plotted together with the 
determined limits of repeatability and reproducibility, 

makes it very easy to draw conclusions about the cor-
rectness and quality of the tests conducted in the salt 
spray chamber, also indirectly refl ected in the daily lab-
oratory tests. All results are within the accepted norma-
tive criteria and in their middle ranges, which testifi es 
to a  precise and reproducible research process. Aft er 
a detailed analysis of all the data collected, it was found 
that laboratory technician I obtained results closest to 
the expected results set by EN ISO 9227 [2] and ASTM 

Table 6
Salt chamber calibration results determined by 3 laboratory technicians during the time period August 2018 – October 2021 in 

accordance with EN ISO 9227 [2], to determine within-laboratory reproducibility

Calibration date 08.2018 10.2019 04.2019 04.2020 03.2021 10.2021

Mean Standard 
deviationLaboratory technician I II III

Mass loss [g/m2] depending on sample location according to Figure 8

Position I 73.41 68.18 73.92 67.77 65.31 66.91 69.25 3.56

Position II 71.89 71.19 74.18 80.43 65.70 68.07 71.91 5.13

Position III 74.69 70.48 79.79 64.75 65.78 65.18 70.11 6.11

Position IV 70.17 68.59 78.24 77.83 65.21 65.12 70.86 5.89

Position V 72.89 70.08 75.96 63.35 64.52 65.92 68.79 5.02

Position VI 70.78 71.54 75.54 75.70 65.92 65.19 70.78 4.52

Mean 72.30 70.01 76.27 71.64 65.41 66.07
–

Standard deviation 1.69 1.37 2.31 7.26 0.51 1.20
[Authors’ own elaboration].

Table 7
Salt chamber calibration results determined by 3 laboratory technicians during the time period August 2018 – October 2021 in 

accordance with ASTM B117 [3], to determine within-laboratory reproducibility
Calibration date 08.2018 10.2019 04.2019 04.2020 03.2021 10.2021

Mean Standard 
deviation

Laboratory 
technician I II III

Mass loss [g] as a function of exposure time to neutral salt spray

48h
0.7603 0.7426 0.8777 0.7039 0.7484 0.7225 0.7592 0.0614

0.7652 0.7505 0.8920 0.8034 0.7189 0.7357 0.7776 0.0630

96h
1.3933 1.5053 1.3863 1.6425 1.4602 1.4746 1.4770 0.0935

1.3628 1.3603 1.4238 1.6548 1.3009 1.3718 1.4124 0.1250

168h
2.3842 2.4515 2.6476 2.8300 2.4038 2.3128 2.5050 0.1952

2.6091 2.7591 2.9079 2.3893 2.5634 2.3285 2.5929 0.2188

Mean

48h 0.7547 0.8193 0.7314

–

96h 1.4054 1.5269 1.4019

168h 2.5510 2.6937 2.4021

Standard 
deviation

48h 0.0101 0.0801 0.0862

96h 0.0683 0.0632 0.1416

168h 0.1677 0.1923 0.2304
[Authors’ own elaboration]. 
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B117 [3]. Laboratory technician III received results 
with values slightly below the expected mean value. 
In the case of laboratory technician II, for the April 
2020 calibration result, a  signifi cantly deviating vari-
ability (data dispersion) is apparent in relation to the 
rest of the pool of collected data (standard deviation 
for RM from CR4 steel was 7.26 g/m2; for the Cochran 
test: Ccrit(95%, 5, 6): 0.44, Cexp: 0.82), even though the 
results of the calibration itself in terms of the sample 
mass loss are correct and within the allowed ranges set 
by the standard. Also, infl ated average results of the 
sample mass loss, as well as increased standard devia-
tions, are observed by this laboratory scientist during 
calibration carried out on samples in accordance with 
ASTM B117 [3] (Table 7). Data obtained in this way are 
indicative of a diff erent way of working for this labora-
tory technician, rather than of incorrect operation of 
the chamber itself. Aft er in-depth analysis, it became 
apparent that the diff erences in variability were due to 
a  diff erent way of etching the samples. Th is example 
shows how the Shewhart charts serve as a good tool to 
control the work inside the laboratory. Th e ideal map-
ping of the equation of the straight line determined on 
the basis of data from the American standard and Table 
4 corresponds to the equation y = 0.0156x (an average 
agreement of 97%, 97%, 92% was obtained for labora-
tory technician I, II and III, respectively).

Th e determined corrosivity of the chamber 
throughout its working interior, for the control 

samples (Fig. 8), shows no signifi cantly deviating 
values. Th e Cochran test for the concordance of vari-
ances of multiple series based on the data in Table 6 
(Ccrit(95%, 5, 6): 0.44; Cexp: 0.24) showed that the vari-
ances are equal to each other. Th e data in Table 7 were 
not analysed for concordance of variance, due to the 
low number of results for the same level (calibration 
time) of sample mass loss (apparent trend of increas-
ing standard deviation with the duration of calibra-
tion time).

3.2.  Estimation of the uncertainty of the visual 
assessment method for tests conducted in 
a salt spray chamber

In the case of corrosion tests for the assessment of 
coatings and/or paint systems protecting metal on test 
objects and/or test panels according to the EN ISO 
4628 Part II, III, IV and V series of standards [13, 14, 
15, 16], the determination of within-laboratory repro-
ducibility u(RW) is signifi cantly hampered by the lack 
of standardised general reference material available. In 
this case, it is possible to create one’s own reference ma-
terials and test them over a fi xed, suffi  ciently long pe-
riod of time, taking into account all relevant variations 
for the corrosion test method mentioned in the article. 
For the purposes of this article, the relative within-
laboratory reproducibility u(RW) for corrosion tests 
of paint coatings was estimated based on a review of 

Table 8
Estimated uncertainty of corrosion tests for quantitative assessment (gravimetric method) according to NORDTEST TR 537 

concept [7]

No. 1 2 3

1 Standard → EN ISO 9227 ASTM B-117

2 Relative within-laboratory 
reproducibility u(RW) u(RW) = 6,9%

u(RW) = 8,1%
(for all the results collected, over the entire 

48h, 96h and 168h time periods)

3
Relative laboratory bias 
(including indirectly the 
method)

RMSbias_RM1 = 7,1% RMSbias_RM2 = 8,4%

4 Components of standard 
uncertainty

u(RW) = 6,9%
RMSbias_RM2 = 8,4% (calculated for publication 

data [18])1

RMSbias_RM1 = 7,1%
u(bias_RM1) = 7,9%

u(RW) = 8,1%
u(Cref_RM2) = 4,2% (calculated for data in 

Table 4)1

RMSbias_RM2 = 8,4%
u(bias_RM2) = 9,4%

5 Complex standard 
uncertainty uC = 10,5% uC = 12,4%

6 Expanded uncertainty
P = 95% and k = 1.96 (normal distribution)

U = 20,6%
P = 95% and k = 1.96 (normal distribution)

U = 24,3%

Average expanded uncertainty determined from two diff erent RMs: 22.5% ~ 23%
1 For EN ISO 9227 [2], s = 10 g/m2 with mean x = 69.1 g/m2 and number of measurements/laboratories n = 19, while for ASTM B117 [3] 
the data from Table 4 (relative mean for 3 times 48h, 96h, 168h and for method reproducibility data) with mean sample size n = 9 were used.
[Authors’ own elaboration].
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data collected over several years. Th ese concerned the 
repeatability and reproducibility of tests carried out for 
Clients in the Materials & Structure Laboratory of the 
Railway Research Institute. Control tests on the same 
products, carried out on average every 3 years (at least 
3 samples of a given system/coating were customarily 
tested), showed an average variation in repeatability 
and reproducibility of ± 0.5 assessment units for both 
the number and size of defects assessed according to the 
listed EN ISO 4628 series of standards. It is not possible 
to estimate the bias of a method or laboratory for this 
type of test sample/object due to the lack of a certifi ed 

(reference) value. However, based on many years of ob-
serving the variability of results for test samples/objects 
protected with a coating or paint system, it was con-
cluded that the uncertainty in the experimenter’s as-
sessment determined aft er the test signifi cantly exceeds 
the uncertainty caused by the method/laboratory bias 
(usually the results are highly reproducible) and can be 
ignored in this case. Th e estimated expanded uncer-
tainty of corrosion tests conducted for coatings and/or 
paint systems protecting metal on test objects and/or 
test panels according to the NORDTEST TR 537 [7] 
concept is presented in Table 9.

Table 9
Estimated uncertainty of corrosion tests for qualitative-quantitative assessment according to the NORDTEST TR 537 concept [7]

No. 1 2 3

1 Standard →

EN ISO 4628-2 [13] – blistering
EN ISO 4628-3 [14] – rusting

EN ISO 4628-4 [15] – cracking
EN ISO 4628-5 [16] – fl aking

EN ISO 10289 [11]
Red/white corrosion occupation A [%]

2
Relative within-
laboratory 
reproducibility u(RW)

u(RW) = 8,3% (0.5 unit of assessment for both 
the number and size of defects for all methods 

assessed)

u(RW) = 7,5% – root mean square for
 EN ISO 9227 and ASTM B117 methods extracted 

from Table 8

3

Relative laboratory 
bias (including 
indirectly the 
method)

not estimated (no reliable reference material)
u(bias) = 8,7% – root mean square for

 EN ISO 9227 and ASTM B117 methods extracted 
from Table 8

4 Components of 
standard uncertainty

u(RW) = 8,3%
u(opb)PN-EN ISO 4628-2 = 6,6% (I) i 7,5% (R)
u(opb)PN-EN ISO 4628-3 = 8,5% (I) i 5,6% (R)
u(opb)PN-EN ISO 4628-4 = 6,6% (I) i 9,3% (R)
u(opb)PN-EN ISO 4628-5 = 8,2% (I) i 5,0% (R)

Approximate uncertainty values resulting from 
the assessment – a root mean square i.e. 7.5% (I) 
and 7.1% (R) were used for further calculations.
Key: u(opb) – post-test assessment uncertainty;

 I – intensity, R – size

u(RW) = 7,5%
u(bias) = 8,7%

u(opb)KC = 4% (uncertainty of post-test 
assessment, red corrosion)

u(opb)KB = 8% (uncertainty of post-test 
assessment, white corrosion)

5 Complex standard 
uncertainty uC

 2 2
C Wu (I) u R u(opb) 

uC(I) = 11,2%

 2 2
C Wu (R) u R u(opb) 

uC(R) = 10,9%

     2 22
C W KC

u KC u R u(bias) u opb  

uC(KC) = 12,2%

     2 22
C W KB

u KB u R u(bias) u opb  

uC(KB) = 14,0%

6 Expanded 
uncertainty U

P = 95% i k = 1,96
U(I) = 22,0%
U(R) = 21,4%

Calculated on the 6-point rating scale used:
U(I) = 22.0% ·6 ~ ± 1.3 (intensity)

U(R) = 21.4% ·6 ~ ± 1.3 (size)
Th e standards recommend rounding off  the 

results to halves, therefore the expanded 
uncertainty of the assessment aft er the corrosion 
test is: ± 1.5 grade for the intensity and size of the 
defect according to the EN ISO 4628 part II, III, 

IV and V series of standards.

P = 95% and k = 1.96
U(KC) = 23,9% ~ 24% (red corrosion)

U(KB) = 27,5% ~ 28% (white corrosion)

Authors’ own elaboration based on [7].
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In corrosion tests on metal workpieces (red/white 
corrosion assessment), in order to determine the 
within-laboratory reproducibility u(RW), it is possible 
to use approximate data for the gravimetric method, 
due to the similar nature of the test object, i.e. a work-
piece made of metal. In this case, however, it should 
be borne in mind that the shape of the test object can 
have a signifi cant impact on the fi nal result and thus 
on the uncertainty of the method (the relative with-
in-laboratory reproducibility determined here con-
cerned rectangular fl at test panels). Also in the case of 
galvanised samples/objects, the uncertainty can reach 
much higher uncertainty values (underestimation), 
and this conclusion was drawn on the basis of data 
in the publication [18], in which galvanised samples 
were also tested (the Railway Research Institute labo-
ratory does not perform chamber calibrations on this 
type of sample). To estimate the total uncertainty of 
the corrosion test for metal workpieces/samples (in 
general, not diff erentiating by metal type), data ob-
tained from calibrations carried out on standard steel 
reference plates (RM material) required by industry 
standards were used, and the calculations are also pre-
sented in Table 9.

Th e expanded uncertainty of the corrosion tests 
together with the post-test assessment of coatings 
and/or paint systems protecting the metal work-
piece/sample was estimated at an assumed signifi -
cance level of α = 5% with an assumed coverage fac-
tor of k = 1.96 (normal distribution was assumed) in 
order not to overcomplicate the calculations. Th ere 
is likely to be a  mixed distribution in the form of: 
normal (in-chamber testing, based on RM-based 
within-laboratory reproducibility data) and addi-
tionally rectangular (post-test visual assessment). In 
this case, an analytical method based on the convo-
lution of the input distributions can be used to esti-
mate the coeffi  cient accurately, and the calculation 
scheme can be carried out according to the publi-
cation [22] (the proposed method does not require 
numerical calculations).

Th e calculation of the uncertainty, resulting from 
the method of assessing defects aft er tests conducted 
in a salt spray chamber according to the EN ISO 4628 
(paint coatings [13, 14, 15, 16]) and EN ISO 10289 [11]
series of standards (metal workpieces), was based on 
an estimation of the standard deviation of the experi-
mental results carried out. For this purpose, 15 imag-
es were prepared for each type of defect to be assessed 
and assigned to selected persons for assessment as de-
scribed in the mentioned standards (3 persons with 
experience, working in the laboratory on a daily basis, 
and 3 persons who had never been exposed to such 
assessment and testing were selected). It was decided 
to take this step of estimating the uncertainty of the 
assessment because the Railway Research Institute 

laboratory did not have such a large number of sam-
ples with defects to assess, especially when it was cus-
tomary in laboratory practice to test defects for blis-
tering. To estimate the uncertainty of the expanded 
method, the results of the qualifi ed persons assessing 
the test pieces on a daily basis at the Laboratory were 
used. Th e experimental data collected, together with 
the estimated statistics used in further calculations, 
are summarised in Table 10.

Th e experiment described above was conducted to 
test whether experience in assessing samples signifi -
cantly aff ects the way samples are assessed. To assess 
this hypothesis, a test was used to compare the values 
of two pairwise series (pairs of mean results of expe-
rienced and non-experienced fi rst-time assessors. Th e 
obtained results are presented in Table 11.

Th e hypotheses of the pairwise value comparison 
test assume: H0: μd = 0, Ha: μd ≠ 0 (two-sided variant), 
Ha: μd > 0 or μd < 0 (one-sided variant). Such a test can 
be used when comparing two methods or analytical 
studies with multiple chemical samples, diff ering, for 
example, in the amount of the substance to be deter-
mined or, as in this case, in the intensity and size of 
the coating defect, as refl ected in the formula: 

d
eksp

d

| x |t n
s

 ,

where: 
dx  –  the mean value of the set of diff erences with-

in each pair, 
sd –  the standard deviation of the set of diff erences 

within each pair,
n – number of pairwise measurements.

Th e null hypothesis of this test is that the mean val-
ue of the series consisting of the diff erences of the pairs 
under consideration (taken from the population of re-
sults with a true value μd) is equal to zero, confi rming 
the thesis that the assessment made by qualifi ed and 
non-qualifi ed persons does not diff er signifi cantly. Th e 
null hypothesis is rejected when the critical value of the 
parameter t, tcrit, derived from the Student’s distribution 
for the appropriate number of degrees of freedom (nd − 1,
nd – the size of the series of diff erences of the pairs of 
results) and the given confi dence level, is less than the 
texp value calculated for the series of diff erences of the 
considered pairs of results.

In the case of the EN ISO 4628-2 [13] (blistering), 
EN ISO 4628-3 [14] (rusting), EN ISO 4628-4 [15] 
(cracking), EN ISO 4628-5 [16] (fl aking) methods, 
the assessment is carried out on the basis of a 6-grade 
scale (the standard permits half-assessment). Th e 
relative uncertainty of the results obtained was calcu-
lated in relation to the maximum assessment range of 
the method, i.e. 6 units (scale 0–5).
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Based on the results of the pairwise comparison test 
of the values of the two series (e-stat module calcula-
tions – Table 11) for the assessment methods of blis-
tering, rusting, sintering and fl aking at the assumed 
confi dence level of 1 – α = 95%, in most cases signifi -
cant diff erences were observed in the assessment of 
experienced and non-experienced persons. Only when 
assessing the amount and size of blistering (and the 
amount of rusting) was the null hypothesis not rejected 
in favour of the alternative hypothesis assuming that 
the mean value of the series consisting of the diff erenc-
es of the pairs considered is signifi cantly diff erent from 

zero. Th is result may be aff ected by the detailed and 
well-characterised description of the assessment in the 
subject standard (lots of image patterns). When con-
sidering the results of the test comparing the values of 
two pairwise series for the method of assessing the per-
centage occupation of the workpiece surface by red and 
white corrosion at the assumed confi dence level of 1 – α 
= 95%, signifi cantly larger and more signifi cant diff er-
ences were observed in the assessment of experienced 
versus non-experienced persons. Particularly notice-
able are the large discrepancies in the results for the 
parameter of white corrosion, which is a characteristic 

Table 10
Summary statistics of the results obtained by experienced and non-experienced persons for the assessment methods of 

blistering, rusting, cracking and fl aking of paint systems, as well as white and red corrosion of metal workpieces

Assessment method ↓ / 
laboratory technician No. →

Assessment of qualifi ed persons
 (with experience)

Assessment of non-qualifi ed persons
 (without any experience)

Relative average pooled 
standard deviation [%]2

 (a: qualifi ed persons, b: 
non-qualifi ed persons

c: all persons)
1 2 3 4 5 6

EN ISO 
4628-21 [13] 3.2 / 3.3 3.3 / 3.7 3.3 / 3.6 3.1 / 3.4 2.8 / 3.7 3.6 / 3.1 a: 6.6 / 7.5

b: 10.2 / 9.7
c: 8.0 / 8.2Statistics3: Mean: 3.4 / 3.7

Standard deviation: 0.4 / 0.4
Mean: 3.3 / 3.6

Standard deviation: 0.6 / 0.6

EN ISO
4628-31 [14] 3.9 / 4.5 3.7 / 4.5 3.5 / 4.6 3.5 / 4.3 4.5 / 4.3 3.2 / 3.1 a: 8.6 / 5.6

b: 13.4 / 14.5
c: 10.5 / 11.7Statistics3: Mean: 3.8 / 4.6

Standard deviation: 0.5 / 0.3
Mean: 3.8 / 4.0

Standard deviation: 0.8 / 0.9

EN ISO
4628-41 [15] 4.5 / 4.0 4.3 / 3.8 4.1 / 3.9 3.5 / 3.1 3.9 / 4.1 3.8 / 3.4 a: 6.6 / 9.3

b: 9.3 / 15.1
c: 10.1 / 11.4Statistics3: Mean: 4.4 / 4.0

Standard deviation: 0.4 / 0.6
Mean: 3.9 / 3.6

Standard deviation: 0.6 / 0.8

EN ISO
4628-51 [16] 4.7 / 4.5 4.5 / 4.4 4.2 / 4.5 3.5 / 4.5 3.8 / 4.4 3.8 / 3.4 a: 8.2 / 5.0

b: 14.1 / 12.9
c: 13.5 / 10.1Statistics3: Mean: 4.5 / 4.4

Standard deviation: 0.5 / 0.3
Mean: 3.8 / 4.1

Standard deviation: 0.8 / 0.8

EN ISO 
10289 [11]

 red/white corrosion [A%] 20 / 29 17 / 25 19 / 23 27 / 43 28 / 56 34 / 35 a: 4 / 8
b: 13 / 16
c: 13 / 17Rp (protection factor)4 2 / 2 2 / 2 2 / 2 2 / 1 2 / 1 1 / 1

Statistics3: Mean: 29 / 32
Standard deviation: 4 / 8

Mean: 41 / 52
Standard deviation: 13 / 16

1 Th e assessment was carried out in accordance with the subject standards, where the fi rst value relates to the quantity of the defect and 
the second to its size (a scale with a 6-grade span in the assessment range of 0÷5). For example, 3.9 / 4.5 according to EN ISO 4628-2 for 
the assessment of blistering means a blistering defect quantity of 4 and defect size of 5 in relation to the entire assessed surface.
2 Calculated from the root mean square (root of the sum of squares divided by the number of measurements) of the mean results and 
mean standard deviations for all 15 samples analysed. Scales with a 6-point spread were adopted for the relative assessment of defect 
size and quantity.
3 Refers to the root mean square of all mean results and mean standard deviations for the 15 samples analysed.
4 Protection factor determined from the formula in the standard Rp = 3(2 – logA), where A is a number expressing the percentage of 
the surface on which corrosion of the substrate has occurred. Th e Rp value was rounded to the nearest whole number. Rp value given for 
information, where A value was used for statistical calculations.
[Authors’ own elaboration].
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product of zinc corrosion. Th e impact on such an as-
sessment may be due to the fact that in the case of red 
corrosion there is a greater contrast to the metal than in 
the case of white corrosion, especially bearing in mind 
that the silvery-glossy zinc coating tarnishes and turns 
grey aft er testing in the salt spray chamber through the 
formation of a natural patina and can be confused with 
white corrosion, which is a white powder deposit.

4. Summary and conclusion

Th is article presents one approach to estimating the 
uncertainty of environmental tests, using the example 
of corrosion tests conducted in a  salt spray chamber. 
Th is estimation example concerned, among other 
things, anti-corrosive materials used in rail transport, 
such as paint coatings. Th e Railway Research Institute 
certifi es such materials according to its own developed 

normative document, where the uncertainty of the 
obtained result is also taken into account when assess-
ing and stating compliance with the specifi ed criteria 
described in the aforementioned document. Th is ap-
proach is based on the PN-EN ISO/IEC 17025 quality 
system implemented in the laboratory and the Labora-
tory’s awareness of the importance of the uncertainty of 
the result for a given test method.

Th e estimated expanded uncertainty according to 
the NORDTEST TR 537 concept for corrosion tests con-
ducted in neutral salt spray together with post-test as-
sessment of the samples (composite uncertainty) based 
on data from the Materials & Structure Laboratory is:
 for the gravimetric method for metal workpieces: ±23%,
 for the qualitative-quantitative method in the form 

of assessment of coating defects assessed in accor-
dance with the PN-EN ISO 4628 series of stan-
dards: ± 1.5 for the assessment of the quantity and 
size of the observed defect,

Table 11
Results of the pairwise comparison test (assessment by experienced vs. non-experienced persons) for the assessment methods of 

blistering, rusting, cracking and fl aking as well as red and white corrosion (e-stat module calculations)

Th e hypotheses of the test were: H0: μd = 0, Ha: μd ≠ 0, Critical value of the tcrit(95%, 14) test statistic: 2.15

Assessment method ↓ / 
assessment nature → Intensity Size

EN ISO
4628-2 [13]

H0: μd = 0
Experimental value of test statistics
texp: 1.00
Confi dence level of the test 
P: 66.6%

H0: μd = 0
Experimental value of test statistics
texp: 1.47
Confi dence level of the test
P: 83.6%

EN ISO
4628-3 [14]

H0: μd = 0
Experimental value of test statistics
texp: 0.43
Confi dence level of the test
P: 32.98%

Ha: μd ≠ 0
Experimental value of test statistics
texp: 5.29
Confi dence level of the test
P: 99.99%

EN ISO
4628-4 [15]

Ha: μd ≠ 0
Experimental value of test statistics
texp: 4.18
Confi dence level of the test
P: 99.91%

Ha: μd ≠ 0
Experimental value of test statistics
texp: 4.00
Confi dence level of the test
P: 99.89%

EN ISO
4628-5 [16]

Ha: μd ≠ 0
Experimental value of test statistics
texp: 4.58
Confi dence level of the test
P: 99.96%

Ha: μd ≠ 0
Experimental value of test statistics
texp: 2.45
Confi dence level of the test
P: 97.19%

Assessment method ↓ / 
assessment nature → Red corrosion White corrosion

EN ISO 
10289 [11]

Ha: μd ≠ 0
Experimental value of test statistics
texp: 2.97
Confi dence level of the test
P: 98.99%

Ha: μd ≠ 0
Experimental value of test statistics
texp: 5.35
Confi dence level of the test
P: 99.99%

[Authors’ own elaboration].
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 for the qualitative-quantitative method in the form 
of assessment of the red corrosion occupancy of 
metal workpieces: ± 24%,

 for the qualitative-quantitative method in the form 
of an assessment of the white corrosion occupancy 
of metal workpieces: ± 28%.

Analysis of the data obtained by cyclically check-
ing the corrosivity of the chamber with reference ma-
terials provides valuable information on the quality 
and correctness of the test conducted in the salt spray 
chambers and enables simple estimation of within-
laboratory reproducibility. A simple tool such as the 
Shewhart chart, as well as other graphical and statisti-
cal methods of presenting the results, provide ongoing 
control of the corrosion process on the basis of trend 
analysis of the results obtained and give confi dence in 
the quality of the results obtained.

Bearing in mind that quantitative-qualitative tests 
are the most frequently performed tests in salt spray 
chambers and carried out on a  daily basis in labora-
tories (visual assessment of corrosion of workpieces, 
defects in protective coatings), the impact of such as-
sessment on the fi nal uncertainty of the result was de-
termined. In this case, it was shown that the qualitative-
quantitative assessment has a signifi cant contribution 
to the fi nal uncertainty of the result and comes largely 
from the subjective judgement of the experimenter, 
and therefore must necessarily be included in the un-
certainty of the fi nal result. For this purpose, it was 
decided to carry out a test to check whether the expe-
rience of the laboratory technician has a signifi cant im-
pact on the assessment of the samples aft er testing. Th e 
test of comparing the values of two pairwise series in 
almost every case showed signifi cant diff erences in the 
assessment of persons with and without experience, ex-
cept in the case of the assessment of blistering for paint 
coatings, which is probably due to the fact that a lot of 
image patterns are included in the standard to classify 
a given defect to its level. Large diff erences were also 
observed in the assessment of white corrosion, which 
can be confused with the passivation layer of zinc by 
persons without experience.
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