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The objective of this study was to assess corrosivity of the atmospheric environment in the former Auschwitz |
and Auschwitz II-Birkenau concentration and extermination camp, and to identify the protective properties of
existing corrosion products in order to estimate the actual corrosion rate of original steel elements located
there. The current atmospheric corrosivity of the former Auschwitz camp, specified during one year of
exposure of steel samples according to the EN ISO 12944-2 (1998) standard, was determined and it can
be described as a boundary between the low C2 and medium C3. The steel corrosion rate in these
conditions was in the range of 14-34 um/year with the average rate of 27 um/year. A layer of corrosion
products formed on uncovered original reinforcement steel rods during ca. 70 years of atmospheric
exposure was examined in terms of their protective properties with respect to steel. The microstructure,
chemical composition, and elemental chemical state were analyzed by means of scanning electron
microscopy equipped with energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, and
X-ray diffraction. Potentiodynamic polarization and electrochemical impedance spectroscopy methods
were employed to investigate the corrosion resistance of the carbon steel covered with a layer of corrosion
products. It has been estimated that this layer slows down the corrosion rate of steel by about five times.
Hence, it can be concluded that the corrosion rate of the original steel parts under the layer of corrosion
products should not exceed 7 um/year.
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Introduction

KL Auschwitz was the largest of the German Nazi
concentration and extermination camps during
World War II. Over 1.1 million people lost their lives
there. This area is now the Auschwitz-Birkenau State
Museum, which is visited annually by over 1.5
million people from all over the world (Auschwitz
Report, 2014). The museum consists of two distinct
areas: Auschwitz I (the older part, founded in 1940)
and Auschwitz II-Birkenau (founded in 1942),
located at a distance of about 3 km from each other
and situated in or near the town Oswiecim. The
whole area of the former camp Auschwitz is ca.
200 ha. The museum is obliged to care and preserve
buildings, watchtowers, ruined gas chambers and
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crematoria, water treatment plants, shelters, as well
as railroad tracks, roads, irrigation/drainage ditches,
sewers, fences, and gates in this area.

After more than 70 years of exposure, the former
concentration and extermination camps Auschwitz I
and Auschwitz II-Birkenau need assessment of the
current state of buildings, ruins, and other architec-
tural elements to undertake necessary comprehensive
maintenance. It is obvious that this memorial to the
tragic events of World War II, and a symbol of the
Holocaust and Nazi German crimes, is a warning to
the world never to forget this tragic historical event
and it should be preserved as intact as possible for
future generations. Many former Nazi concentration
and extermination camps have not been maintained
in their original form — they have been partially dis-
mantled, leaving only fragments as memorials or they
have disappeared completely. No doubt there are
voices calling for the efforts towards preservation of
Auschwitz as probably the last such piece of cultural
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heritage witnessing the Holocaust and Nazi atrocities
(Weissberg, 1999; Charlesworth & Addis, 2002;
Taylor, 2015).

All camp components have been exposed to
atmospheric conditions and subjected to varying
humidity and temperature, as well as to chemical
contamination. The geographical location of the
former concentration camp, near two large rivers
(Vistula and Sola) resulted in high groundwater
levels and hence high atmospheric humidity. In
these conditions, the risk of biodegradation and
microbiological corrosion must be taken into
account and these have previously been identified
onsite (Nowicka-Krawczyk et al., 2014; Rajkowska
et al., 2014).

In order to preserve these historic structures effec-
tively, it is necessary to identify and characterize the
local environmental conditions, identify the materials
used in manufacturing the components on the site,
and assess the rate of their deterioration (Crevello
et al., 2015; Pascoal et al., 2015). This is of particular
importance since there has been clear preference for
minimum intervention during conservation in order to
maintain authenticity of the former camp (Scott,
2015). Corrosivity of the total environment is a sum
of contributions from atmospheric effect along with
local water and soil chemistries that have the potential
to negatively impact the condition of the structures.
Therefore, the assessment of the in situ corrosion is
not an easy task. The most general approach to this
evaluation is the determination of the corrosion rate
of the most frequently used construction material,
which was identified as a low carbon steel (Natesan &
Palaniswamy, 2009; De la Fuente et al., 2011), follow-
ing the European Standard EN ISO 12944-2 (1998).

A comprehensive evaluation of present environ-
mental effects on corrosion of the museum area and
the state of selected steel elements from the former
Auschwitz camp are presented here. Similar pro-
cedures have been used in many situations to assess
the risks of destruction of architectural buildings and
structures over long durations in air (Rincon et al.,
2000; Chico et al., 2010; Vera et al., 2011; Agbota
et al., 2013; De la Fuente et al., 2013; Karaca, 2013;
Kumar & Imam, 2013; Surnam, 2015) or in soil
(Fereira et al., 2007; Kibblewhite et al., 2015). This
study will allow for the selection of adequate conserva-
tion and protection methods in addition to providing
insight into localized climate changes, if such a study
will be repeated in the future (Kumar & Imam, 2013).

This study is part of a larger effort to develop a com-
prehensive conservation and protection programme
for the former camp. The next step will be an assess-
ment of concrete structures and the influence of the
local environment on their condition (paper in
preparation).

Table 1 Atmospheric corrosion categories according to EN
1ISO 12944-2 (1998)

Corrosion Mild steel corrosion rate (1 year of exposure)
category (um/year)

CA <13

Cc2 1.3-25

C3 25-50

C4 50-80

Co-l 80-200

C5-M 80-200

Materials and methods

The corrosivity of the atmosphere at the former
Auschwitz camp was examined by measuring the
rate of corrosion loss of carbon steel plates in accord-
ance with the EN ISO 12944-2 (1998) standard
(European standard, EN ISO 12944-2 Paints and
varnishes — Corrosion protection of steel structures
by protective paint systems — Part 2: Classification
of environments). This standard specifies the corrosion
categories from C1 to CS5. They depend on the cor-
rosion loss on steel as shown in Table 1.

Table 2 provides some examples of related corrosion
environments. It was decided to assess the corrosivity
of the environment following these categories.

Steel corrosion rates were determined in different
locations (Table 3) around Auschwitz I and
Auschwitz TI-Birkenau, based on a gravimetric
method (i.e. on the basis of the sample mass loss due
to corrosion in a given period of time).

Samples of carbon steel (dimensions of 4 cm x
Scm x 1 mm) were deployed in duplicate (to ensure
reproducibility of results) at different locations of the
camp (Fig. 1) for the period of one year (from
02.06.2014 to 02.06.2015). They were sanded using
sandpaper with gradation up to P240 (grit sizes

Table 2 Examples of typical atmospheric corrosion
environments

Corrosion Examples of typical corrosion

category environments

C1 very low Heated buildings with clean atmospheres
inside, e.g. offices, shops, hotels

C2 low Atmospheres with low level of pollution,
mostly rural areas; Buildings unheated
inside, where condensation may occur

C3 medium Urban and industrial atmospheres,

moderate sulphur dioxide pollution,
coastal areas with low salinity

C4 high Industrial areas and coastal areas with
moderate salinity

Areas or buildings with almost permanent
condensation with high level of
pollution, chemical plants

C5-M very high, Coastal and offshore areas with high
marine salinity

C5-l very high,
industrial
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Table 3 The exposure sites of the steel samples for determination of environment corrosivity in the former Auschwitz

concentration and extermination camp

Sample number Part of the camp Exposure site

1 Auschwitz | A park outside the building of Auschwitz camp commandant

2 Auschwitz | Fagade of the crematorium no. 1

3 Auschwitz | A fence at the block no. 24 (next to the main entrance)

4 Auschwitz | A fence at the building ‘G’ (now the seat of the Conservation Department)
5 Auschwitz | A fence at the block no. 18

6 Auschwitz | A fence at the block no. 11

7 Auschwitz | A fence at the block no. 5

8 Auschwitz II-Birkenau Ruined fence at the border of so called Mexico part of the camp
9 Auschwitz II-Birkenau Vicinity of the sprinklers

10 Auschwitz II-Birkenau An electric post near the ruins of crematorium no. 3

11 Auschwitz II-Birkenau Inside the ruins of crematorium no. 2

12 Auschwitz |I-Birkenau A fence in vicinity of the ruins of crematorium no. 2

13 Auschwitz |I-Birkenau Front fagade of the pumping station

14 Auschwitz 1I-Birkenau A fence in vicinity of the pumping station

15 Auschwitz |I-Birkenau A door frame of the sprinkler

16 Auschwitz 1I-Birkenau Front fagcade of one of the watchtowers

17 Auschwitz 1I-Birkenau Ruined fence at the border of so called Mexico part of the camp (next to present road)
18 Auschwitz 1I-Birkenau Next to the water reservoir, section Bllc

19 Auschwitz |I-Birkenau A fence at the right side of main entrance A

20 Auschwitz II-Birkenau Place next to the foundations of the hospital barracks

21 Auschwitz II-Birkenau A fence next to railroad platform
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Figure 1 Places of exposure of steel samples for corrosivity
tests in Auschwitz | (A) and Auschwitz lI-Birkenau (B).
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according to ISO 6344-3 standard) to obtain a clean
metal surface, washed in distilled water, degreased
with acetone and weighed. Slightly smaller samples
were used in locations requiring more discretion,
either based on the sensitivity of the testing location,
or due to potential damage or loss arising from the
presence of more than 1.5 million visitors during the
time of exposure. The locations chosen for sample
exposure were meant to correspond with the locations
of original steel elements from the former Auschwitz
camp infrastructure. Samples numbered 1-7 were
placed in Auschwitz I, and samples numbered 8-21
were placed in Auschwitz II-Birkenau. Fig. 2 shows
the appearance of the samples after one year of
exposure. Fig. 3 shows the climatic parameters of
camp location during one year. After one year, the
samples were retrieved, rinsed with water, and
immersed in a 10% solution of hydrochloric acid con-
taining a steel corrosion inhibitor. The samples were
then thoroughly washed with distilled water, dried
and weighed to an accuracy of 0.1 mg.

The corrosion rate v was determined according to
the formula:

mp — Mo

ST e M

where m; is the sample mass before exposure, mi is
the sample mass after exposure, without corrosion pro-

ducts, S is the surface of the sample, 7 is the time of
exposure.
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Figure 2 Sample No. 6 exposed in the ruins of the
crematorium Il in Auschwitz II-Birkenau (A), sample No. 9
exposed on the fence of Auschwitz II-Birkenau (B), sample
No. 11 exposed at the brick front of the watchtower in
Auschwitz lI-Birkenau (C) after one year of exposure.

The accuracy of corrosion rate determination was
made using the method of total differential:

ov ov ov
Av(m, S, 1) = I(%>|Am + |<ﬁ)|AS + I(a>|At

@

where (0v/dm), (0v/ds), and (0v/0t) partial differen-
tial with respect to the variable m, S, and ¢, respectively,
at the measurement point, Am is the measurement error
of mass determination, AS is the measurement error of
surface determination, and Az is the measurement error
of exposure time determination.
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Figure 3 Characteristics of the climate of the town
Oswiecim, where the former Auschwitz concentration and
extermination camp is situated. Graphs based on data
obtained from local meteorological station for the last 10
years.

The maximum measurement error estimated in this
way did not exceed 7%. The results of visual inspection
revealed that in all cases the entire sample surface was
covered with a relatively uniform layer of corrosion
products.

X-ray diffraction patterns (XRD) were recorded
using an X’Pert Pro diffractometer with CuKa radi-
ation. The scans were collected in the 20 range of
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20-124°. Phase identification was performed with
X’Pert High Score Plus software using the JCPDS
database.

Scanning electron microscope (SEM) analysis was
performed using a Hitachi S-3400N microscope.
Secondary electron micrographs were taken at 20 kV
accelerating voltage. The microscope was equipped
with a ThermoFisher Scientific EDX detector.

The analysis was supplemented using the X-ray
photoelectron spectroscopy (XPS) technique. A
ThermoFisher Scientific XPS Escalab 250Xi spectro-
scope was used. The diameter of the spot of the radi-
ation source was 200 um. Depth profiling using an
ion gun (500 V) was performed.

Results and discussion

The average corrosion rates of mild steel samples after
one year of exposure were determined. Fig. 4 presents
the results for each location. Sample No. 6’s lower cor-
rosion rate is most likely due to the fact that it was shel-
tered from the top (the ruins of the crematorium II in
Auschwitz II-Birkenau, Fig. 5). Sample No. 10 was
also sheltered (in the sprinkler in Auschwitz
I1-Birkenau). The data shows that currently the corros-
ive atmosphere of the former Auschwitz camp can be
placed between a low C2 and a medium C3 corrosivity
(Table 1). The impact on the corrosivity partially orig-
inates from the presence of the town Oswiecim and the
local industrial chemical plant but this influence is not
considered significant, which is indicated by obtained
corrosion rates (Fig. 4) characteristic for rural
atmospheres.

Moreover, the investigation included the examin-
ation of exposed steel reinforcement elements after
approximately 70 years of exposure in the ruins of
the crematorium. At the end of the war the retreating

50 atmospheric corrosivity categories

45 4
40 - C3 medium

35 4
30
25 4
20

15 C2 low
10

corrosion rate / pm/year

o

2 4 6 8 10 12 14 16 18 20 22
number of sample

Figure 4 The corrosion rate of carbon steel in different
places at Auschwitz | (1-7) and Auschwitz lI-Birkenau (8-21).
Maximum measurement error determined by the total
differential is marked. Ranges of small and medium
corrosivity categories in accordance with EN ISO 12944-2
(1998) indicated.

Germans blew up the crematoria. As a result some of
the reinforcing bars were uncovered in the ruins
(Fig. 5) and have been exposed to the ambient environ-
ment until now. Metallographic analysis (Gotkowski
& Jachym, 2014) of 42 different original steel
samples showed that the steel used is ferrite-perlite
type, similar to the composition of the present steel
S235JR (Europe) or A283 Gr. C (USA). Full represen-
tative exemplary analysis is shown in Table 4.

Figure 5 Uncovered reinforcing steel bars of the ruins of the
crematorium Il in Auschwitz ll-Birkenau (A), a ceiling of the
gas chamber of this crematorium (B), and the metallographic
structure (grainy ferrite and very small amounts of perlite,
several non-metallic inclusions, magnification 200x) of the
reinforcing bar adopted from Gotkowski & Jachym, 2014 (C).
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Table 4 Exemplary chemical composition of steel from the Auschwitz-Birkenau State Museum determined using an emission

spectrometer with spark excitation (Gotkowski & Jachym, 2014)

Element C Si Mn P S Cr Mo Ni Cu Al As
Content % 0.139 0.002 0.418 0.038 0.035 0.007 0.003 0.02 0.224  <0.001 0.038
Element Bi Ce Co Nb Pb Sb Sn Ti Vv w Zr
Content % 0.01 0.003 0.009 0.003  <0.003 0.028 0.009  <0.001 <0.001 0.005  <0.001
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Figure 6 Potentiodynamic curves obtained for the samples
of rebar (original diameter of 10 mm) with corrosion products
and after their removal (bare steel). SCE, saturated calomel
electrode.

Electrochemical tests were performed using several
original rods in two states: covered with corrosion pro-
ducts and without corrosion products (after etching in
10% HCI solution with corrosion inhibitor). The
results of the tests presented below are exemplary
ones as all the samples behaved in very similar way.
Fig. 6 shows the typical polarization curves obtained
in both cases. The determined values of corrosion
current densities, directly accountable for the rate of
corrosion (based on the first Faraday’s law) are
shown in Table 5. The data obtained reveal that the
existing layer of corrosion products possesses a protec-
tive function, lowering by approximately five times the
steel corrosion rate. This is confirmed by the results of
impedance measurements (Figs. 7 and 8). Impedance
spectroscopy is widely used to examine the protective
properties of the coating ( e.g. Miszczyk et al., 2007,
Lvovich, 2012; Miszczyk & Darowicki, 2014) and

Table 5 Corrosion current densities (i) and corrosion rate
(Veorr) Of the steel samples

iCOl'r/ VCOrr/pm/
Sample Acm? year

1 A steel rod with a layer of 3.7x107% 288

corrosion products

2 A steel rod without corrosion 20x107* 1557

products

other layers on metal. Obtained spectra are modelled
using appropriate electrical equivalent circuits. Each
element of the equivalent circuit has a physical
meaning, which also takes into account the relation
to barrier properties. In this way it is also possible to
quantitatively evaluate the barrier properties of a
rust layer (Singh et al., 2008). Obtained impedance
values are about five times greater in the case of the
sample with corrosion products. Hence, it can be con-
cluded that the corrosion rate of the original steel parts
under the layer of corrosion products should not
exceed 7 um/year.

In order to examine the composition of the cor-
rosion products of steel, a cross section of the rod
was made (Fig. 9) and SEM measurements were per-
formed. The result of energy-dispersive X-ray spec-
troscopy (EDX) measurements in an exemplary
point is presented in Fig. 10. The composition of the
rust layer includes calcium, as a remnant of the
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Figure 7 The impedance spectrum in a Nyquist format of the
mild steel rebar with a layer of rust exposed in the ambient
atmosphere of Auschwitz II-Birkenau during ca. 70 years (A)
and corresponding electrical equivalent circuit (B).
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Figure 8 The impedance spectrum in a Nyquist format of the
mild steel rebar without layer of rust (A) and corresponding
electrical equivalent circuit (B).

concrete cover of the rod. The beneficial effect of
calcium ions on the protective properties of the rust
layer was observed (Karman et al., 1998). Additional
studies using XPS show that calcium is in the form
of carbonate and oxide (Fig. 11). Most probably
they strengthen the protective properties of the layer
of corrosion products. The composition of corrosion
products collected in Auschwitz I and Auschwitz II-
Birkenau was also examined with XRD (Fig. 12),
which detected mainly magnetite Fe,O5; and lepido-
crocite y-FeOOH and partially amorphous com-
ponents. Such a composition of the corrosion
products suggests a picture of typical steel corrosion
under conditions of high moisture and high oxygen
availability (no industrial pollutants usually rich in
sulphur are present and there is a little contribution
of sulphur in the rust layer as illustrated in Fig. 10)
(Hiller, 1966). Results show that this layer reveals rela-
tively good adhesion to the steel substrate and contains
a stable form of iron oxides saturated with calcium car-
bonate originating from the concrete cover. There are
several types of carbon steel corrosion products
(Hiller, 1966) with different ratios: volume of cor-
rosion products to volume of the corresponding iron
from which the oxide is created (the Pilling—
Bedworth ratio). The products with a high ratio (>2,
non-protective) were naturally flaked off during 70
years of atmospheric exposure. The products with a
low ratio (<2, protective, according to the Pilling—
Bedworth rule) remained on the surface creating an

Studies in Conservation 2017 VOL. 62 NO. 8

74 M| 255

Figure 9 Cross-sectional photo (A) and SEM image (B) of a
bare rebar rod with corrosion products exposed to ambient
atmosphere of Auschwitz lI-Birkenau without cover. The
micrograph shows a sectional layer of corrosion products.

adherent and relatively protective layer. A similar situ-
ation occurs for steel rebars embedded in concrete
where protective iron oxide (with low Pilling—
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Figure 10 Layer of corrosion products on steel rod (A) and
exemplary EDX result for point 1 (B).
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Figure 11 Results of XPS measurements of steel corrosion
products.

Bedworth ratio) forms a passive layer. This effect is
strengthened by the presence of calcium carbonate
(like it is in the case of rocks) and calcium oxide
(like in concrete). The presence of calcium carbonate
and calcium oxide was confirmed in XPS tests.
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Figure 12 XRD spectrum of rust collected from exposed
uncovered reinforcement steel rod.

Electrochemical investigations made it possible to
determine the actual corrosion rate of steel structures
of the former Auschwitz camp, and thus, a prediction
of their lifetime could be established with higher
accuracy. Moreover, knowing the precise corrosion
rate of steel in these conditions, one is able to select
suitable protective measures. In this case, the treat-
ment does not need to be invasive and uncompromis-
ing, which is of high importance for these historic
structures.

Conclusions

Based on the results obtained from the corrosion

studies undertaken at the former Auschwitz concen-

tration and extermination camp five main conclusions
can be stated.

1. The current corrosivity of the atmosphere, specified
during one year of exposure of steel samples accord-
ing to the EN ISO 12944-2 (1998) standard, was
determined to be located at the boundary between
the low C2 and medium C3.

2. The steel corrosion rate in these conditions was in the
range of 14-34 um/year with the average rate of
27 ym/year.

3. The layer of corrosion products formed on uncovered
reinforcement steel rods during ca. 70 years of atmos-
pheric exposure was examined in terms of its protec-
tive properties. It has been estimated that this layer
slows down the corrosion rate of steel by about five
times. This finding allows for a more precise cor-
rosion rate of steel structures of the former
Auschwitz camp to be determined and allows us to
predict their lifetime with higher accuracy and ident-
ify suitable potential protective measures.

4. Hence, it can be concluded that the corrosion rate of
the original steel parts under the layer of corrosion
products should not exceed 7 um/year.

5. The layer of corrosion products on the reinforcing
steel rods consists mainly of magnetite (Fe,O3) and
lepidocrocite (y-FeOOH) with a small addition of
calcium carbonate (CaCQO3) and oxide (CaO).

The study presented will be used to control the state

of steel elements present in the former Auschwitz

camp and to select possible methods for their conser-
vation and protection. Determination of corrosivity
of the atmosphere was an indispensable step as it
established a starting point for corrosion risk assess-
ment. When repeated periodically, it will allow moni-
toring and identification of any changes in
aggressiveness of the environment with respect to
the structures to be protected. Tracing the evolution
of corrosivity of the atmosphere will make it possible
to adjust the protective measures undertaken to main-

tain the structures of Auschwitz I and Auschwitz II-

Birkenau in a preserved and least-interfered

condition.
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