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Characterization of early 20th-century German
bandstands metal alloys exposed to the Amazonian
weathering of Belém, Brazil

Caracterizacao das ligas metalicas de coretos alemaes
do inicio do século XX expostos ao clima amazoénico
de Belém, Brasil

Abstract

The iron industry's progress in the 18th and 19th centuries has left a noteworthy built heritage
in non-European countries, such as Brazil. Among the cities, Belém holds five metallic
bandstands imported from Germany and installed in Batista Campos Square in 1903. Despite
the historical, architectural, technical, and social significance, these structures are facing
gradual deterioration, disfigurement, and improper maintenance due to a lack of knowledge.
To address these issues and gain a deeper understanding of the materials, this paper aims to
characterize the metal alloys and corrosion products of these bandstands. Scanning electron
microscopy, energy dispersive X-ray spectroscopy, and X-ray diffraction analyses were
conducted on different structural parts. The results showed a significant use of nodular gray
cast iron, steel application, their corrosion products, and an assessment of the conservation
state of the coatings. This information enhances the knowledge of the use of ferrous alloys and
their corrosion in historical buildings.

Resumo

O progresso da inddstria do ferro nos séculos XVIII e XIX deixou um patriménio edificado
notdvel em paises nio europeus, como o Brasil. Em particular, a cidade de Belém possui cinco
coretos metdilicos importados da Alemanha e instalados na Praga Batista Campos, em 1903.
Apesar do seu significado histérico, arquiteténico, técnico e social, estes coretos estao sujeitos
auma gradual deterioragdo, descaracterizagdo e a¢des de manutengio inadequadas resultantes
da falta de conhecimento. Este artigo pretende caracterizar as ligas metalicas e os produtos de
corrosio destes coretos. Foram realizadas anilises por microscopia eletrénica de varrimento,
espectroscopia de raios X por dispersio em energia e difragdo de raios X em diferentes
componentes construtivos. Os resultados mostraram o uso abundante de ferro fundido cinza
nodular, a aplicagio de ago, o tipo de corrosio e o estado de conservagiao dos revestimentos.
Essas informagbes ampliam o conhecimento sobre a utilizagao de ligas ferrosas e sua corrosao
em edificios histéricos.
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Introduction

Different alloys, particularly ferrous ones, form part of the material fabric of the world’s built
cultural heritage. A significant portion of this legacy directly stems from historical events that
unfolded in Europe during the eighteenth and nineteenth centuries, culminating in the
advancement of the iron industry and the Industrial Revolution. As a result of these
developments, several European nations manufactured and exported metallurgical and
architectural products to other continents, including prefabricated iron buildings from 1840
onwards [1-2].

Buildings of this type, in which iron alloys were used as the main structural and constructive
material and exposed means of aesthetic expression, were referred to as “iron architecture” [2-
3]. Many Latin American countries, particularly Brazil, were major importers of this style.
Belém, located in the Amazonian region of Brazil, stands out among the cities with the most
important collections dating from the nineteenth and twentieth centuries. Among markets,
chalets, pavilions, and street furniture, the city has a significant set of bandstands [2, 4].

The bandstands were imported during a period of intense economic growth driven by
rubber exports. The surplus of wealth spurred an extensive redevelopment of the city’s central
urban area, focusing on the remodeling and creation of parks and squares [5-6]. According to
official reports by Antdnio Lemos [7], the city’s intendant (1897-1910) and key figure in leading
much of the transformation during this period, five musical pavilions of German origin were

ordered in 1903 to be installed at the Batista Campos Square (Figure 1a-b).

Figure 1. Musical pavilions of German origin: a) Location of the German bandstands within the Brazilian territory; b) the boundaries of the square; ¢) The Primeiro
de Dezembro Pavilion; d) Bandstand 1; ¢) Bandstand 2; f) Bandstand 3; g) Bandstand 4.
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Even though these structures vary in size, they share numerous architectural and stylistic
features, supporting the theory that they originated from the same manufacturer [8]. The
largest structure, located in the center of the square, is called the Primeiro de Dezembro Pavilion
(Figure 1c). The other four, which are small to medium in size, are distributed throughout the
park: Bandstands 1, 2, 3, and 4 (Figure 1d-g).

After more than a century, these structures have been listed as part of historical sites.
Despite their significance, our understanding of them remains insufficient to address issues
such as degradation and architectural disfigurement. These issues escalated in 2020/2021,
when their severely decaying state demanded an intervention that primarily prioritized paint
renovation. The maintenance of paints for metals is undoubtedly fundamental for protection
and aesthetics [9]. However, the lack of information is especially pronounced when it comes to
the detailed identification of their physical, chemical, and mineralogical characteristics
through scientific methods. This missing knowledge is essential for guiding other appropriate
conservation and restoration strategies, as well as for assessing the extent of deterioration.

It is also important to note that each country developed its own standards until the early
twentieth century, resulting in a wide range of ferrous metals with heterogeneous properties
[10]. There are still indications that knowledge was not shared between foundries [11]. Since the
bandstands represent the technological development of an era, the study of these structures
addresses broader issues beyond local context preservation. Both objective and subjective
insights are expected to contribute to the history of technology and construction and to deepen
the understanding of the global industrial heritage.

Given these considerations, this research aims to characterize the metallic alloys and
corrosion products of Belém’s German bandstands, located at Batista Campos Square, using
analytical techniques. This investigation is crucial for the conservation and restoration of
historical metals, as it provides evidence-based data and a solid foundation for defining
conservation treatments [12-13]. Therefore, it serves as both a basis for restoration actions on
the buildings themselves and as documentation of structures and construction technologies
affected by the Amazonian weathering.

Materials and methods

Sampling

The samples come from the five buildings located at the Batista Campos Square: The Primeiro
de Dezembro Pavilion and Bandstands1, 2, 3, and 4. Since they are listed heritage, the sampling
procedure was carefully conducted and authorized by Pard’s Historical, Artistic, and Cultural
Heritage Department (DPHAC)/Culture Department (SECULT) and Belém’s Design and
Landscaping Department (DPP)/ Environment Department (SEMMA).

Considering them as legally protected and recently restored buildings (2020/2021), the
number of samples was restricted as much as the areas allowed for extraction. Small fragments,
up to 2 cm, were collected from parts affected by gaps or crevices so that additional further
damage was not caused. Even so, constructive representativity was ensured since different
parts of the bandstands could be sampled. In total, nine samples from various architectural
elements — such as roof sheet, pillar, guardrail, and ornament — were analyzed.

The collected materials included metal alloy, corrosion products, and coating samples. It
should be noted that the presence of coatings was an incidental finding from the sampling
process and not the primary focus of the investigation because they were new. Nonetheless,
they were considered in this study for their important role in corrosion protection or
progression. These samples are described in Table 1, and their locations and typical visual
aspects are illustrated in Figure 2.

For historical metals, analytical techniques can be used to obtain crucial data through the
microstructural and chemical characterization of the metallic substrate and corrosion products
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[12-13]. On this subject, scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM/EDS) are fit to observe these features. X-ray diffraction can additionally

identify crystalline phases for mineralogical insights. Overall, they can provide information
about manufacturing procedures and deterioration processes.

Table 1. Identification of the samples according to the building, area, type, and analytical technique used for the material characterization.

Building Sample Sampling area Type of sample Analytical technique
Primeiro de Dezembro Pavilion =~ 1D-A1 Guardrail Metal alloy, corrosion prod. & coating SEM-EDS
1D-A3 Roof sheet Metal alloy, corrosion prod. & coating SEM-EDS
1D-A4 Roof sheet Metal alloy XRD
Bandstand 1 B1-A2 Guardrail Metal alloy XRD
B1-A4 Guardrail Metal alloy, corrosion prod. & coating SEM-EDS
Bandstand 2 B2-A1 Ornament Metal alloy XRD
B2-A4 Pillar Metal alloy, corrosion prod. & coating SEM-EDS
Bandstand 3 B3-A3 Pillar Metal alloy, corrosion prod. & coating SEM-EDS
Metal alloy XRD
Bandstand 4 B4-A4 Pillar Metal alloy, corrosion prod. & coating SEM-EDS
Metal alloy XRD
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Figure 2. The sampling areas: a) Primeiro de Dezembro Pavilion; b) Bandstand 1; ¢) Bandstand 2; d) Bandstand 3; e) Bandstand 4; Examples of the covered
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Analytical techniques

The physical characterization was performed by scanning electron microscopy (SEM),
combined with energy dispersive X-ray spectroscopy (EDS) for chemical element identification
at selected spots. The microscope used was a Hitachi brand, TM3000 model, capable of
magnifications up to 30,000x operated with acceleration voltage from 5 or 15 kV beams. EDS
spectra were obtained using an Oxford Instruments brand, SwifitED300 model X-ray
dispersive energy spectrometer, which detects elements from boron (Bs) to Uranium (Us,). The
images and elemental analyses were obtained at an acceleration voltage of 15 kV and with an
acquisition time of 40 s.

The samples were observed in cross-section using SEM-EDS to determine the boundaries
of the layers: metallic substrate, corrosion products, and coatings. They were first embedded
in polyester mounting resin and then polished. Manual thinning was performed with wet
sandpaper of different grit sizes: 100, 200, 400, 600, 1200, and 1500. Final polishing was
achieved using 1/4 pm metallographic diamond paste and velvet discs.

The mineralogical composition of the alloys was analyzed by X-ray diffraction (XRD) with a
BrukerD2 PHASER model diffractometer. The analyses used a Cu Ka radiation (1.54184 A), at
300 W (30 kV and 10 mA). Data were collected in the 20 range from 5° to 75°, with a step size of
0.02° and a step time of 0.2 s. Phase identification was performed using PANalytical X'Pert
High Score Plus software. In this study, its application was reserved for the alloys due to the
availability of samples previously explained.

Because of the limited volume available of the samples, micropreparation was used for the
XRD analyses. The samples were manually ground using an agate mortar and then transferred
to silicon plates (zero background).

All mentioned equipment belongs to the Mineralogy, Geochemistry, and Applications
Laboratory (LAMIGA) of the Geosciences Institute of the Federal University of Pard (UFPA).

Results

General characteristics of the sampling

Based on the SEM cross-sectional images, the nine samples exhibit two main physical
characteristics related to texture, which initially separates them into two groups: 1) uncorroded
metallic substrate and 2) corrosion products, as indicated in Figure 3. The first group consists
of samples with a solid and homogeneous matrix. The second group, in contrast, displays less
consistency caused by corrosion and forms a layer in immediate contact with the unaltered
alloy. The groups also differ chemically, as indicated by the grayscale colors reflecting the
contrast in atomic numbers of the elements observed through the backscattered electron mode
of the SEM [14].

The EDS spectra confirmed that the chemical composition of the unaltered metal is
primarily iron. Some points also revealed smaller amounts of other elements such as carbon,
manganese, silicon, sulfur, and phosphorus (Figure 3). The diffractogram in Figure 3 supports
these findings, pointing ferrite (a-Fe, pure iron) as the predominant mineral phase [15].
Additionally, the B3-A3 sample exhibited an extremely low copper peak in its mineralogical
composition. The only exception was in sample 1D-A4, where only zinc was identified by XRD
(Figure 4).

The chemical composition of the unaltered areas is consistent with cast iron alloys,
specifically the gray cast iron. The appropriate concentrations of carbon, silicon, and
phosphorus promote graphite formation, leading to the production of gray cast iron. Although
manganese and sulfur have opposing effects compared to the elements mentioned above, they
still play a crucial role in forming manganese sulfide (MnS) which neutralizes the effects of
sulfur — usually originating from natural sources — thereby preventing undesirable effects such
as material weakening [16-18].
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Figure 3. Sample B4-A4: a) SEM image indicating the boundary between the I) uncorroded metallic substrate and II) corrosion product layer; b) EDS spectrum; ¢)
X-ray diffractogram, showing its chemical and mineralogical characterization.
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Figure 4. X-ray diffractograms: a) sample B3-A3 showing Fe and Cu; b) sample 1D-A4 showing Zn.

As expected, the corrosion products show a wider composition common to structures
exposed to outdoor atmospheric corrosion. In addition to typical cast iron alloying elements,
sodium, calcium, potassium, chlorine, aluminum, zinc, and bromine were also identified.
These can be attributed to extrinsic materials (particles carried by the wind), air pollutants
present in the form of chlorides and sulfates, and remnants of coatings. Notably, oxygen was
present in all alteration layers and at higher concentrations than iron. This significant presence
of oxygen indicates the formation of iron oxides and hydroxides, which are common iron
corrosion products [19-21].
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Uncorroded metallic substrate

Exclusively circular inclusions were identified in the unaltered iron matrix. These inclusions
are not perfectly round and tend to appear moderately elongated, as observed in samples taken
from the guardrails and pillars (Figure 5). This type of microstructure is characteristic of
malleable or nodular (ductile) gray cast iron. Malleable cast iron is produced through heat
treatments of white cast iron, which promote the formation of nodules. Nodular cast iron, on
the other hand, is directly obtained during the casting process through the addition of
inoculants that promote the nodular precipitation of graphite [16, 22].

The microstructure of both alloys is quite similar. However, some differences may arise
from their manufacturing processes. The first factor is the cost: producing nodules during
smelting and casting is less expensive than through heat treatments. Another factor is section
limitation, as ductile iron can be produced in much larger sections compared to malleable iron
[23-24]. Considering the need for efficiency and cost-effectiveness in historical prefabricated
iron architecture, it is more plausible that the alloys studied are classified as nodular cast iron.

According to the chemical characterization of samples B1-A4, B2-A4, and B3-A3, the nodular
precipitations are composed of elements other than iron: primarily carbon, manganese, silicon,
oxygen, sulfur, and phosphorus. The isolated presence of aluminum and chlorine in samples
B2-A4 and B4-A4 suggests contamination (e.g. from soil dust particles) and active corrosion in
the alloy, leading to the formation of chlorides [15, 21] (Figure 6).

In samples 1D-A1 and B1-A4, areas (voids) with a different shape from the inclusions and a
slightly darker gray color can be observed. However, there is no significant contrast in
composition, as iron, carbon, oxygen, manganese, sulfur, and silicon were identified, almost
entirely matching what was detected in the unaltered alloy and inclusions (Figure 6). This
minimal variation can be attributed to the homogeneity in type, raw material of origin, and
fabrication technology of the alloys.

10 um SLm

Figure 5. SEM images showing circular inclusions in the microstructure of the samples: a) 1D-A1; b) B1-A4; ¢) B2-A4; d) B3-A3; ¢) B4-A4.
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Figure 6. SEM images (left) and EDS spectra (right) showing: a) the chemical composition of the circular inclusions in sample B3-A3; b) the Cl identification in
sample B4-A4; ¢) the chemical composition of the void areas in the sample 1D-A1.

One sample, 1D-A3, from a roof sheet, has a smooth texture and is free of inclusions. EDS
analysis identified that the unaltered metal area is primarily composed of iron (Figure 7). In
contrast, the XRD analysis of sample 1D-A4, taken from one of the faces of the same element as
1D-A3 and shown in Figure 4, indicates that the surface composition is zinc. The microstructure
and zinc-rich surface composition were observed only on these roofing samples.

Although zinc is a typical metal for roofing in bandstands from the nineteenth and
twentieth centuries [2], the contrasting chemical and mineralogical compositions suggest that
it is an iron sheet coated with zinc. For an accurate determination of the ferrous alloy, the
morphology and microstructure can be examined. According to the literature, lamellae and
nodules are characteristics of gray cast iron; a fibrous texture formed by filamentous slags is
typical of wrought iron; and the absence of these features distinguishes steel from the other
types mentioned [22, 25-27]. Based on this information and the SEM images, it is reasonable to
classify the 1D-A3 sample as a steel sheet.

Metallized steel sheet roofs have been used in historical architecture for centuries, similar
to zinc coatings for metallic protection [28-29]. Concerning its function, the zinc coating on
sample 1D-A4 acts as a protective mechanism for the base metal alloy (iron). It provides not only
a protective barrier but also cathodic protection. In areas where the coating is defective and the
iron is exposed, zinc serves as a sacrificial layer, corroding itself instead of the iron alloy [30].
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Figure 7. SEM image (left) and EDS spectra (right) of the roofing element showing: a) the absence of inclusions in sample 1D-A3; b) the alloy composition; ¢) the Zn
coating in one of its faces.

Corrosion products

The samples investigated by using SEM/EDS included three groups of architectural elements:
pillars, guardrails, and roof sheets. The images reveal a stratification consisting of unaltered
metal, corrosion products, and coating remnants. In addition to chemical variations, coatings
(paint or metallic) may be present or absent — as they, although recently renewed (2020/2021),
were prone to loss due to the high chalking and dustiness of the parts.

Three sequences of layers were displayed: 1) uncorroded metal as the inner layer, followed
by corrosion products intermediately, and paint as the outermost layer; 2) uncorroded metal as
the inner layer and corrosion products as the outermost layer; 3) uncorroded metal
intermediately and the corrosion product and zinc coating layers on the opposite faces of the
element. Examples of the orders are shown in Figure 8.

In the Primeiro de Dezembro Pavilion, the position and composition of the corrosion
products in samples 1D-A1 (guardrail) and 1D-A3 (roof sheet) differ. In sample 1D-A1, the
corrosion appears as an intermediate layer, with the remaining paint as the outermost layer in
1D-A1. In contrast, in sample 1D-A3, the layers are not consecutive, as the zinc coating is present
on only one face of the source object (Figure 8).

Sample 1D-A1 contained iron, carbon, oxygen, sodium, chlorine, calcium, potassium, and
sulfur in its corrosion layer. Its paint layer was composed of iron, carbon, oxygen, manganese,
silicon, sulfur, calcium, and chlorine. In the analysis of sample 1D-A3, the corrosion layer and
zinc coating were found to consist of the following elements, respectively: iron, oxygen, and
carbon in the corrosion layer; and zinc, oxygen, iron, bromine, silicon, and calcium in zinc
coating. It should be highlighted that both compositions regard the iron substrate and metallic
coating (Zn) corrosion.

In the other four bandstands, B1, B2, B3, and B4, only corrosion product layers were
observed, in addition to the unaltered metal alloy. A notable feature is the extremely non-
uniform thickness of the layers, along with high levels of fragmentation due to the advance of
corrosion. The estimated thicknesses of the layers, measured by image proportion, varied
between 15-30 um in sample 1D-A1; 50-60 um in sample 1D-A3; 10-17 pm in sample B1-A4; 20-
30 um in sample B2-A4; 10-60 um in sample B3-A3; and 60-65 in sample B4-A4. The chemical
elements detected were primarily iron, oxygen, and carbon with small amounts of silicon,
calcium, sulfur, and manganese (Figure 9).
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Figure 8. SEM images showing the stratigraphy of the layers in: a) sample 1D-A1; b) sample B3-A3; ¢) sample 1D-A3. 1 — uncorroded metal, 2 — corrosion product,
3 — paint, 4 — zinc coating.
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Figure 9. Sample B2-A4: a) SEM image showing the corrosion product layer thickness; b-c) EDS spectra of its chemical composition.

Regardless of the arrangement, it is evident that the layers are composed of elements
common to cast iron alloys and other materials related to atmospheric pollutants, as previously
mentioned. The presence of coating remnants (paint or metallic) is indicated by the detection
of Zn in sample 1D-A3 and likely by the identification of Ca among other samples — possibly
suggesting the presence of zincite (ZnO) and calcite (CaCO;) from paints and primers applied
to the surfaces of the bandstands [31].

Discussion

As anticipated based on the historical context of these buildings, the physical, chemical, and
mineralogical characterization confirmed that the construction material is iron. However, the
metallized steel sheet identified on the roof of the Primeiro de Dezembro Pavilion is likely a
more recent addition or replacement. This inference is supported by documental alterations to
the roofs of the music pavilions, as detailed in previous research [8, 32].

In addition to the buildings discussed in this article, circular inclusions were also found in
the alloy used in another prefabricated structure from the same period, specifically in the
characterization of the alloys of the Ver-o-Peso Iron Market, particularly in structural
components [31]. The difference lies in the intended use of these inclusions, as nodules can
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enhance the material's mechanical properties [33]. However, this may not have been a
consideration for the structures studied, as the material was used both in load-bearing
elements (pillars) and in parts with ornamental functions (guardrails).

In related studies, lamellae graphite is more commonly identified within the
microstructure of iron building components, as observed in the case of the Iron Market and the
United States Capitol Dome [31, 34]. Additional research on cast iron street furniture by Soffritti
et al. [21, 35-36] supports this observation, revealing various types of lamellae graphite in
specimens of English, Italian, and French origins. Despite the variety of microstructures
reported in these studies, spheroidal graphite is not commonly or significantly present.

The significant presence of nodular cast iron in the five German structures studied, likely
from a common manufacturer, raises questions about the iron industry technology in 1903 and
its application in architecture. Literature suggests that efforts to improve cast iron properties
through the addition of chemical elements like magnesium and cerium began in the 1930s,
leading to the development, enhancement, and patenting of nodular cast iron around 1950 [24,
37-38].

Itis important to note that neither magnesium nor cerium were detected in the EDS spectra
of the samples. Additionally, the buildings’ construction dates are inconsistent with the period
during which this alloy first appear. Consequently, the initial classification of the metal is
questionable. Therefore, the characteristics observed in the samples do not allow them to be
accurately classified as either malleable or nodular/ductile cast iron, considering both the
chemical properties and manufacturing practices valued at the time.

Further research is needed to clarify the typological definition of historical circular graphite
ferrous alloys. Although the microstructure appears recent in metallurgical terms, ongoing
studies on the formation of nodules suggest that the debate is still active [39]. Moreover, the
results observed across this group of buildings and their different elements are unlikely to be
coincidental. This indicates a potential for further development in metallurgical knowledge
related to iron architecture, including insights into manufacturers, techniques, and variety of
alloys used.

Few studies have been conducted on the Amazonian scenario regarding corrosion
progression in similar buildings. Evidence of corrosion between unaltered metal and paint
layers, a sign of poorly protected alloys, has been previously identified [31]. This may suggest a
pattern of deterioration in the local architectural iron monuments that requires confirmation.
Nonetheless, the effects of the equatorial hot and humid climate are thus more detailed in
relation to other types of historical substrates (for example, glazed ceramic tiles) [40-41].
Therefore, investigations should be conducted to advance this specific understanding of the
metallic heritage behavior.

The estimated thicknesses of the corrosion layers show that the alteration process may have
resulted primarily from a couple of years of exposure (2020/2021). Literature measurements
consider that 10-year-old layers are over 100 pm thick [19]. Iron metalworks from the same
historical period, but in different environments and with more years of corrosion progression,
have shown to be within this rate. In contrast, most of the dimensions observed in the samples
were approximately 10 and 30 um. According to the yearly rates of 25 um/y for non-polluted
atmospheres and 150 um/y for polluted ones [21], the local process aligns with the conventional
model of outdoor corrosion.

The corrosion stratification, consisting of a single layer in the samples, displayed less
complexity compared to the more common two/three-layered cases. The appearance of the
samples indicates that they are porous and nonprotective. Their visual features also suggest no
graphitic corrosion traces in terms of morphology. This specific form of cast iron corrosion,
which is attributed to mild atmospheres and acidic precipitation, has been identified in
European structures. This causes mechanical weakening of the material while preserving its
shape [19, 21, 42]. From this perspective, the concerns involving the bandstands’ conservation
may not include sudden structural failure.
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This context inevitably highlights their surface protection situation. Based on the
investigation, there are no substantial corrosion differences compared to other structures and
environmental conditions. However, the coatings could be an issue, as it has demonstrated a
very short service life. These findings corroborate previous studies that pointed out irregular
maintenance of the protective systems used in the restoration of the bandstands over the years
[32]. The regular deterioration of organic coatings and potential regional challenges regarding
the durability of surface treatments must be verified.

Conclusion

Part of the world’s historical and architectural legacy from a century ago, Belém’s German
bandstands accrued significant heritage value and meaning. However, inadequate knowledge
hasimpacted on their conservation and preservation, leading to advanced alteration processes,
architectural disfigurement, and poorly scientifically grounded maintenances. For a better
developed scientific knowledge and conservation practice, this study produced data on their
metal alloys and corrosion products' physical (texture, thickness, and alloy microstructure),
chemical, and mineralogical characteristics (mineral phases of the alloys).

The application of analytical techniques successfully provided technological data about
these constructions. The analysis confirmed that iron is the primary material used, with a
significant presence of nodular gray cast iron. This information is valuable for planning future
restorations, particularly for the repair and replacement of components. Moreover, the
observed microstructure highlights the expertise and practices employed by European
foundries, mainly German.

Regarding the alteration processes, the results indicated that there are no significant
differences in corrosion levels when compared to other structures and environmental
conditions. Nevertheless, it showed that the corrosion on these buildings could be directly
related to their coatings' rapid decrease in protection capacity. This highlights a concern: the
bandstands, which underwent recent restorations in 2020-2021, are not receiving appropriate
treatments. Accordingly, corrosion and coating behavior should be evaluated and inserted in
the Amazonian weathering factors — extreme humidity, temperature, and rainfall - to further
support these conclusions.

It remains valuable to collect and analyze samples from other construction parts. Such
analysis would provide better opportunities to identify the alloys and materials used and assess
the compatibility of past treatments. Additionally, given the unique characteristics observed,
there is a need to develop a comparative study of German historical alloys. This is particularly
important due to the scarcity of data on similar building materials from the early
industrialization period and the same origin for contrasting information.

Subsequent steps should include testing ironwork material based on the composition of the
historical material. This involves experimenting with methods for repairing or replacing parts
and joining new metals with the original ones to prevent issues such as bi-metallic corrosion,
structural failure, and excessive disposal of components. Additionally, testing the efficiency
and durability of protective systems components, such as paints, under representative
Amazonian conditions is essential. This approach, combined with critical theoretical thinking,
would aid in developing conservation guidelines and provide insights into the preservation of
metallic industrial heritage as a whole.
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