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Abstract: Iron cultural relics are easily affected by environmental factors and can completely rust
away. As early as the Qin Dynasty in ancient China, Xianyang Gudu was part of the most important
transportation route to the West from ancient Chang’an; research into Xianyang Gudu has provided
important information for understanding the historical changes in ancient China, East–West trade,
and ancient boating technology. In this research, we use the iron anchors unearthed from the
Gudu ruins in Xianyang City, Shaanxi Province, China as the research object; then, we used a
scanning electron microscope–energy dispersive spectrometer (SEM-EDS), a high-resolution X-ray
diffractometer (XRD), ion chromatography, and other methods to detect the corroded products of
the iron anchors, and analyzed the iron anchor diseases in different preservation environments to
explore the relationship between iron anchor disease and the preservation environment. This research
found that the corroded products of the iron anchors contained the harmful tetragonal lepidocrocite
(β-FeOOH) and that a high concentration of salt ions in the river channel accelerated the corrosion
of the anchors; this analysis, based on the disease results, can provide a basis for the subsequent
scientific restoration of iron anchors.

Keywords: iron anchor; corrosion product; iron relics; corrosion mechanism

1. Introduction

Cultural relics are precious due to their historical, artistic, scientific, and social
value [1–3]. In 2002, when building Xianyang Lake, researchers discovered by accident the
ruins of an old river embankment. After cleanup and excavation by archaeologists, stone
embankments and a large number of cypress piles were found on the riverbed, as well as
iron pillars, iron rings, iron anchors, and other equipment for anchoring boats inlaid on the
steps. Through further research, the ruins here were found to be an ancient ferry from the
Ming and Qing dynasties. The Gudu ruins are located on the north bank of the Weihe River
(108.737242 E, 34.338084 N), Weicheng District, Xianyang City, Shaanxi Province, China;
they are 230 m long from east to west and 7–10 m wide from north to south and occupy an
area of about 2000 m2. The Xianyang ancient ferry began in the Yin and Shang dynasties
and prospered during the Qin and Han dynasties; it was called the “first ferry in the Qin
Dynasty”. According to documented records, when the pedestrians stood at the head of
the ferry bridge, they could see the majestic and magnificent palace of the Qin dynasty to
the west. For thousands of years, Xianyang Gudu has been part of the main artery of the
Guanzhong area in ancient China from the west to the western regions and from the south
to Bashu area, and was the first stop from the west out of Chang’an and the ancient Silk
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Road. From the Qin dynasty to the Qing dynasty in ancient China, Gudu played a very
important role in transportation.

The discovery of the Gudu ruins in Xianyang was of great significance in the research
of ancient transportation, commerce, military, literature, and urban changes, and has
attracted widespread attention from all walks of life. In total, 172 pieces of ironware were
unearthed at the Gudu ruins in Xianyang, including 12 iron anchors, 10 of which were
preserved in situ in the exhibition hall of the excavation site at the Gudu ruins. The early
on-site survey investigation of the unearthed ironware revealed that the batch and age
of those unearthed ironware are different, and that the corrosion on the surface is more
complicated. The soil on the surface of the ironware was not thoroughly cleaned after
excavation, resulting in a large amount of dry and hard soil attached to its surface; some
ironware was severely rusted, and the peelings were flaky, scaly, layered, and powdery. In
addition to surface rust, some ironware also had defects such as deformation, cracking,
fracture, perforation, etc. and on some of the thinner parts of the iron structure there were
structural fractures due to corrosion.

The comprehensive and scientific analysis and detection of iron cultural relics and
their diseases by modern analysis and detection methods are the premise for the protection
and restoration of ironware. In this research, multiple analysis methods [4–16] were used
to detect the unearthed iron anchor decay products, surface condensation, and harmful
salts, and the material of the iron anchor was analyzed. Based on the results of the
disease investigation, an experimental basis is provided for subsequent corresponding
protection schemes.

2. Materials and Methods
2.1. Sampling

The samples in this experiment were seriously rusted, and the scientific analysis and
the detection of components and rusty decay products were able to identify the cause of
iron anchor corrosion and the degree of rust, to provide a scientific basis for subsequent
protection and restoration [17–19]. First, the digital image collection of cultural relics
samples was conducted and the disease map was drawn. Then, the samples were collected
and the iron material and rust products were analyzed. Finally, the types of cultural
relics disease were comprehensively analyzed and scientific restoration methods were put
forward (Figure 1).

Figure 1. Flow chart describing the analysis and detection of iron relics.

2.2. Experimental Methods

Sample information: In order to ensure the maximum future and present aesthetic val-
ues of the iron anchor, this work analyzed the fallen fragments of samples from the anchor.

Ultra-depth of field optical microscopy: An ultra-depth of field optical microscope
(KH-7700, Hirox Co., Ltd., Tokyo, Japan) was used to observe the macroscopic appearance
of the sample; the magnification range was 20–120 times.
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Metallographic analysis: the organization evaluation, process analysis, defect research
and judgment of the raw materials of metal materials for processing structural parts and
finished products.

SEM-EDS: SEM-EDS (SU3500, Hitachi High-Tech Co., Tokyo, Japan) was used to
observe the microscopic morphology of the sample and detect the element composition
and distribution. The sample was fixed on the platform with conductive adhesive, and
the gold spraying time was set at 100 s to prepare the sample and eliminate the charge
accumulation. The test conditions were vacuum mode, the acceleration voltage is 15 kV,
and amplification was 100–300 times.

Ion chromatographic analysis: The ICS-90 ion chromatograph (Shanghai Leirui Scien-
tific Instrument Co., Ltd, Shanghai, China) was used as the testing instrument. Grind the
iron rust sample through an 80-mesh sieve, and dissolve 2 g in 100 mL of distilled water.
Shake and soak for 7 days, and then detect the relevant ion content in the leachate solution.
The measurement data analysis method adopted the general rules of JY/T020-1996 ion
chromatography analysis method.

Laser Raman spectroscopy analysis: This analysis used the in Via Reflex micro-confocal
laser Raman spectrometer (Renishaw, Gloucestershire, UK), with a scanning range of
100–4000 cm−1; the signal-to-noise ratio of the third-order peak of detection silicon was
greater than 22:1; spectral resolution for the full visible spectrum was ≤1 cm−1.

High-resolution X-ray diffractometer: X’Pert Pro MPD X-ray diffractometer (Smart
Lab (9), Rigaku Co., Tokyo, Japan) was used as the analytical instrument; the analysis
condition adopts the anode target as the copper target; the test voltage is 40 KV; the test
current is 30 mA; the 2θ range is 5◦–90◦; step width, 0.02◦; scanning rate, 4◦/min. The
experimental data analysis method was based on “JY/T009-1996 General Principles of
Rotating Target Polycrystalline X-ray Diffraction Method”; the X-ray diffraction experiment
was carried out using a powder sample method, and the diffraction spectrum was analyzed
by Jade 7.0.

Silver nitrate titration detection of rusty samples: Take the rusty products and grind
them with agate to powder. Dissolve the sample with nitric acid. After 2 min, filter with
filter paper to obtain a clear solution, then add 2–3 drops of AgNO3 solution to the clear
solution and observe whether white flocs appear. The nitric acid solution used was a dilute
nitric acid solution prepared in a ratio of 2:1 to distilled water and nitric acid solution. The
concentration of AgNO3 was 1%. Observe the above reactions.

3. Results and Discussion
3.1. Investigation and Survey of the Occurrence Environment

Xianyang City, Shaanxi Province, China is located in a warm temperate zone with a
continental monsoon climate; the four seasons are clearly cold, hot, dry, and wet; the climate
is mild; light, heat, and water resources are abundant; the annual average precipitation is
537–650 mm; and the average temperature is 9.0–13.2 ◦C. The topography of the Gudu ruins
area is higher in the north and lower in the south, with a ground elevation of 378.0–397.5 m;
the landform is a river valley accumulation landform. The south of the Gudu ruins relies
on Xianyang Lake, the normal water level of the lake is 382.5 m, and the elevation of the
Gudu ruins pit is lower than the water level of Xianyang Lake. The humidity in the ruins
is above 70%. The Gudu site is a specific place formed by wading through the river with
boats in early civilization to transport people and objects to the opposite bank (Figure 2).
After arriving at the destination, the anchor can fix and stabilize the position of the boat.
During the use of the iron anchor in the riverway water environment, the iron anchor
was corroded by various ions, and the desalination protection treatment was not carried
out in time after the excavation; thus, some of the iron anchors left at the excavation site
contacted with the sand and salt. At the same time, the ruins relied on Xianyang Lake,
and the water level of the lake changed, which caused some seepage in the ruins pit.
The various chemical components contained in the seepage water made the disease more
serious. Another part of the ironware is placed in the environment of the exhibition hall,
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and the temperature and humidity of the exhibition hall are greatly affected by weather
changes; the ironware is mixed with other types of cultural relics, and the preservation
environment is relatively harsh.

Figure 2. Occurrence conditions of Gudu ruins. (A): excavated photos of the Gudu ruins; (B): geo-
morphology around the Gudu ruins; (C): site photos of the Gudu ruins; (D): geological section of
Gudu ruins area.

3.2. Preservation Status and Disease Type

The unearthed anchor ironware is stored in the exhibition hall of the Gudu ruins exca-
vation site; the rest are displayed in the cultural relics exhibition hall of Xianyang Museum.
The preservation conditions in the exhibition hall are simple and the ventilation equipment
cannot be used for 24 h, which causes the exhibition hall humidity and temperature during
the rainy season to be maintained at a high level. The on-site survey and investigation
found that 91% of the ironware in this batch had different degrees of rust; 56% had severe
rust, 21% had cracks and deformations, and 12% had severe damage. In total, 12 iron
anchors were unearthed from the Gudu ruins and 10 iron anchors were preserved in situ
in the ruins pit and the remaining iron anchors are located in the exhibition hall of the
Gudu Museum. Due to various factors in the riverway environment, the iron anchors were
corroded by chloride ions, and severe corrosion occurred; after unearthing, the desalination
protection treatment was not carried out in time, and the chlorine in the ironware and the
water and oxygen in the air further reacted with the iron, accelerating the corrosion of
the ironware. At the same time, we drew the disease map of this batch of anchors. Four
randomly selected anchors showed similar defects, including corrosion, iron tumor, soil
attachments, welding marks, and layer stripping, as shown in Figure 3A–D.

3.3. Cast Iron Material Composition of Iron Anchor

Through metallographic examination, scanning electron microscopy (Figure 4A,B),
and energy spectrum analysis (Figure 4C), the metallographic structure of the iron anchor
corrosion sample was determined as ferrite with a small amount of massive cementite. This
illustrates that the cast iron material of this batch of iron anchors is white iron.
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Figure 3. Typical diseases of the anchors: (A–D) are disease maps of four samples.

Figure 4. Metallographic analysis of iron anchor samples. (A) Metallographic microscopy charac-
terizes the properties of metals; (B) scanning metallography of anchor; (C) EDX energy spectrum
of anchor.

3.4. Corroded Microstructure

As shown in the Figure 5, there were some soil and loose rusty products on the surface
of the iron anchor. A low density of rusty products on the surface of the iron anchor
was observed, and an oxide film that can effectively protect the body was not formed
on the surface of the iron (Figure 5A). There was rust and peeling on the surface of the
iron anchor, and there are yellow rust and rusty spots, which are presumed to be the
surface corroded products caused by the presence of soluble chloride salts in the sample
(Figure 5B). As shown in Figure 5C, the appearance of the sample surface corrosion products
is flaky, and the surface corrosion products were tan, presumably because the iron surface
chloride soluble salt reacted with the iron surface generated by the brown rust products; in
the subsequent experiments on the samples of chloride corrosion products and titration
analysis, types of chloride and chloride content were identified. There are soil adhesion
and yellow–brown rusty products on the surface of the sample iron anchor in Figure 5D,
from which it can be inferred that it may be because the unearthed area of the sample is
an ancient riverbed area, and some river sand residues are attached to its surface. Due to
the abundant groundwater around the excavated area, the leaching effect of groundwater
on the surrounding rock formations results in a high content of soluble chloride salts in
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the soil around the riverbed, leading to the formation of chemical corrosion on the surface
iron anchors.

Figure 5. Iron anchor photomicrograph. (A–D) are four sample micrographs.

The scanning electron micrographs show that the microscopic morphology of the
rusty products in the samples is different; the corrosion products on the surface of the
samples are lumpy (Figure 6A), granular (Figure 6B), needle-like (Figure 6C), and spherical
(Figure 6D), all of which have loose surface structures. This may be due to the different
elemental composition of the sample iron and the different surface storage environment.
The oxide layer formed on the surface has a low density, and the existence of a large number
of holes means that it cannot effectively cover the inner layer, nor can it prevent further
corrosion caused by the infiltration of O2, H2O and Cl−, which leads to the deterioration of
the surface of the iron anchor.

Figure 6. Electron microscope image of corrosion products of iron anchor block. (A–D) are four
sample micrographs. (A) Bulk corrosion products; (B) granular corrosion products; (C) needle-like
corrosion products; (D) spherical corrosion products.

3.5. Corrosion Products

The EDX energy spectrum analysis showed that the main components were silicon
dioxide (Figure 7A), ferric oxide (Figure 7B), ferric oxide (Figure 7C), ferrous oxide, and
calcium and magnesium carbonate (Figure 7D). Under the buried environment of river
channels, silicon dioxide, calcium and magnesium carbonate appeared on iron anchors.
Elemental iron is not very reductive, but in the presence of Fe, it is rapidly oxidized from a
zero-valent state to a high-valence state. The corrosion of iron is a continuous process. First,
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iron loses two electrons to become Fe2+, and the main reactions are hydrogen evolution
corrosion or oxygen absorption corrosion. We found that the soil pH ranged from 6.13 to
6.38 from sampling soil sand and gravel from Gudu ruins. When the iron is immersed in
water or there is a layer of acidic water film on the surface, Fe is more active than H+, and
the substitution reaction will occur to form Fe2+ and H2. The main Fe2+ compounds were
ferrous oxide and ferrous hydroxide, which continue to react with oxidizing substances to
form Fe3O4, Fe2O3, and iron hydroxide [20–22]. Consequently, we detected Fe2O3, FeO3
and FeO on the corroded surface of the anchor.

Figure 7. EDX spectrum. The iron anchor samples detected silica (A), ferric oxide (B), ferric oxide
(C), and ferrous oxide and calcium–magnesium carbonate (D).

In Figure 8A, the actual peak positions on the diffraction pattern were: 21.2◦, 26.6◦

and 36.7◦, corresponding to the α-FeOOH and γ-FeOOH peak positions in the standard
library, which indicated that the sample contains goethite (α-FeOOH) and lepidocrocite (γ-
FeOOH); 27.1◦ and 50.4◦, corresponding to the silica peak positions in the standard library,
which indicated that the sample contains silica; 39.9◦ and 54.2◦, corresponding to the peak
positions of γ-Fe2O3 in the standard library, which indicated that the sample contains
γ-Fe2O3; 43.1◦, corresponding to the peak positions of Fe3O4 in the standard library, which
indicated that the sample contains Fe3O4. As shown Figure 8B, the peak locations at
21.2◦, 26.6◦, and 36.7◦ indicated that the sample contains α-FeOOH and γ-FeOOH; 50.4◦,
corresponding to the silica peak positions in the standard library, which indicated that the
sample contains silica; 39.9◦ and 54.2◦, corresponding to the peak positions of γ-Fe2O3
in the standard library, which indicated that the sample contains γ-Fe2O3. The peak
locations at 21.2◦and 26.6◦ in Figure 8C indicated that the sample contains α-FeOOH and
γ-FeOOH. Figure 8C showed a characteristic peak in 44.7◦ of silica. In Figure 8D, the
actual peak positions on the diffraction pattern were 26.6◦ and 43.1◦, corresponding to
the α-FeOOH peak positions in the standard library, which indicated that the sample
contains goethite (α-FeOOH). Figure 8D also showed a characteristic peak of silica, similar
to Figure 8C. From the above four typical samples, it can be seen that the rusty product
samples of the sampled iron anchors contain goethite (α-FeOOH), hematite (α-Fe2O3),
maghemite (γ-Fe2O3), akaganeite (β-FeOOH), lepidocrocite (γ-FeOOH), and magnetite
(Fe3O4), as well as a small amount of hexagonal lepidocrocite. The lepidocrocite (γ-FeOOH)
is unstable and, under certain conditions, can be transformed into goethite (α-FeOOH) and
magnetite (Fe3O4). This showed that the iron anchor corroded product samples were all
the corroded products with different combinations of corrosion components and a serious
degree of corrosion. Silica (SiO2) was also detected in the sample; this substance is the
main component of soil and sand, and the presemnce of this substance may be due to the
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excavation location of the batch of ironware in the sand riverway, and a large amount of
sand adhered to the surface of the unearthed ironware to form the surface pollutants and
hardened materials. When cleaning, sandblasting technology and sanding machines can be
used to physically remove silica.

Figure 8. XRD spectrum. (A–D) XRD maps of four sample.

It can be seen from the Figure 9 that the peak at 428 cm−1 of samples in Figure 9A,B
was consistent with the 400 cm−1 peak of α-FeOOH. The peaks at 226 and 278 cm−1 were
consistent with those at 230 and 250 cm−1 of α-Fe2O3. Therefore, it is speculated that
goethite (α-FeOOH) and hematite (α-Fe2O3) may be present in the sample. The peaks
at 221 and 257 cm−1 in Figure 9C,D were consistent with those at 230 and 250 cm−1 in
α-Fe2O3. The peak at 240 cm−1 was consistent with that of γ-FeOOH at 245cm−1, so it was
speculated that the sample may contain hematite (α-Fe2O3) and fibroite (γ-FeOOH). The
Raman spectrum showed that the corroded products mainly contain goethite (α-FeOOH),
lepidocrocite (γ-FeOOH), and hematite (α-Fe2O3), and most of the samples contain multiple
substances, with clear characteristic peaks. It is shown that these samples are rusty products
with different combinations of rusty components and serious degrees of rust.

3.6. Chloride Ions in the Sample

After the four samples were titrated with silver nitrate solution (Figure 10), white
flocculent precipitates appeared, indicating that there were different concentrations of
chloride and soluble chloride salts in the four samples, and the content of white precipitate
in sample No. 2 is greater than that in other samples, confirming that sample No. 2 had a
higher chloride content, as shown by the ion chromatography analysis.
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Figure 9. Raman spectrogram. (A–D) Raman maps of four sample.

Figure 10. Ion chromatography and titrating with silver nitrate solution results.

3.7. Mechanism of Corrosion Evolution

There are many reasons for iron corrosion, including uneven structure, more impuri-
ties, and the unstable properties of iron itself. In addition, the protection of iron relics is
also greatly influenced and restricted by the environment [23,24]. In the corrosion process
of ironware cultural relics, the chemical corrosion, electrochemical corrosion and microbial
corrosion often occur at the same time on the surface of ironware [25,26].

Iron anchors unearthed at the Gudu ruins were in a state of riverway water corrosion;
the chloride ions in the river water have a destructive effect on the surface oxide film and
accelerate the dissolution of the surface film [27–29]. After finally sinking into the sand, the
Gudu ruins were immersed in an environment rich in groundwater for a long time, causing
the iron anchor to continue to react with the chloride ions in the water, which promoted the
dissolution of the film surface and was destroyed.

As mentioned earlier, the soil environment of Gudu ruins was weakly acidic; when
the water film in contact with the iron surface becomes acidic, the active order of iron is
ahead of H+, and substitution reactions occur to form Fe2+ and H2 [30,31]. While, Gudu
ruin was located below the level of Xianyang Lake in all seasons, presenting a humid
environment. In the humid environment of the buried environment, the iron cultural relics
on the basis of chemical corrosion and electrochemical corrosion would also participate.
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Metallurgical microscopy (Figure 4) showed the presence of ferrite and cementite on the
corroded surface. When the oxygen-containing water film is formed on the surface of the
iron anchor, there are a certain amount of electrolyte ions (Cl−, Na+), and the ferrite (α-Fe)
and cementite (Fe3C) will form numerous microgalvanic cells, thus forming microcell
corrosion. As shown in Figure 11, the electrolyte water film on the surface of the iron
anchor is the external circuit, Fe is the internal anode, and Fe3C is the cathode. Compared
with the single chemical corrosion, the electrochemical reactions could greatly accelerate
the corrosion of iron.

Figure 11. Corrosion mechanism of iron anchor in different environments.

Moreover, in the corrosive medium of the atmosphere, soil and water with a high salt
content, especially a high chloride content, will destroy the stable α-Fe2O3 oxide film on the
surface of ironware, which will accelerate the corrosion of iron. In the buried environment,
the main chloric corrosion product of iron cultural relics is FeCl3, which is concentrated in
the form of an acidic solution between iron matrix and rust layer, as well as in the holes
and crevices of the rust layer. When the iron relics were unearthed, FeCl3 was oxidized and
hydrolyzed in the air, producing FeOOH: 4FeCl + O2 + 6H2O→ 4FeOOOH + 8HCl. The
FeOOH produced by the reaction may be α-FeOOH, β-FeOOH, or γ-FeooH. This is because
the chloride can accelerate local corrosion, such as pitting, stress corrosion, inter-granular
corrosion, and crevice corrosion, and Cl− could prevent the conversion of active γ-FeOOH
generated on the surface of steel to inactive α-FeOOH [32–34]. However, the corrosion of
these anchors was not explored and further protected over time, which resulted in salt ions
exacerbating the corrosion of anchors after they were unearthed.

4. Conclusions

The iron cultural relics are a type of cultural relics that are difficult to preserve in the
existing cultural relics. Due to their special physical and chemical properties, they are
relatively small in number and are easily rusted due to environmental factors. This research
took the iron anchors unearthed from the Gudu ruins in Xianyang City, Shaanxi Province,
China as the research object. The disease and corrosion mechanisms of the iron anchors
unearthed were researched by XRD, EDX, Raman spectroscopy, ion chromatography, and
nitrate titration, to explore the storage environment and the corrosion before and after the
excavation and the change of the relationship between the storage environment and the
anchor disease. The research found that iron anchors unearthed at the Gudu ruins were in
a state of riverway water corrosion, and the abundant chloride ions in the river intensified
the corrosion of iron anchors before they were excavated, and the Gudu ruin was located
below the level of Xianyang Lake in all seasons, presenting a humid environment, which
further promoted the electrochemical corrosion of iron anchors after they were excavated.
However, the corrosion of these anchors was not explored or further protected over time,
which resulted in salt ions aggravating the corrosion of anchors after they were unearthed,
and the electrochemical reaction could greatly accelerate the corrosion of iron in the humid
exhibition environment. Therefore, the subsequent protection and repair of these anchors
should be derusting, desalting, and cleaning as soon as possible, to prevent acceleration of
the destruction of cultural relics, and the research on the correlation between environment
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and deterioration of iron relics is very important to scientifically formulate a route for
protection technology.
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