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Abstract

Temperature changes during the chemical corrosion of stone cultural relics affect the condensation and evaporation
of water and chemical reactions between soluble substances and corrosive solutions. This ultimately leads to changes
in the internal structure and composition of the artifacts, which in turn lead to changes in the microstrain of cultural
relics. To obtain in-situ real-time information on changes in the temperature and microstrain of stone cultural rel-

ics during chemical corrosion damage, a fiber Bragg grating (FBG) detection system was developed. The detection
principle for the temperature and microstrain of sandstone was provided. Thermal field emission scanning electron
microscopy, X-ray diffraction, and mercury intrusion porosimetry were used to characterize the surface morphology,
composition, and pore structure of the sandstone samples, respectively. The temperature and microstrain changes

of the sandstone samples under deionized water with different acidic/alkaline and salt solutions and at different tem-
peratures were examined online in situ using the FBG measurement system. The results indicate that the dissolution
of sandstone in the acidic solution (H,50, and NaHSO,) resulted in an exothermic chemical reaction as well as the dis-
solution of sandstone in the neutral salt solution (Na,SO,) and alkaline solution (NaOH and Na,COs) led to mate-

rial conversion and exothermic chemical reaction; the deionization reaction belongs to the dissolution reaction.

The NaHSO, solution caused the most serious corrosive disease on the sandstone surface. When the temperature

of the NaHSO, solution was 60 °C, the temperature and microstrain of the sandstone reached 63.9 °C and 253.6 e,
respectively. The results of this study can support the research of revealing the corrosion mechanism of sandstone

in different environments.
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Introduction

Stone cultural relics are a nonrenewable and precious
cultural resource as well as the historical root of inher-
iting and promoting an excellent traditional culture [1].
However, owing to the influence of changing global cli-
mate and environment, acidic and alkaline gases continue
to accumulate in the atmosphere. The interaction of these
harmful gases with water molecules produces corrosive
acids and alkaline compounds, causing chemical cor-
rosion damage to stone cultural relics [2]. To effectively
prevent the chemical corrosion disease on stone cultural
relics, accurate detection of changes in parameter of the
stone cultural relics disease to analyze its disease mecha-
nism is highly essential [3].

The current technology available for the online detec-
tion of stone cultural relic disease parameters primar-
ily includes infrared spectroscopy, ultrasonic detection
methods, ground-penetrating radar, scratch detection
techniques, and three-dimensional (3D) laser scanning.
Among them, infrared spectroscopy is primarily used
for ancient wall paintings and statue surface coatings and
can realize the qualitative and quantitative detection of
the composition of substances in stone samples [4-6].
Ultrasonic detection methods are mainly used for stone
monuments, stone carvings, and grottoes and can char-
acterize the internal mechanical properties and defect
distribution of cultural relics [7-9]. Ground-penetrat-
ing radar is predominantly used for internal fissures of
ancient city walls, internal structures, and water content
detection in archaeological exploration and can realize
real-time display of images and high-resolution detec-
tion of cultural relics [10—12]. Various scratch detection
techniques are developed for the detection of the char-
acteristics of scratches in different cultural relics [13].
3D laser scanning is mainly used for large immovable
stone cultural relics, such as Longmen Grottoes, Leshan
Buddha, and other large stone Buddha statues, and can
achieve the accurate extraction of cultural relics of color,
material, surface morphology, spatial structure, and
other information [14—16]. However, the aforementioned
detection techniques have hardly been used for in-situ
real-time detection of parameter changes in the body of
cultural relics.

Accurately detecting the changes in temperature and
microstrain in the ontological disease process of stone
cultural relics is key to revealing the influence of the com-
position and temperature of corrosive solutions on the
corrosion rate of stone artifacts [17]. This is because tem-
perature changes during the chemical corrosion of stone
cultural relics affect the condensation and evaporation of
water, expansion and contraction, and chemical reactions
between soluble substances and acid and alkali gases
(acid and alkali compounds) [18, 19]. This ultimately
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leads to changes in the internal structure and composi-
tion of the artifacts, which in turn lead to changes in the
microstrain of cultural relics [20]. Therefore, accurate
in situ detection of temperature and microstrain changes
in cultural relics is crucial for elucidating the mechanisms
behind the deterioration of stone cultural relics.

Fiber Bragg grating (FBG) is utilized for temperature
and microstrain detection and has found widespread
applications in infrastructure, environmental protection,
and life sciences [21-24]. FBG offers several advantages,
including rapid response speed, long-distance trans-
mission, microstructure, in situ monitoring, and quasi-
distributed measurement [25-28]. However, there are
limited reports on its application for detecting tempera-
ture and microstrain of stone cultural relics during chem-
ical corrosion processes. In our previous work, although
FBG sensors were developed for in-situ monitoring of
temperature and microstrain in sandstone during oxalic
acid corrosion processes, the temperature range was lim-
ited to 20-25 °C [29]. Meanwhile, although FBG sensors
have been used for in-situ monitoring of temperature
and microstrain of stone cultural relics subjected to cor-
rosion at different temperatures (— 10-60 °C), the corro-
sion liquids were limited to deionized water and NaOH
solution. Specifically, in situ monitoring of temperature
and microstrain changes in corrosion process of stone
cultural relics by neutral, strongly acidic and alkaline, and
acidic and alkaline salt solutions under the action of high
and low temperatures has not been reported. In addi-
tion, the surface morphology, material composition and
pore structure of sandstone after high and low tempera-
ture corrosion by different corrosion liquids are rarely
reported. Another important fact is that stone cultural
relics in the field are facing the risk of acid, alkali and
salinization corrosion because the discharge of chemi-
cal pollutants by metallurgical, petrochemical, paper-
making, oil refining, and other enterprises alters the
composition and pH of water [30]. Therefore, to reveal
the corrosion mechanism of different corrosion liquids
on stone cultural relics at high and low temperatures, it
is necessary to use the FBG to construct an FBG sensor
system for the in-situ real-time detection of temperature
and microstrain in stone cultural relics. Furthermore,
changes in morphology, composition, and pore structure
of stone cultural relics should be investigated when the
stones were subjected to corrosion by different neutral,
acidic, and alkaline corrosive solutions with high and low
temperatures.

This research aims to reveal the corrosion mecha-
nism of sandstone in acid, alkali and salt environments,
first, sandstone samples were prepared and a simula-
tion system for the chemical corrosion of stone relics
was constructed. Second, FBGs were used to construct a
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real-time in situ detection system for sandstone samples.
Third, a theoretical model for measuring the changes in
stone relics was developed, and temperature and micro-
strain calibrations of the sensors were performed. Fourth,
the morphology and composition of the sandstone sam-
ples were characterized using thermal-field emission
scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS), and pressure pumping
(MIP). Finally, the FBG detection system was used to
detect the temperature and surface microstrain changes
of sandstone samples under different corrosion fluids and
corrosion temperatures in situ online, and the acid—base
corrosion mechanism and rule of the sandstone samples
were analyzed.

Sample preparation and test methods

Experimental materials

The chemicals used in the experiment included H,SO,
(1 mol/L), NaOH (4% w/v), NaHSO, (0.1 mol/L), Na,CO,
(1 mol/L), Na,SO, and (1 mol/L), which were purchased
from Aladdin, China. The FBGs were purchased from
Beijing Tongwei Co., Ltd. The fiberoptic cladding of the
FBGs was made of acrylate, which had a 3-dB bandwidth
of 0.24 nm. The fiberoptic cladding diameter, core diam-
eter, and grating area length of the FBGs were 125 um,
10 pm, and 10 mm, respectively.

Preparation of sandstone samples

Sandstone samples that replaced the stone cultural relics
were purchased from Shandong Yuze Stone Co. (China).
According to the XPS analysis (Fig. S1), the main compo-
nents of the sandstone were quartz (silicon dioxide) and
feldspar (a mineral containing magnesium, sodium, cal-
cium, potassium, and aluminum). The sandstone samples
were cylindrical specimens with a diameter of 50 mm and
a height of 100 mm. To completely remove impurities
such as soil and salts attached to the surface of the sand-
stone samples, the samples were cleaned in an ultrasonic
cleaner (ultrasonic power of 240 W and ultrasonic fre-
quency of 40 kHz) for 60 min before etching. The etched
sandstones were dried in a constant-temperature drying
oven (110 °C) for 6 h and then cooled and preserved in a
zip-lock bag for spare parts.

Corrosion solution preparation

To reveal the influence of corrosion temperature on the
corrosion of sandstone, refrigerators, and electrically
heated constant-temperature drying ovens were used to
simulate the natural environment. The corrosive environ-
ment of sandstone samples was processed by freezing,
thawing, and high temperature; the corrosive environ-
ment of sandstone temperature varied from — 10 °C to
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60 °C. Furthermore, to reveal the influence of the cor-
rosion solution composition and pH on sandstone cor-
rosion, acidic corrosion solutions with a pH of 3 and 5
were prepared using deionized water and H,SO,. Alka-
line corrosion solutions with a pH of 9, 11, and 13 were
prepared using deionized water and NaOH. Acid salt
corrosion solutions with a pH of 3 and 5 were prepared
using deionized water and NaHSO,. Alkaline salt corro-
sion solutions with a pH of 9 and 11 were prepared using
deionized water and Na,CO;. A neutral salt corrosion
solution (pH=7) was prepared using deionized water
and Na,SO,.

Preparation of FBG temperature and microstrain sensors
The purchased FBGs were used as the temperature
and microstrain sensors, respectively. In situ decod-
ing of temperature, to ensure that both ends of FBG
are in a freely extended state, the two ends of the FBG
were tightly attached to the sandstone using benzalko-
nium chloride stickers and degreased cotton (Fig. 1a).
The fixed-temperature FBG was used to respond only to
changes in sandstone temperature and was not affected
by the microstrain generated by sandstone deformation
because both ends of the fiber grating are in a state of free
extension. Therefore, they were named FBG temperature
sensors. In situ decoding of microstrain, the FBG sen-
sors were fixed on the sandstone surface as follows: First,
a ring-shaped optical fiber with the FBGs was wound on
the surface of sandstone samples. The optical fiber con-
nection was then fixed using a nylon tie. Finally, an ultra-
violet shadowless adhesive was coated on the connection
to ensure that the optical fiber connection did not slip off.
They were named FBG strain sensors because both ends
of the FBG are firmly fixed to the rock surface, these FBG
respond to both rock strain and cultural changes. The
height difference between the microstrain—temperature
FBG sensors was approximately 23 mm (FBG_S3 was
appropriately 32 mm away from the bottom of the sand-
stone), as shown in Fig. 1b.

In situ detection of temperature and microstrain
of sandstone samples
The detection system primarily consisted of three micro-
strain—temperature FBG sensors, an FBG temperature
sensor, a fiber grating demodulator (TV125-100), con-
tainers, a corrosive solution, a refrigerator, and an elec-
trically heated constant-temperature drying box (Fig. 1).
The light source bandwidth, wavelength resolution, and
sampling time interval of the demodulator were 1500—
1600 nm, 1 pm, and 1 s, respectively.

For the sandstone corrosion process, the sandstone
was placed in a closed polypropylene reaction vessel. The
level of the corrosion liquid in the vessel was 120 mm,
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Fig. 1 Pictures of the sensor fixation and detection system. a Picture of the sandstone with FBG sensor installed (FBG-T and FBG-S denote FBG
temperature sensor and FBG strain sensor, respectively). b Schematic of the detection system and sensor fixation

which means that the sandstone sample was completely
immersed in the corrosion solution. The freezing and
warming experiments were realized using a refrigerator
(— 10-0 °C) and an electrically heated thermostatic dry-
ing oven (0-60 °C). The freezing time was 12 h, and the
temperature of the electrically heated thermostatic dry-
ing oven was warmed up at intervals of 10 °C; the tem-
perature was warmed up to the specified temperature
each time and was maintained at that temperature for
5 h. In the experiments, the drift of the wavelength out-
puts of three FBG microstrain-temperature sensors was
detected by using the fiber grating demodulator.

Morphology and composition characterization methods

of sandstone samples

The surface morphologies of the sandstone samples with
thickness of 1 mm were characterized using a Gemini300
thermal field emission scanning electron microscope
and a matching Oxford X-MAX energy spectrum analy-
sis system. XRD analysis was performed using a Bruker
D8 ADVANCE X-ray diffractometer with a tube current
of 40 mA, tube voltage of 40 kV, Cu target wavelength of
1.5406 A, Co target wavelength of 1.79026 A, and scan-
ning speed of 2°/min. XPS analysis was conducted using
a ThermoFisher Nexsa photoelectron spectrometer with
Mo target Ko radiation. The binding energy of the sample
was calibrated with the carbon peak Cls (284.6 eV) serv-
ing as the internal standard. The pore size distribution of
the sandstone samples was analyzed using a high-perfor-
mance fully automated mercury piezometer (mercury
intrusion porosimetry [MIP]; AutoPore V9620). The

volume of the sandstone samples for XRD, XPS, and MIP
waslcmX1cmX1cm.

Detection principle of the temperature

and microstrain of sandstone samples

When the FBG was fixed to the surface of the sandstone
sample using a ring (Fig. 1) and immersed in different
water chemical environments, the sandstone underwent
expansion and contraction, the fiberoptic ring was sub-
jected to radial stress, and the FBG was stretched. The
Bragg wavelengths of the FBGs red-shifted under axial
strain. Simultaneously, the sandstone sample reacted
chemically with the corrosive solution and the tem-
perature changed, causing the FBG resonance center
wavelength to drift. Therefore, the FBGs fixed on the
sandstone surface using a ring structure were influenced
by the binary parameters of temperature and microstrain.
In the sandstone corrosion process, to realize the accu-
rate detection of the temperature and microstrain binary
parameters of the sandstone acid and alkali corrosion
processes, it is necessary to additionally set up an FBG
that is not affected by the expansion of the sandstone as
a temperature compensation unit (Fig. 1). A temperature
compensation FBG was used to eliminate the interference
of temperature on the measurement of the microstrain of
the sandstone and obtain the temperature change of the
body of the sandstone.

To eliminate the interference generated by the tem-
perature on the sandstone’s microstrain measurements,
an FBG with free growth was used as the temperature
compensation unit (Fig. 1). The functional relationship



Wu et al. Heritage Science (2024) 12:345

between the wavelength drift (Algy) of the resonance
center and temperature variation (A7) is described as,

A;LB,T = Kt,1-AT (1)

where K, is the temperature-sensitivity coefficient of
the FBG temperature-compensation unit. When the FBG
is jointly affected by the microstrain and temperature,
the relationship between the wavelength drift (Alg) of
the FBG and the changes of AT and strain change Ae¢ is
expressed as,

Alp = Kg- Ae + Ktp - AT (2)

where K denotes the strain sensitivity coefficient, Ky, is
the temperature-sensitivity coefficient of the FBG fixed
to a ring on the sandstone surface. From Egs. 1 and 2, the
following matrix was obtained:

Alp Kg Kt Ae

(A)LB,T) B (0 KT,l) (AT> &
The sensitivity coefficients K, K1,, and K of the FBGs
to the temperature and microstrain can be experimen-
tally determined. In this study, the sensitivity coefficients
K of the ring-fixed FBG to microstrain, the temperature
sensitivity coefficient K1,, and the temperature sensitiv-
ity coefficients of the temperature-compensated unit Kr,
were 1.23 pm/pe, 9.52 pm/°C, and 9.42 pm/°C, respec-
tively. By incorporating these coefficients into Eq. 3, the

following matrix is obtained:

A\ _ (1.23952) [ Ae A
Aigr) =\ 0 942 )\ AT (4)
To obtain further information about the temperature

and microstrain changes during the corrosion process of
the sandstone, matrix 4 was further inverted as follows:

Ae 0.81 —0.82) [ AZs

(ar)= (%" o) (o)
Matrix 5 shows that the FBG demodulator (Fig. 1) can
be used to detect the variations in the FBG resonant
center wavelength fixed on the sandstone surface as well
as those in the FBG resonant center wavelength of the
temperature compensation unit. This indicates that the
FBGs used in this study can accurately measure the tem-

perature and microstrain binary of sandstone bodies.

Results and discussion

Morphology and composition characterization

of sandstone

To determine the effect of the corrosion solution on the
structure and material composition of the sandstone
samples after corrosion, the sandstone samples were first
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immersed in deionized water (pH=7), Na,SO, solution
(pH=7), NaHSO, solution (pH=3 and 5), Na,COj4 solu-
tion (pH=9 and 11), H,SO, solution (pH=3, 5), and
NaOH solution (pH=9, 11, and 13). First, the corrosion
reaction was performed in a freeze—thaw corrosion reac-
tion for 7 days (maintained in a refrigerator environment
from — 10 to 0 °C for 12 h, maintained at room tempera-
ture at 20 °C for 12 h, and finally operated according to
this cycle for 7 days). Second, the corroded samples were
dried in a vacuum drying oven, and the surface morphol-
ogy and composition were characterized using SEM-cou-
pled point EDS (Fig. 2); the compositional proportions of
the different elements in the sandstone samples are given
in Table S1. Third, its composition was analyzed using
XRD mineralogical analysis (Fig. 3). Finally, the pore size
distribution was analyzed using the mercuric pressure
(Fig. 4).

In Fig. 2a, the first row from left to right shows the
physical photographs of the sandstone samples and
the sandstone samples subjected to Na,SO,, NaHSO,,
and Na,CO;, respectively. The second row from left to
right shows the physical photographs of the sandstone
samples and the sandstone samples subjected to deion-
ized water, H,SO,, and NaOH solutions, respectively.
Figure 2b shows that sandstone samples that did not
undergo corrosion damage had a densely layered struc-
ture. The sandstone samples primarily contained Al, Si,
Ca, Na, K, Mg, C, and O, indicating that the sandstone
samples were aluminosilicate minerals containing SiO,
and Ca, Na, and K as well as trace elements such as Mg.
Figure 2c shows that, when the sandstone samples were
subjected to deionized water erosion, the sandstone lami-
nations became loose owing to the dissolution of soluble
materials within the sandstone while being treated with
freeze—thaw cycles, resulting in the sandstone lamina-
tions becoming loose. Figure 2d shows that, when the
sandstone samples were corroded by the Na,SO, salt
solution, the original layered structure was maintained.
However, the structure became fuzzy, and the sandstone
samples adhered to the surfaces of the corrosion prod-
ucts. The EDS results showed that the new S elements
(8.34 atom%) and the relative percentage of Na elements
(12.75 atom%) increased, which was attributed to the sol-
uble material in the sandstone samples reacted with the
Na,SO, to generate crystalline salts such as CaSO, [31].
Figure 2e shows that, when the sandstone samples were
corroded by the NaHSO, salt solution, the lamellar struc-
ture almost disappeared. This can be attributed to the
strong acidity of NaHSO,, which chemically dissolved
with the soluble materials in the sandstone, and the pore
structure collapsed and clogged after being subjected to
freeze—thaw cycles (contraction and expansion). The EDS
characterization results showed that, after the sandstone
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one samples. a Camera photos of sandstone samples and the sandstone after being subjected

to different corrosive solutions; b SEM and EDS images of sandstone samples before corrosion; c-h SEM and EDS images of sandstone samples
subjected to 7-day freeze—thaw cyclic corrosion with (c) deionized water, (d) Na,SO,, (e) NaHSO,, (f) Na,COs, (g) H,S0,, and (h) NaOH solutions

samples were corroded by NaHSO,, no S was detected in
the samples, and the relative percentages of Mg, Al, and
K were decreased (Table S1). These facts further confirm
that the soluble materials in the sandstone samples were
chemically soluble in NaHSO, rather than being trans-
formed into sediments by chemical reactions.

Figure 2f shows that, when the sandstone samples were
corroded by the Na,CO; salt solution, the sandstone
maintained its original texture structure but salt crystals
were attached. The EDS characterization showed a sig-
nificant increase in the percentage content of Ca (2.50
atom%), indicating that the sandstone reacted with the
Na,CO; salt solution and may have generated CaCOs.
Figure 2g shows that, when the sandstone samples were
corroded by the H,SO, solution, the original texture of
the sandstone disappeared, and new pores were created.
The sandstone placed in the H,SO, solution underwent
a strong chemical dissolution reaction. The percentage
contents of Mg, Al, Si, and K in the EDS characterization
decreased in the same proportion relative to those shown

in Fig. 2b and Table S1, and an increase in a new ele-
ment of S was observed (0.12 atom%), further confirming
that the sandstone underwent a dissolution and cor-
rosion chemical reaction with H,SO,. Figure 2h shows
that, when the sandstone samples were corroded by the
NaOH solution, the original texture of the sandstone was
destroyed, and the original pores collapsed owing to the
action of freeze—thaw cycles and were blocked by the
corrosion products. These findings indicate that, under
the action of strong alkali, the soluble salts in the sand-
stone and NaOH solution underwent a strong chemical
reaction of material conversion to generate sediments.
Furthermore, after the sandstone underwent corrosion
in the NaOH solution, the percentages of all elements
changed (Table S1). This further indicates that, owing to
the action of NaOH, salt minerals were converted into
sediments.

Figure 3a shows that, after 7 days of freeze—thaw cycle
corrosion of sandstone samples in deionized water, the
relative percentages of KAISi;Og and SiO, increased and
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NaAlSi;Og4 was detected on the sandstone surface. These
results further confirmed that the sandstone dissolved
in deionized water and that a small amount of corrosion
products (metallic aluminosilicates) adhered to the sur-
face of the sandstone under the action of freeze—thaw
cycles. Figure 3b shows that, after 7 days of freeze—thaw
cyclic corrosion of sandstone samples in the Na,SO,
neutral salt solution, the relative percentage of SiO,
increased (CaAl,Si,Og4 increment was the most obvious)

and CaSO, was detected on the sandstone surface. These
results confirmed that the sandstone underwent a mate-
rial transformation reaction under the action of Na,SO,.
Water-insoluble CaAl,Si,Og and CaSO, crystallized on
the sandstone surface after the sandstone was subjected
to freeze—thaw cyclic treatment and affected the internal
pore structure of the sandstone (Fig. 2d). Figure 3c shows
that, after 7 days of freeze—thaw cyclic corrosion of sand-
stone samples in the NaHSO, acidic salt solution, the
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relative percentages of potassium feldspar and NaAlSi;Oq
decreased and increased, respectively, and no S-bearing
crystalline salt was observed. This confirmed that the
sandstone reacted with NaHSO, only via dissolution
chemical corrosion.

Figure 3d shows an increase in the relative percent-
age of CaCOj after 7 d of freeze—thaw cyclic corrosion
of sandstone samples in Na,CO; alkaline salt solution.
The results prove that the sandstone underwent a chemi-
cal reaction of material exchange with Na,COj; thus, the
intrinsic structure of the sandstone was not significantly
altered (Fig. 2f). Figure 3e shows that after seven days
of freeze—thaw cyclic corrosion of sandstone samples in
H,SO, solution, the percentage content of various alu-
minosilicate minerals decreases and the percentage con-
tent of SiO, increases. This confirms that the sandstone
underwent a chemical reaction of material dissolution
with H,SO,, and a new pore-like structure was formed
under the freeze—thaw cyclic treatment (Fig. 2g). Fig-
ure 3f shows that CaMg(AlSiO,), and NaAlSi,O, were
generated after 7 days of freeze—thaw cyclic corrosion
of the sandstone samples in NaOH solution. This proves
that the sandstone undergoes a chemical reaction of
material transformation with NaOH, which leads to the
disappearance of the sandstone laminar structure and
becomes sparse under the freeze—thaw cyclic treatment
(Fig. 2h).

Figure 4a shows that, after 7 days of H,SO, solution
corrosion, the small pore size diameter at the largest dis-
tribution in the sandstone samples increased, that was,
from 26 to 33 nm. The medium size diameter at the peak
distribution in the sandstone samples increased slightly,
that was, from 221 to 227 nm. However, the large pores
became larger (increased from 18 386 to 29 846 nm and
61 509 nm) but the ratio decreased. These are because of
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the strong dissolution reaction of sandstone under the
action of a strong acid, which leads to the increase of the
pore diameter inside the sandstone. However, the reduc-
tion in the percentage of large pores is because some of
the pores collapsed under the action of shrinkage and
expansion during the freezing and thawing cycles. Fig-
ure 4b shows that, after 7 days of NaOH solution cor-
rosion, although the overall change in the percentage
of small pores in the sandstone was not significant, the
small pore size diameters at the largest distribution in the
sandstone samples increased slightly, those were, from 19
to 33 nm and from 33 to 70 nm, respectively. Importantly,
the percentage of large pores was significantly reduced or
even disappeared, as shown in 5 932 nm and 180 034 nm.
These are because the sandstone and strong alkali under-
went material transformation, and the new material gen-
erated filled the pores under the freeze—thaw cycling
treatment and even led to an overall small shrinkage of
the sandstone. Comprehensive Figs. 2, 3, 4 show that cor-
rosive dissolution reactions occur in deionized water and
acidic environments, resulting in the formation of large
pores in the sandstone; however, chemical reactions of
material transformation (sediment generation) occurred
in alkaline and neutral salt environments, resulting in a
reduced formation of sandstone pores.

Temperature and microstrain changes during the corrosion
of sandstone by neutral solutions

To study the effects of a neutral salt solution and water
on the corrosion characteristics of sandstone, sandstone
samples were immersed in a Na,SO, solution with a pH
of 7 and deionized water. The temperature of the solu-
tions ranged from — 10 to 60 °C. The temperature and
microstrain of the sandstone were decoded using an
FBG detection system (Fig. 5). The wavelength drifts of
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Fig. 5 Correlation between the sandstone body temperature (a) and microstrain (b) and corrosion time when the sandstone is subjected
to corrosion by water and Na,SO, solutions. The insert of (b) is the correlation between the sandstone body microstrain and temperature
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microstrain—temperature FBGs during the corrosion of
sandstone was shown in Fig. S2.

Figure 5a shows that, when the corrosive solution
temperature was decreased from 20 °C to — 10 °C, the
sandstone temperature was lower than — 10 °C; that is,
the temperature of sandstone in the Na,SO, solution
and deionized water decreased to — 11 °C and — 17 °C,
respectively. Because the freezing point of the Na,SO,
solution is — 0.9 °C lower than that of deionized water
[32], the amount of icing at the interface between the
sandstone and the Na,SO, solution was lower than that
between the sandstone and deionized water. Therefore,
the surface temperature of sandstone in the Na,SO, solu-
tion was higher than that in deionized water. When the
solution temperature increased from — 10 to 60 °C, espe-
cially when the solution temperature reached 60 °C, the
temperature of the sandstone in the deionized water was
close to 60 °C. This indicates that the deionized water and
soluble material in the sandstone only underwent a phys-
ical solubility reaction (no heat-absorbing or exothermic
reactions occurred). However, the temperature of sand-
stone in the Na,SO, solution was higher than 60 °C, and
the temperature difference with sandstone in deionized
water reached 5 °C, which can be attributed to the fol-
lowing reasons: first, the temperature transfer coefficient
of the Na,SO, solution was lower than that of deionized
water, which was more conducive to the transfer of heat
from the outside to the sandstone. Secondly, an exother-
mic chemical reaction of the soluble matter in the sand-
stone samples with Na,SO, occurred (Figs. 2d and 3b).

Figure 5b shows that, when the corrosive liquid tem-
perature was lower than 0 °C, sandstone underwent cor-
rosion in the Na,SO, solution and the sensor outputted a
negative microstrain higher than that in deionized water
(microstrain data were derived from Fig. S2 and calcu-
lated using matrix 5). Because the chemical reaction
rate between the Na,SO, solution and soluble materials
inside the sandstone was considerably higher than that
between deionized water and soluble materials, the inter-
nal porosity of the sandstone increased, which was con-
ducive to more liquid entering the sandstone. When the
temperature is lower than — 0.9 °C, icing occurs, resulting
in volume shrinkage of the sandstone; that is, when the
corrosion fluid temperature is lower than — 0.9 °C, the
proportion of sandstone volume shrinkage in the Na,SO,
solution was greater than that in deionized water. There-
fore, the microstrain—temperature FBG sensor output-
ted a greater negative strain for sandstone in the Na,SO,
solution. As the temperature of the corrosive solution
increased from — 0.9 to 0 °C, the ice formed on the sur-
face of the sandstone began to dissolve in the Na,SO,
solution. However, it continued to freeze in deionized
water, resulting in further contraction of the sandstone

Page 9 of 13

volume in deionized water. Thus, the negative strain of
the microstrain—temperature FBG output from the sand-
stone surface in deionized water was further increased.
However, when the temperature of the corrosive solution
was higher than 0 °C, as the temperature of the corro-
sive solution further increased (extending the corrosion
time), the sandstone underwent corrosion in the Na,SO,
solution and the sensor outputted a positive strain higher
than that of deionized water. Because the reaction rate
of the Na,SO, solution with the soluble matter inside
the sandstone was further increased at high tempera-
tures, the porosity inside the sandstone increased and
the proportion of swelling (fluff) was higher than that of
the corrosion of sandstone by deionized water. When the
corrosion time was 2364 min (39.4 h) and the corrosion
fluid temperature was 60 °C, the microstrain difference
between the FBG produced by the Na,SO, solution and
deionized water was 18.15 .

Temperature and microstrain changes during the corrosion
of sandstone by strongly acidic and alkaline solutions

To study the effects of strong acid/alkali solutions on
the corrosion characteristics of sandstone, sandstone
samples were immersed in deionized water, H,SO, and
NaOH solutions for the corrosion reaction. The corro-
sion solution temperature changed from — 10 to 60 °C.
The changes in the sandstone temperature and micro-
strain are shown in Fig. 6 and Fig S3.

Figure 6a shows that, when the temperature of the
corrosion solution was decreased from 20 to — 10 °C,
the temperature of the sandstone in the H,SO, solu-
tion (pH=3) was higher than that in the NaOH solution
(pH=13). The freezing point of the NaOH solution with
pH=13 (- 0.186 °C) was lower than that of the H,SO,
solution with pH=3 (- 0.000558 °C), which led to more
icing at the interface of the sandstone and NaOH solu-
tion than that of the sandstone and H,SO, solution.
Therefore, the temperature of the sandstone in the H,SO,
solution was higher than that in the NaOH solution. Sub-
sequently, with the extension of the corrosion time of
the sandstone solution (corrosion solution temperature
increased from — 10 to 60 °C), when the solution tem-
perature reached 60 °C, the temperature of sandstone in
H,SO, and NaOH solutions was higher than 60 °C. These
results indicate that H,SO, and NaOH reacted exother-
mically with sandstone. In addition, when the corro-
sion time was 141120 s (39.2 h) and the temperature of
the corrosion solution was 60 °C, the temperature dif-
ference of the sandstone after corrosion with deionized
water and H,SO, and NaOH solutions reached 5.1 °C.
This is because the heat released from the dissolution
reaction of soluble matter in the sandstone samples with
H,SO, was higher than that released from the material
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Fig. 6 Correlation between the sandstone body temperature (@) and microstrain (b) and corrosion time during the corrosion of sandstone
is subjected to deionized water and H,SO, and NaOH solutions. The insert of (b) is the correlation between the sandstone body microstrain and pH

of strongly acidic and alkaline solutions

transformation reaction with NaOH and the dissolution
reaction with deionized water.

Figure 6b shows that, when the temperature of the cor-
rosive solution was lower than 0 °C after the sandstone
was corroded by the H,SO, solution, the sensor output-
ted negative microstrain, which was higher than that in
deionized water and the NaOH solution (microstrain
data were derived from Fig. S3 and calculated using
Matrix 5). Because the chemical reaction rate between
the H,SO, solution and the soluble matter inside the
sandstone was considerably higher than that between
deionized water and NaOH and the soluble matter inside
the sandstone, the internal porosity of the sandstone
increased (Figs. 2g and 4), which was conducive to more
liquid entering the sandstone. When the temperature
was below 0 °C, icing occurred, and the proportion of
sandstone volume shrinkage in the H,SO, solution was
larger than that in deionized water and the NaOH solu-
tion. Therefore, the negative strain of sandstone in the
H,SO, solution on the FBG output was large. When the
temperature of the corrosive solution was increased from
0 °C to 60 °C, the order of the strain strength of the FBG
after the corrosion of sandstone with strongly acidic and
alkaline corrosive solutions of different pH was as fol-
lows: pH (3) >pH (5) >pH (7) >pH (9) > pH (11) > pH (13).
The microstrain difference between the sandstone cor-
roded by the H,SO, solution (pH=3) and NaOH solu-
tion (pH=13) reached 141.72 pe. The reasons for this
are as follows: first, in a strongly acidic environment, the
lower the pH, the stronger the corrosion and the more
intense the material dissolution reaction with sandstone
(Fig. 4a), resulting in a more significant swelling effect
of sandstone at high temperatures (Fig. 2g) and stronger
microstrain on the FBG. Second, for deionized water,

only a single soluble dissolution reaction occurred, and
sandstone was subjected to a high-temperature expan-
sion effect. Third, in a strongly alkaline environment,
the greater the pH, the stronger the corrosion, the more
intense the material conversion reaction with sandstone,
the more mineral salts generated to fill the original solu-
ble matter inside the sandstone (Fig. 4b), and the smaller
the expansion of sandstone at high temperatures.

Temperature and microstrain changes during the corrosion
of sandstone by acidic and alkaline salt solutions
To investigate the effects of acidic and alkaline salt solu-
tions on the corrosion characteristics of sandstone, sand-
stone samples were immersed in deionized water and
NaHSO, and Na,CO; solutions. The temperature of the
corrosion solutions ranged from -10 °C to 60 °C. The
changes in the sandstone temperature and microstrain in
the sandstone samples are shown in Fig. 7 and Fig. S4.
Figure 7a shows that, when the corrosive solution tem-
perature was reduced from 20 to — 10 °C, the surface
temperature of sandstone in NaHSO, and Na,CO; solu-
tions did not decrease to — 10 °C. Because the freezing
points of NaHSO, and Na,CO; solutions are considerably
lower than 0 °C, the reaction of sandstone with NaHSO,
and Na,CO; solutions releases heat. These results indi-
cate that the temperature of the sandstone body was
higher than that of the corrosive solutions. When the
temperature of the corrosive liquid was 60 °C, the tem-
perature of sandstone in NaHSO, and Na,COj; solutions
was higher than 60 °C. This indicates that the reactions
of NaHSO, and Na,CO, with sandstone are exothermic.
In addition, when the sandstone was subjected to corro-
sion by the Na,COj; solution (pH=11), it caused a higher
amount of temperature change than that of the deionized
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water and NaHSO, solution. When the corrosion time
was 141,840 s (39.4 h) and the temperature of the cor-
rosion solution was 60 °C, the temperature difference of
the sandstone reached 9.0 °C. This is because the heat
released from the reaction between the soluble matter
and Na,COj; in the sandstone sample was higher than
that released from the reaction between NaHSO,, deion-
ized water, and the sandstone. The higher the pH of the
Na,COj solution, the stronger the alkalinity, the stronger
the reaction with sandstone, and the more heat released.
Figure 7b shows that, when the temperature of the
corrosive solution was<0 °C, after the sandstone was
corroded by the NaHSO, and Na,COj solutions, the sen-
sor outputted a lower negative microstrain than that in
deionized water (the data of micro-dependent variables
are derived from Fig. S4 and calculated using matrix
5). This is because the freezing points of NaHSO, and
Na,COs solutions are lower than that of deionized water.
The chemical reaction with sandstone at low tempera-
tures resulted in the dissolution of some substances,
thereby reducing the microstrain of the FBG produced by
the sandstone. When the temperature of acid and alkali
salt solutions were respectively increased from 0 °C to
60 °C, the strain strength of FBG after the corrosion of
sandstone by acid and alkali salt corrosive solutions at dif-
ferent pH was in the following order: pH (3) > pH (5) > pH
(7)>pH (9)>pH (11). The microstrain difference of the
FBG after the corrosion of sandstone by the NaHSO,
solution (pH =3) and Na,COj solution (pH=11) reached
143.36 pe. This is because the lower the pH of NaHSO,
solution is, the more corrosive it is and the more violent
the dissolution reaction with sandstone. This resulted
in a more significant dissolution effect of the sandstone

(Fig. 2e), which produced a stronger microstrain on the
FBG. The higher the pH of Na,COj; solution is, the more
corrosive it is, the more the reaction with sandstone
results in the generation of CaCO; and other substances
(Fig. 3d), and the smaller the expansion of the sandstone.

In addition, by comparing Figs. 5a, 6a, 7a as well as
Figs. 5b, 6b, 7b, we found that, when the sandstone was
corroded by deionized water (pH="7), Na,SO, solution
(pH=7), NaHSO, solution (pH=3), Na,CO; solution
(pH=11), H,SO, solution (pH=3), and NaOH solution
(pH=13), there was an overall exothermic reaction of the
sandstone with the acid, alkali, and salt solutions. When
the temperature of the corrosive solution was 60 °C, the
temperature of the sandstone after corrosion under dif-
ferent corrosive solutions was in the following order from
high to low: Na,SO, solution (pH=7), Na,CO, solution
(pH=11), H,SO, solution (pH=3), NaHSO, solution
(pH=3), NaOH solution (pH=13), and deionized water.
Microstrains in descending order were NaHSO, solu-
tion (pH=3), H,SO, solution (pH=23), Na,SO, solution
(pH=7), deionized water, Na,CO; solution (pH=11),
and NaOH solution (pH=13; Table 1). One can observe
that after the sandstone was corroded by strong acids,
strong bases, and acidic salts, the temperature and sur-
face stress of the sandstone changed most significantly
after being corroded by NaHSO,. The reason is that
H,SO, only provides H" which react with the minerals
and sulfides in the sandstone, causing them to dissolve
and thus corrode the stone artifacts. NaOH only pro-
vides OH™ which react with the acidic components in
the sandstone to form alkaline soluble substances. How-
ever, NaHSO, decomposes in a humid environment to
produce HY, Na*, and SO,*, giving it both salt and acid
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Table 1 Temperature and microstrain of the sandstone after the corrosion of sandstone samples under different corrosion solutions

with a temperature of 60 °C

Solution Water Na,SO, NaHSO, Na,CO; H,SO, NaOH
pH pH=7 pH=7 pH=3 pH=11 pH=3 pH=13
Temperature 60.5°C 65.7 °C 63.9°C 65.5 °C 64.3 °C 614°C
Strain 219.1 pe 239.7 e 2536 pe 1094 pe 246.2 pe 105.3 pe

functionalities. The crystallization process of sulfates
generates expansion stress and releases heat, thus the
NaHSO, solution with a pH of 3 had the strongest corro-
sion effect on the sandstone.

Conclusion

In this study, a binary parameter detection system for the
temperature and microstrain of chemically etched sand-
stone in stone relics was constructed based on FBGs. A
matrix model for the accurate measurement of the tem-
perature and microstrain of sandstone was established.
Sandstone samples were prepared to replace the stone
artifacts. Different corrosion solutions were prepared
using deionized water, H,SO,, NaOH, NaHSO,, Na,COs,
and Na,SO,. The corrosion characteristics of sandstone
were experimentally investigated using corrosive solu-
tions at different temperatures. The FBG sensor system
constructed in this study was used to perform in situ
real-time detection of the temperature and microstrain
change information of the corrosion process of sandstone
samples. The experimental results highlighted that, when
the sandstone sample was corroded by acidic solutions
(H,SO, and NaHSO,), metal ions in sandstone and acid
ions underwent exothermic dissolution chemical reac-
tions, increasing the pore size, surface temperature, and
microstrain of the sandstone. Furthermore, the degree of
corrosion of sandstone was enhanced by a reduction in
the pH of the corrosive solution. In an alkaline environ-
ment (NaOH and Na,CO,), the sandstone underwent a
chemical exothermic reaction of material conversion,
and a variety of generated alkaline-earth metal-alumi-
nosilicate minerals filled the sandstone pores owing to
freeze—thaw cycling treatment, resulting in a reduction
in the internal pore size of the sandstone, an increase in
the surface temperature, and a lower amount of change
in the microstrain than those in the acidic environment.
In a neutral salt solution (Na,SO,), sandstone underwent
an exothermic chemical reaction with Na,SO, for mate-
rial conversion to generate new sediments, and the sand-
stone can maintain its original texture structure after the
corrosion reaction. Deionized water on the sandstone-
only soluble material physical dissolution reaction, tem-
perature of the rock, and temperature of the corrosive

solution were used to maintain the same microstrain pro-
duced by the thermal expansion and contraction effect of
the rock. Among different corrosive solutions, NaHSO,
acidic salt solution with a pH of 3 was the most serious
corrosive disease on the rock, and, when the tempera-
ture of the corrosive solution was 60 °C, the temperature
and microstrain of the rock reached 63.9 °C and 253.6 pe,
respectively. The results of this research can be used for
the water chemical corrosion mechanisms and the law
of stone cultural relics to provide important support and
promote the development of FBG sensor technology and
engineering applications. Furthermore, this research can
promote the preservation of stone cultural relics through
novel scientific technologies.
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