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ARTICLE INFO ABSTRACT

Keywords: Fire poses a substantial threat to concrete structures because calcium silicate hydrate (C-S-H) is not thermally

C-S-H stable at high temperatures. Herein, in situ TEM at temperatures from 20 to 800 °C was conducted to study the

f\'; situ TEM thermal-induced structural changes in C-S-H. We captured C-S-H shrinks at an average rate of 0.02 um?/°C upon
anostructures

Phase transformation
High temperatures

heating with three stages observed, including induction, constant, and rapid periods. Our observation revealed
that an 800 nm pore could be healed during pore structure evolution owing to the reconstruction and defor-

mation among C-S-H blocks. The Ca/Si ratio was dropped at higher temperatures because of the leakage of
calcium ions from the C-S-H structure to form CaO precipitates. The temperature-driven phase transformation
and degradation were also detected using electron diffraction that C-S-H was transformed into metastable cal-
cium silicate minerals above 800 °C. This work provides insights into the nanoscale transformation of C-S-H at

high temperatures.

1. Introduction

The mechanical properties of concrete are often significantly
compromised when the concrete is exposed to high temperatures.
Concrete undergoes continuous irreversible decomposition reactions,
resulting in an increase in porosity followed by the degradation of me-
chanical properties [1-4]. C-S-H is the main hydration product and the
primary binding component in concrete [5], and it dictates the perfor-
mance of concrete at the nanoscale [6]. Understanding the thermal
stability of calcium silicate hydrate (C-S-H) is crucial for predicting
concrete degradation at high temperatures. So far, the underlying
mechanisms of the changes in chemistry, nanostructure, and
morphology of C-S-H induced by thermal heating still needs to be
enriched, especially at the nanoscale.

Thermogravimetric analysis (TGA) [7-9] has been recognized as a
powerful tool to resolve the physical and chemical transformations at
various temperatures. A typical TGA curve can be classified into several
stages to evaluate the dehydration reactions of C-S-H [10,11]. These
thermal analysis methods provide opportunities to investigate the effect
of temperature on the composition of hydration products and determine
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the decomposition reactions of concrete under high temperatures.
However, the weight loss recorded in the TGA curve is an average
descriptor. Some essential information, such as the evolution of phase,
morphology, elemental composition, and porosity, cannot be deter-
mined from the TGA measurements.

In situ experiments facilitate the assessment of C-S-H in a more native
environment over time and thus allow for the study of complex phe-
nomena involving phase and structure changes. For example, the
composition and phase diagram in cement pastes up to 620 °C have been
monitored by neutron diffraction [12]. In situ X-ray diffraction (XRD)
was employed to investigate the transformation of C-S-H to wollastonite
[13]. Recently, the thermoelastic properties of the portlandite from
—100 to 700 °C were measured by Brillouin spectroscopy [14]. 3D
analysis of moisture distribution in concrete was also achieved at high
temperatures using in-situ neutron tomography [15]. These in situ
studies have allowed tracking the structural transformation of concrete
at various stages.

In this work, we investigate the heat-driven degradation of C-S-H in
the temperature range of 20 to 800 °C using in situ TEM. The C-S-H
sample at evaluated temperatures was imaged in real-time, allowing

E-mail addresses: jiangjinyangl6@163.com (J. Jiang), hmzheng@lbl.gov (H. Zheng).
1 Current address: Department of Chemistry, Clark Atlanta University, Atlanta, GA 30314, United States.

https://doi.org/10.1016/j.cemconres.2021.106579

Received 25 February 2021; Received in revised form 1 July 2021; Accepted 11 August 2021

Available online 24 August 2021
0008-8846,/© 2021 Elsevier Ltd. All rights reserved.


mailto:jiangjinyang16@163.com
mailto:hmzheng@lbl.gov
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2021.106579
https://doi.org/10.1016/j.cemconres.2021.106579
https://doi.org/10.1016/j.cemconres.2021.106579
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2021.106579&domain=pdf

Q. Zheng et al.

tracing the morphology and pore structure evolution, element, and
phase transformations. We did a quantitative analysis on kinetic prop-
erties like the shrinkage rate and reaction speed based on the evolu-
tionary dynamics. This study offers an in-depth understanding of the
nanoscale mechanisms of C-S-H at high temperatures, and it provides
information such as structure, element, phase to rationalize the design of
high-performance concrete serving in extreme conditions.

2. Materials and characterizations
2.1. Dilute hydration for producing C-S-H

Tricalcium silicate (C3S) was prepared by Li’s method [16]. C-S-H
was synthesized by dilute hydration of CsS at a solid to water ratio of
1:100. The suspension was sealed for a uniform reaction. After hydration
for 30 days, the precipitates were collected and dried in a nitrogen
environment for 48 h and kept in the glove box for further measure-
ments. A solid powder sample was used for TGA, XRD, and FTIR mea-
surements, and the sample was dispersed in isopropanol before being
drop-casted onto a lacey carbon supported copper grid for TEM
characterization.

2.2. Thermogravimetric analysis

TGA was performed on TA Instruments Q5500 TGA-MS (U.S.). The
instrument is sensitive to <0.1 pg with a testing temperature up to
1200 °C. C-S-H measurement was conducted in a nitrogen atmosphere
with a temperature range from ambient to 800 °C and a temperature
ramp rate of 10 °C/min. The nitrogen flow rate was kept 25 ml/min in
the measurement.

2.3. Powder X-ray diffraction

The Rigaku (Japan) Miniflex 6G XRD, a benchtop X-ray diffraction
system, was used for C-S-H identification. It used a Cu K alpha radiation
(A = 1.5418 A) with a 600 W X-ray source at 40 kV voltage and 15 mA
current. The XRD pattern was collected in 1D mode over the range of 26
= 2-80° (0.02° per step), with a scanning speed of 2°/min. The
powdered C-S-H sample was prepared by hand grinding to a fineness
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<50 pm and then pressed into a pellet in a specimen holder.
2.4. Fourier-transform infrared spectroscopy

The Nicolet iS50 FTIR from Thermo Fisher Scientific (U.S.) was
employed to collect the infrared spectrum from 400 to 4000 cm™! in
transmission mode. All background and sample acquisitions were ac-
quired at 8 cm ™! resolution with a minimum of 64 scans.

2.5. Transmission electron microscopy (TEM)

The Thermo Fisher Scientific (U.S.) ThemlIS transmission electron
microscope was used in our heating experiments. The microscope was
operated at 300 keV with the image aberration corrector fully corrected
for coherent axial aberrations up to 3rd order. The Bruker EDS detector,
with a solid angle of 0.7 sr, enabled high count rates with minimal dead
time for fast STEM-EDS mapping. Here, the dwell time was set 20 ps with
drift correction enabled. For bright field imaging, the electron dose rate
was ~11 e-A=2.s71, For electron diffraction, a 50 pm G2 aperture was
used to limit the illuminated area.

2.6. In situ heating experiment

The Gatan 652 heating holder has a tantalum furnace designed to
observe the microstructural phase changes at temperatures up to
1000 °C (Fig. 1A). The specimen was securely held in place using a
threaded clamping mechanism to ensure good thermal contact between
the specimen and the furnace. The low mass of the specimen furnace
ensures a rapid response to changes in the heater current with a
nonlinear relation, as shown in Fig. 1B. The rate of increase of specimen
temperature was manually controlled, ranging from 0.5 to 1.0 °C/s. The
sample was baked at the selected temperature for 15 min for stabiliza-
tion. Finally, the TEM column was opened for in situ characterization
(Fig. 1C) at the following ten temperatures: 20, 50, 100, 200, 300, 400,
500, 600, 700, 800 °C. The final anneal was performed at 400 °C for 9 h.
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Fig. 1. In situ heating under TEM and sample preparation. (A) Gatan 652 heating holder equipped with a tantalum furnace (https://www.gatan.com/products/te
m-specimen-holders/heating-situ-holders). (B) The nonlinear relationship between the desired temperature and heat current. (C) Temperature history in the in

situ heating experiment.


https://www.gatan.com/products/tem-specimen-holders/heating-situ-holders
https://www.gatan.com/products/tem-specimen-holders/heating-situ-holders

Q. Zheng et al.

3. Results and discussions
3.1. Characterization of C-S-H gel

Hydrated C-S-H gel usually exhibits a foil-like morphology at a high
solid to water ratio [17]. In Fig. 2A, these ultrathin C-S-H nanosheets
tend to curl, wrinkle and accumulate together to form the silicate
network. Multiscale pores can be observed and distinguished: (1). gel
pores from C-S-H packing at nanometer size, and (2). large pores from
the block voids at several hundred nanometers of size. Note that inter-
layer pores at single nm size may be captured at a higher magnification
(see Supporting Information). The gel exhibits a uniform distribution of
calcium and silicon elements, with a calcium to silicate ratio of 1.38
found by fitting the EDS spectrum (Fig. 2B). X-ray diffraction (XRD)
pattern shows that C-S-H (Fig. 2C) has a poor crystallinity with

Cement and Concrete Research 149 (2021) 106579

characteristic broad peaks at 29.8°, 31.7°, and 51.9°. This is consistent
with the previous report that C-S-H is known to be disordered at the
atomic scale with defected silicate chains [18]. For tobermorite minerals
[19] and synthetic crystalline C-S-H with a better a crystallinity [20], a
typical basal peak located at 7.8° may be observed, which arises from
the (200) reflection plane with a basal spacing of 11 A. Since portlandite
can precipitate in this work, these residual crystals are found to display
extremely intense peaks in contrast to amorphous C-S-H gel. Charac-
teristic vibration bands from the silicate chain in C-S-H are resolved in
the FTIR spectrum (Fig. 2D). The band at ~970 cm ! is assigned to Si—O
stretching vibrations of the Q? tetrahedra, while a small band at 810
em ™! is attributed to Si—O stretching of Q! tetrahedra [21]. Notably, the
Si-O-Si bending band at 670 cm ™! reflects the polymerization degree
and structural order. A band at ~450 cm™! is due to the internal
deformation of SiO4 tetrahedra. The sample is well preserved without
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Fig. 2. Characterizations of C-S-H gel used in our experiment. (A) TEM image and (B) EDS spectrum, (C) XRD pattern, (D) FTIR spectrum of hydrated C-S-H.
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carbonation as no pronounced calcite peaks and bands are distinguished
[22], and all the preceding features are consistent with reported C-S-H
structures.

Concerning the thermal properties of C-S-H, the dehydration re-
actions were examined in Fig. 3. The dehydration of C-S-H occurs
throughout the entire heating period, exhibiting a sequential decrease in
mass with increasing temperature. For example, the first weight loss
between 100 and 200 °C corresponds to the removal of physically bound
water in C-S-H pores [10]. The second significant weight loss at ~450 °C
is attributed to portlandite dehydroxylation [11]. Specifically, decar-
bonation reactions from the decomposition of calcium carbonate are
expected to occur at 800 °C [7].

3.2. Morphology evolution of C-S-H island with heating

We imaged C-S-H at ten different temperatures between 20 and
800 °C using scanning TEM (STEM), and these images are shown in
Fig. 4. A C-S-H island at the microscale is formed when the C-S-H foils
aggregate together. C-S-H still exhibits fundamentally layered; C-S-H
nanosheets can be clearly distinguished at even 800 °C, indicating its
good thermal stability. No obvious transition or shape change was
observed from 20 to 200 °C during the physically bound water loss.
Although the structural integrity is retained, the C-S-H island shrinks at
higher temperatures. Some cracks are enlarged with a further opening
when the sample temperature increases to 600 °C. Consequently, the C-
S-H island becomes denser and more compact due to localized shrinkage
and agglomeration.

The morphological evolution of the C-S-H island was investigated
using quantitative analysis methods. The C-S-H boundary was detected
by segmentation of the 8-bit STEM image through a gray value threshold
algorithm [23]. The contour of the C-S-H island at various temperatures
is shown in Fig. 5A. The entire island shrinks without falling into small
fragments. The C-S-H area evolution can be divided into several stages,
as shown in Fig. 5B. These stages are: (1). an activation stage below
200 °C, (2). a steady shrinkage period between 200 and 400 °C with
small area fluctuations, and (3). a sharp shrinkage stage when the
temperature is above 500 °C. These findings relate well to the reactions
of C-S-H at different temperatures. For example, there is a slight thermal
expansion in the induction period at 50 °C, with an area increasing by
1.5%, from 39.1 to 39.7 um?2. The loss of physically bound water below
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Fig. 3. A thermogravimetric analysis (TGA) curve of hydrated C-S-H (the water
to solid ratio is 100:1) at various temperatures ranging from 20 to 800 °C.
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200 °C is a dynamic process without damage to the C-S-H structure,
leading to a minor morphological change. However, chemical dehy-
dration in C-S-H is crucial to the structure because of the strong driving
force and irreversible transformation from high temperatures. The loss
of gel water and interlayer water can result in the collapse of the C-S-H
structure [24], consistent with the rapid area shrinkage in our work at
temperatures over 500 °C.

The measurement of the perimeter as a function of temperature is
shown in Fig. 5C. Overall, the perimeter decreases as the temperature is
increased, dropping from 81.1 to 44.3 pm. An abnormal increase in the
perimeter is found between 400 and 600 °C owing to more edges and
fractures exposed at the boundary (Fig. 5A highlighted in arrows). We
also evaluated some other shape descriptors like roundness and solidity.
Note that the roundness was calculated by 4 * Area/(x * major axisz)
while solidity was defined by &A% More details can be found in
Supporting Information. 400 °C is a critical temperature and it is often
regarded as the onset temperature for losing chemical water in the C-S-H
structure [10]. Our in situ heating experiment suggests that the C-S-H
particle may undergo surface reconstructions and rearrangements upon
the loss of chemical water, which is presumably due to more exposed
edges and terraces when the C-S-H blocks collapse and break down into
parts. On the other hand, the increased roundness demonstrates that
irregular C-S-H island opts to accumulate and shrink to spherical par-
ticles (Fig. 5D), regulated by surface energy minimization. Higher so-
lidity indicates the structure is more compact with inner pores filled,
which can represent the densification of inner C-S-H substance (Fig. 5E),
and it can be explained by a higher packing density related to thermal
shrinkage and conglobation aforementioned. Rather than indirect
characterizations and possible assumptions on the C-S-H heating pro-
cess, direct observation via TEM offers solid evidence on transformations
and more quantitative information such as area and shape-related
dynamics.

3.3. Pore structure evolution of C-S-H island

The pore structure is one of the key factors influencing the structural
properties of concrete. High temperatures can induce micro and macro
cracks in concrete structures, which deteriorate the performance. A
rectangular pore in 810 x 630 nm was studied through real-time im-
aging at various temperatures (Fig. 6). Strikingly, no obvious expansion
and spalling were observed while it displays autogenous shrinkage and
self-healing behaviors. The rectangular pore is curing gradually in a
homogeneous manner with C-S-H pieces moving from the substrate to
the void space. It is found that the inner pore was almost refilled at
800 °C and the foil-like features of C-S-H remained intact.

Fig. 7A demonstrates a remarkable pore shrinkage under different
temperatures. High temperature facilitates pore closure as the initial
pore diameter over 600 nm gently decreases to ~500 nm when the
temperature is below 700 °C and it rapidly shrinks to ~350 nm at
800 °C. Generally, heating at high temperatures can promote the re-
polymerization of silica chains [25], leading to a reorganization of
coterminous C-S-H in adjacent regions. Subsequently, deformation,
construction, and shrinkage in C-S-H blocks may narrow the pores in
between. The average pore area shrinkage rate is estimated at 1.08 x
10% nm?/°C and different shrinkage rates can be found at three stages,
shown in Fig. 7B, C. For example, the steady period between 20 and
200 °C displays a 2 x 10° nm?/°C rate followed by a “brake” stage with
the shrinkage rate approaching 0.3 x 10° nm?/°C, ranging from 200 to
600 °C. As the temperature rises to 700 °C, the rate reaches its maximum
up to 4 x 10% nm?/°C. In Fig. 7D, the roundness shows no direct cor-
relation with the temperature. This is consistent with the observed ir-
regularity in the contours of pores (Fig. 7A). In contrast, the pore solidity
is more sensitive to temperatures. It keeps increasing at higher tem-
peratures, which indicates the pore is gradually covered by C-S-H fabric.
Thus, we found that solidity can characterize the densification period as
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Fig. 4. Morphological evolution of C-S-H island at different temperatures ranging from 20 to 800 °C. Some cracks are highlighted in arrows.
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Fig. 5. Quantitative analysis of C-S-H island during the heating process. (A) Contours of C-S-H island color-coded by temperatures. Variations of shape descriptors
such as (B) area, (C) perimeter, (D) roundness, and (E) solidity under different temperatures. Colors in (B-E) correspond to different temperatures as indicated in (A).

well as reflect the pore filling process, and it would be a promising
descriptor to reveal the pore evolution during the in situ heating
experiment.

3.4. Elemental variations at different temperatures

In Fig. 8A, C-S-H shows a uniform distribution of calcium and silicon
elements with a Ca/Si ratio equaling to 1.38. However, the identical
region in Fig. 8B exhibits more inhomogeneous features as the calcium
atoms tend to accumulate locally. Moreover, the Ca/Si ratio decreases
with increasing temperature in Fig. 8C. It is noted that the Ca/Si ratio is
constant at ~1.3 below 100 °C while it dramatically drops at higher
temperatures between 200 and 400 °C, which can be explained by the
precipitation of the CaO phase. The spherical CaO nanoparticles are
found in either STEM (Fig. 8B, HADDF) or TEM images (Fig. 8D). The
sample is reexamined after annealing at 400 °C for 9 h. These CaO

nanoparticles are randomly distributed on the C-S-H substrate and the
maximum size imaged was ~170 nm (Fig. 8E). Calcium diffusion is
ordinary in leaching [26] and carbonation conditions [27] as the
bonding of calcium ions in C-S-H, especially the interlayer atoms, is
relatively weak. Considering the high vacuum state inside the TEM
column coupled with high temperature, calcium may diffuse from the C-
S-H structure and precipitates as CaO, leading to lower Ca/Si ratios.
There's no apparent difference in the Ca/Si ratio at low temperatures,
which is consistent with Gallucci's results [28]. However, our finding of
a higher Ca/Si ratio at higher temperatures contradicts the work re-
ported [29], which concluded that a higher Ca/Si ratio was obtained at
high temperatures. The underlying reason may be that our experiment is
based on highly purified C-S-H gel, while their investigation focused on
the Portland cement system with supplement cementitious materials.
The phase transition and diagram would be different in the presence of
element impurities such as aluminum and iron ions and other mixtures
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Fig. 6. Pore structure evolution in C-S-H island at different temperatures ranging from 20 to 800 °C. Note that the black region represents the pore which is ~500 nm

in length.
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like portlandite and ettringites. In our monophase C-S-H in situ heating
experiment, a downward trend of the Ca/Si ratio with increasing tem-
perature was observed.

3.5. Phase transformation of C-S-H during heating

Monitoring the phase transformations during heating is essential to
understand the mechanisms of C-S-H degradation related to morpho-
logical evolution, structural shrinkage, element variations, etc. Because
some reactions occupy a small amount (less than 5%), conventional
thermal analysis cannot resolve the kinetics with a low signal-to-noise
ratio in the averaged measurement. Superior to TG/DSC and high-
temperature XRD, our in situ selected area electron diffraction (SAED)
focused on one small region with the more detailed information pro-
vided. In Fig. 9, the illuminated area is estimated at 5.6 pm? (~7.3 x

1073 ng in weight) and a series of electron diffraction patterns were
recorded. Besides, the diffraction patterns are visualized as a function of
azimuthal angle (¢) and d spacing (k) in polar coordinate, with radial
intensity profiles derived, and plotted in Fig. 9B, E and Fig. 9C, F,
respectively.

The crystal structure of C-S-H resembles tobermorite [30], and some
signature fringes of C-S-H are distinguishable at room temperature, such
as (022) at 3.3 nm ! and (026) at 4.2 nm . We found that these fringes
intensify at higher temperatures. Some foreign spots with strong in-
tensity are observed as well above 400 °C, implying the phase trans-
formation of C-S-H. At 600 °C, the spots are scattered instead of
displaying a “halo” diffusion ring at 20 and 50 °C, indicating the for-
mation of nanoscale polycrystals.

According to Fig. 10A, reactions can be inferred based on the
occurrence of characteristic peaks. For example, there is no phase
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transition between 20 and 50 °C where no new peaks appeared. How-
ever, at a medium temperature of 300 °C, the structure of C-S-H changes
quickly as the peak position shifts and intensity rises. This can be
interpreted that the silicate skeleton reorganizes when the structural
water is removed upon heating. High temperature can even facilitate the
re-polymerization in silicate chains, resulted in Q@ Q! species [25]. The
reaction becomes more complicated when the temperature reaches
400 °C with many new peaks showing up. These peaks can be assigned to
calcium silicon-based minerals [31], which indicates the partial
decomposition of C-S-H and recrystallization of calcium silicate oxides
at high temperatures. Heating supplies extra energy to overcome the
energy barrier for possible phase transformations from the thermody-
namics perspective. Here, full width at half maximum (FWHM) at ~3
nmfl, a signature peak for (022), was introduced to characterize the
crystallinity degree. A decreasing FWHM can indicate an increase in the
degree of crystallinity or an increase in the grain size. Fig. 10B shows
that the FWHM declines at higher temperatures, demonstrating an
amorphous-to-crystalline transformation in C-S-H, either in the poly-
crystal or nanocrystal forms. In Fig. 10C, the “phase transformation” was
determined when an extra peak appears during the heating at evaluated
temperatures. The consensus is that heating provides an additional
driving force and promotes chemical reactions. This coincides with our
results that C-S-H is prone to transform at higher temperatures. C-S-H
can even transform into wollastonite at a temperature of over 850 °C
[13,32]. Some techniques such as high temperature XRD or neutron
diffraction can be the powerful alternatives to resolve the crystallization
and transformation of C-S-H during the heating process [12,13,33].

4. Conclusions

The evolution of C-S-H at various temperatures was investigated by
in situ heating in the TEM. The nanoscale morphology, pore structure,
element distribution, and phase transformation were correlated with
evaluated temperatures. Some conclusions can be reached as follows:

(1) The shrinkage of the C-S-H island was directly visualized at an
average rate of 0.02 pm?/°C. The whole process can be divided
into three stages: induction period, steady period, and rapid

shrinkage period accompanied by conglobation and densification
of C-S-H foils.

(2) Nanoscale pores can be healed at high temperatures. An 810 x
630 nm? rectangular pore can be filled at a speed of 1.08 x 103
nm?/°C. Heating facilitates the re-polymerization and recon-
struction in C-S-H blocks.

(3) Ca/Si ratio declines at higher temperatures. Calcium ions tend to
be released from the C-S-H structure upon heating by precipi-
tating CaO nanocrystals.

(4) Phase transformation was detected by real-time electron
diffraction. The decomposition of C-S-H and recrystallization of
calcium silicate minerals are distinguished. The crystallinity
evolution was examined as well.

Nanoscale mechanisms of the degradation of C-S-H after firing were
revealed through in situ experiments from chemistry and thermody-
namics perspectives. Our work opens up opportunities to design high-
performance concrete serving at high-temperatures.
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Fig. 9. Phase transition and crystallinity evolution of C-S-H during the heating process. (A, D) Electron diffraction patterns, (B, E) azimuthal projection, and (C, F)
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