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ARTICLE INFO ABSTRACT

Keywords: As the technology of 3D printed concrete (3DPC) continues to advance in modern construction,
3D printed concrete understanding its fire resistance becomes increasingly important. Despite this, the performance of
Interlayer crack 3DPC under elevated temperatures—particularly in the interlayer regions, which are the weakest

High temperature

\ parts of the structure—has not been thoroughly examined. This study explores the mechanical
Microstructure

and microstructural changes occurring in the interlayers of 3DPC when subjected to high tem-
peratures. Through interlayer bond strength tests and advanced techniques, including X-ray
Computed Tomography (CT), Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), and
Thermogravimetric Analysis (TGA), it is found that elevated temperatures markedly decrease
interlayer strength, leading to significant pore formation and phase transitions. Specifically,
interlayer bond strength diminished by 83.1 % at 600 °C and exceeded 90 % at 800 °C. A notable
increase in pore count—up by 35 % at 400 °C compared to room temperature—was also recorded.
Additionally, mass loss increased significantly, reaching 13.6 % at 800 °C. These results indicate
substantial degradation of structural integrity, providing critical insights for the development of
more fire-resistant 3DPC materials and enhancing fire safety in construction.

1. Introduction

In recent years, 3D printing technology has rapidly developed in the construction industry, revolutionizing traditional building
methods through its ability to fabricate complex geometries with reduced material waste and labor costs [1]. The technology has been
successfully implemented in diverse applications ranging from residential housing prototypes [2] and pedestrian bridges [3] to
emergency shelters in disaster zones. Among its applications, 3D printed concrete (3DPC) has demonstrated considerable potential due
to its capacity to enhance construction efficiency, minimize material waste, and provide design flexibility. Recent advancements in
material formulations have further enabled the integration of sustainable components like recycled aggregates [4] and geopolymer
binders [5], positioning 3DPC as a key technology for sustainable construction. However, despite these advantages, the performance of
3DPC under extreme environmental conditions, such as high temperatures, remains inadequately explored [6]. For example, the
behavior of different fibers at high temperatures is added [7], the influence of different gelling materials on the layers [8], the thermal
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performance of the building after construction [9]. In practical scenarios, particularly in the event of a fire, understanding the fire
resistance of 3DPC is crucial for ensuring structural safety [10]. Therefore, studying its behavior in high-temperature environments is
of paramount importance to the safety and reliability of 3DPC in construction applications.

While substantial research has been conducted on conventional concrete’s performance at elevated temperatures—such as the
effects on compressive strength [11], thermal expansion [12], fire spalling behavior of high-strength concrete [13]and the residual
mechanical properties of concrete [14], 3DPC presents unique challenges due to its distinctive layered structure. The inherent
anisotropy and interlayer porosity (The connection of the two strips caused by 3D printing is the interlayer part) created during the
printing process significantly influence its thermal behavior [15,16]. For example, the evaporation of water and decomposition of
hydration products such as calcium silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH);) lead to microcrack formation and
increased porosity, weakening the material’s mechanical properties [17]. However, most current studies on 3DPC have primarily
focused on its fundamental mechanical properties under standard conditions, leaving its behavior under high-temperature environ-
ments relatively underexplored.

Current research on 3D printed concrete largely focuses on its fundamental mechanical properties under standard conditions, while
relatively little attention has been given to its behavior at high temperatures. The interlayer region of 3DPC is widely acknowledged as
the most vulnerable zone due to two intrinsic defects, entrapped air voids formed during the staggered deposition process, and weak
chemical bonding between successive layers caused by partial hydration of cement particles [18]. Micro-CT studies reveal that
interlayer porosity can reach 12-18 % [19], compared to 5-8 % in cast concrete, creating stress concentration sites under thermal
loading [20]. During the layer-by-layer deposition process, the bond between adjacent layers are generally weaker than the material
within individual layers, resulting in increased porosity at these interfaces [21]. This elevated porosity makes the interlayer regions
more susceptible to crack initiation and propagation [22]. Additionally, the anisotropic nature of 3DPC leads to significant differences
in mechanical properties depending on the loading direction, with the out-of-plane strength being particularly weak [23]. When
exposed to high temperatures, these weaknesses are further amplified. Current research on the interlayer region’s mechanical prop-
erties and microstructure evolution at elevated temperatures remains limited, indicating the need for further investigation to clarify
the mechanisms of thermal degradation.

The primary objective of this research is to investigate the effects of high-temperature exposure on the mechanical performance and
microstructural evolution of 3DPC interlayer regions. Specifically, the study aims to understand how high temperatures affect the
interlayer bond strength, porosity, and hydration products such as calcium silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH)3).
To achieve this, a combination of mechanical testing and microscopic analysis methods will be employed. The research will involve
interlayer bond strength tests at different temperature intervals (ranging from 200 °C to 800 °C), to evaluate the interlayer’s load-
bearing capacity under thermal stress. Additionally, microstructural analysis will be performed using scanning electron microscopy
(SEM), X-ray diffraction (XRD), and computed tomography (CT). SEM will provide high-resolution images of the interlayer’s cracks
and pore structures, while XRD will be used to identify phase changes in the hydration products as the temperature rises. CT scanning
will offer 3D visualizations of internal structural changes, allowing for a detailed examination of the pore network and crack prop-
agation. By analyzing the material at different temperatures, this study aims to correlate microstructural degradation with mechanical
performance, providing a comprehensive understanding of how 3DPC interlayers respond to high temperatures.

This study addresses a gap in the existing body of literature by providing a systematic analysis of the degradation mechanisms of
3DPC interlayers under high temperatures. In contrast to previous studies, which have primarily concentrated on the overall me-
chanical properties of 3DPC, this research provides a comprehensive analysis of the interlayer regions, which are of critical importance
to the structural integrity of the material. By integrating mechanical testing with sophisticated microstructural analysis, this study
presents a more comprehensive understanding of 3DPC’s performance in fire scenarios. The findings of this study will contribute to the
advancement of knowledge regarding the enhancement of 3DPC fire resistance, with potential applications in the improvement of
building safety and the development of more resilient construction materials.

2. Materials and experimental program
2.1. Raw materials

The 3DPC utilized in this study comprises a blend of Portland cement, river sand, water, and a variety of chemical additives. The
specific composition of the printing mortar is as follows (see Table 1): river sand (1000 kg/m?’), Portland cement (1000 kg/mg), water
(350 kg/m>), nanoclay (5.00 kg/m?), hydroxypropyl methylcellulose (HPMC) (1.30 kg/m?), sodium gluconate (0.70 kg/m>), and a
polycarboxylate-based superplasticizer (0.50 kg/m>). The addition of nanoclay has been shown to enhance the mechanical properties
and thermal stability of concrete, as documented in previous studies [24]. The river sand, which was sourced from natural deposits, has
a fineness modulus of 2.44, with a particle size distribution ranging from 0.075 mm to 1.18 mm. The cement used was P.O. 42.5
Ordinary Portland Cement, sourced from 97 Building Materials Co., Ltd., with a 28-day compressive strength of 42.5 MPa (see Table 2).

Table 1
The mixture design of 3D printable mortar.
River sand Cement Water Nanoclay HPMC Sodium gluconate Polycarboxylate-based superplasticizer
1000 kg/m® 1000 kg/m® 350 kg/m® 5.00 kg/m® 1.30 kg/m® 0.70 kg/m® 0.50
kg/m®
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The chemical composition of the cement, as determined through X-ray fluorescence (XRF) analysis, is as follows: CaO 63.75 %, SiO,
21.44 %, Aly03 4.55 %, Fex03 3.47 %, SO3 2.43 %, MgO 2.37 %, and NayO 0.48 %. This ratio is the same as in the previous study [25].

To enhance the fluidity and thixotropy of the 3DPC mix, a powder-form polycarboxylate-based superplasticizer (SP) and
hydroxypropyl methylcellulose (HPMC), provided by Shanghai Chenqi Chemical Science and Technology Co., Ltd., were incorporated.
The inclusion of nanoclay improved both the printability and workability of the mortar, while the other additives ensured the
compatibility of the mixture, optimizing its overall performance for 3D printing applications.

2.2. Test specimen fabrication

The 3DPC specimen was fabricated using a printer nozzle with a diameter of 20 mm and the printing speed is set at 20 mm/s. The
width of the printed mortar strip is 20 mm and the height was 10 mm. The printer and nozzle are shown in Fig. 1. The coordinate
system is defined as follows: X-axis is the nozzle movement direction with a strip width of 20 mm, Y-axis is perpendicular to nozzle
movement direction and parallel to the bottom surface of the print; Z-axis is the vertical printing direction. During the printing process,
the nozzle moves back and forth in an S-shaped pattern. The interlayer was directly printed by depositing two consecutive layers of
material. After printing, the specimens were divided into 12 groups and placed in a curing chamber under 20°Cand humidity (100 %
RH) conditions 28 days. After reaching the target curing time, the samples were cut into different sizes to evaluate the various me-
chanical properties of the 3D printed samples.This printing method is the same as our previous research [25].

2.3. Testing and characterization methods

2.3.1. Elevated temperature

An electric box-type high-temperature heating furnace (SX2-2.5-10A) was used to heat the test specimens. The initial temperature
was set at room temperature (20 °C). In order to achieve a balance between experimental controllability and real-world fire scenarios,
a two-stage heating protocol was adopted. Below 600 °C, a constant heating rate of 15 °C/min was employed to ensure gradual thermal
equilibration and to avert the effects of rapid dehydration. Above 600 °C, the ISO834 standard fire curve was applied to simulate
realistic high-temperature exposure (e.g., structural fire conditions). This hybrid approach enabled precise control of early-stage re-
actions while capturing degradation mechanisms under extreme temperatures. The specimens were heated to target temperatures of
200 °C, 400 °C, 600 °C, and 800 °C, and then maintained at these temperatures for either 1 or 2 h. The heating curve employed in this
study conforms to the ISO 834 fire standard heating curve, ensuring that the thermal exposure conditions are representative of real fire
scenarios. The purpose of holding the specimens for different durations (1 or 2 h) was to simulate various fire exposure scenarios and
assess how prolonged exposure impacts both the interlayer bond strength and microstructure of 3DPC. Once the target temperature
had been attained and maintained for the designated period, the specimens were permitted to cool naturally to ambient temperature
(20 °C). This cooling method was selected to circumvent the introduction of additional thermal stresses that might be induced by rapid
cooling processes. The mass loss of the specimens before and after high-temperature exposure was recorded, and their mechanical
properties were subsequently tested at room temperature.

2.3.2. Mechanical testing

The interlayer bond strength was measured using an interlayer bond strength testing machine (DR-508A), with a loading rate of 0.5
mm/min, as shown in Fig. 2. The test specimens were prepared as rectangular prisms, each consisting of two printed layers with a
defined interlayer region. The dimensions of each specimen were 10 mm x 20 mm x 10 mm, with the interlayer surface aligned to
ensure uniform bonding between the layers. To mitigate the impact of supplementary friction at the interlayer induced by compressive
stress, the following measures were implemented:

Preparation of the Specimens, the surfaces of the test specimens were meticulously polished to ensure smooth and parallel contact
with the testing machine platens, thereby reducing friction-induced errors. Lubrication, a thin layer of lubricant (e.g., petroleum jelly)
was applied between the specimen and the loading platens to minimize frictional constraints. The alignment of the specimens with the
loading axis was executed with precision to ensure uniform stress distribution and to avert eccentric loading. Loading Rate Control: A
controlled and slow loading rate was employed to avert sudden stress concentrations that could exacerbate the Poisson’s effect. To
ensure even force distribution during the tensile test, rubber pads were placed between the 3DPC specimens and the fixture. This setup
helped prevent localized stress concentrations and ensured that the force was applied uniformly along the interlayer. The samples were
secured in the fixture, and the tensile load was applied perpendicularly to the interlayer region until bond failure occurred (see Fig. 3).
Experimental parameters were configured using AnyTest analysis software, which also recorded and processed the test data, allowing
for the precise determination of interlayer bond strength and failure characteristics.

Table 2

The chemical composition of the utilized Portland cement.
Compounds CaO SiO, Al,03 Fe,03 SO3 MgO Na,O
Mass proportions (%) 63.75 % 21.44 % 4.55 % 3.47 % 2.43 % 2.37 % 0.48 %
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Fig. 1. 3D printing device and printing process.
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Fig. 2. Tensile test: (a) Tensile testing machine (b) 3DPC on the fixture.
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Fig. 3. Experimental process diagram.
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2.3.3. CT analysis

X-ray Computed Tomography (CT) scanning was employed to provide a non-destructive 3D visualization of the internal structure of
the concrete interlayer. CT (NIKON XTH 320/225) offered detailed insights into the distribution of pores, cracks, and other internal
features without damaging the sample. By integrating the conclusion from SEM and CT scanning, the microstructural evolution of the
3D printed concrete interlayer was obtained. These microscopic examinations provided critical insights into the behavior of the in-
terlayers, improving the understanding of mechanical properties and degradation mechanisms.

2.3.4. X-ray diffraction and analysis

X-ray Diffraction (XRD) was employed to characterize the composition of the 3D printed concrete at elevated temperatures. After
heat treatment and natural cooling to room temperature, samples were extracted specifically from the interlayer fracture regions.
These extracted portions were then crushed and ground into fine powders to ensure homogeneity for XRD analysis. The XRD tests were
conducted to characterize the crystalline phases present in the interlayer and to observe phase transformations caused by the thermal
exposure.

An Ultima IV advanced X-ray diffractometer was used for the X-ray diffraction analysis. The mortar samples underwent a drying
process and were subsequently pulverized into powders with a particle fineness below 80 pm. All preparation processes were con-
ducted under a nitrogen environment with a purity of 100 %. The scan angle range was set from 5 to 90°, with a speed of 0.02° per
second.

2.3.5. Thermogravimetric analysis

Thermogravimetric Analysis (TGA) was used to evaluate the thermal stability and composition changes of the 3D printed concrete
under high-temperature conditions. Small fragments of the 3DPC specimens were first obtained by extracting material from the
interlayer regions. These fragments were then ground into fine powders to ensure uniformity for analysis. The powder samples were
then directly heated from room temperature in a nitrogen atmosphere to prevent oxidation during the heating process. The heating
rate was set at 10 °C/min, and the specimens were heated continuously up to 900 °C. This method involves heating the concrete
samples at a controlled rate while continuously recording their weight loss. The resulting thermogram reveals critical information
about the decomposition temperatures, thermal degradation behavior, and the presence of volatile compounds. By analyzing the
weight loss curves, we can gain insights into the decomposition stages of the material, which helps in understanding its thermal
stability and identifying any temperature-sensitive components within its microstructure.

2.3.6. SEM analysis

The pore structure will significantly affect mechanical properties and the thermal behavior of concrete. The micro-structure was
observed using scanning electron microscope (SEM), SEM provides high-resolution images that reveal the distribution and size of
pores, cracks, and other microstructural features. Energy Dispersive X-ray Spectroscopy (EDS) was conducted with SEM to analyze the
elemental composition of the concrete. The instrument is Hitachi Regulus8100.

3. Results and discussion
3.1. Mass loss rate

The mass loss rate of 3DPC was evaluated under various temperature conditions, and the results are shown in Fig. 4. As the
temperature increases, a noticeable change in the mass loss rate can be observed, particularly at higher temperatures. At 200 °C, the
material exhibits a modest mass loss, primarily due to the evaporation of free and bound water within the concrete [26]. After 1 h of
exposure at 200 °C, the mass loss rate reaches 4.4 %, which slightly increases to 4.8 % after 2 h, suggesting a relatively stable rate of
water evaporation at this temperature. At 400 °C, the mass loss becomes more pronounced, reaching 8.95 % after 1 h and 9.2 % after 2
h. This temperature marks a critical point where bound water in calcium silicate hydrate (C-S-H) starts to decompose, leading to a more
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Fig. 4. Mass loss rate of 3D printed concrete at different temperatures(RT, 200 °C, 400 °C, 600 °C, 800 °C).
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significant mass loss [27]. Interestingly, the difference in mass loss between 1 h and 2 h at this temperature is relatively small, sug-
gesting that most of the decomposition occurs within the first hour, with slower progression afterward. At 600 °C, the mass loss rate
continues to increase, reaching 10.8 % after 1 h and 11.05 % after 2 h. This is attributed to the breakdown of Ca(OH); (calcium
hydroxide) and other hydrated phases, which release additional water and cause a more noticeable loss of mass. The difference be-
tween 1 h and 2 h at this temperature indicates that the material continues to decompose over time, but the rate of mass loss slows as
the available bound water decreases. Finally, at 800 °C, the mass loss rate reaches its highest values—12.65 % after 1 h and 13.6 %
after 2 h. At this stage, the decomposition of CaCO3 into CaO and CO, becomes significant. The release of CO; gas contributes to the
mass loss, and the breakdown of any remaining organic additives or impurities in the concrete further accelerates the degradation
process. The more substantial difference in mass loss between 1 h and 2 h at this temperature suggests that prolonged exposure to
extreme temperatures leads to continued decomposition and further structural breakdown [26].

In summary, a general pattern can be observed: the mass loss rate increases with rising temperatures, and while the difference
between 1 and 2 h of exposure is relatively small at lower temperatures, it becomes more pronounced at higher temperatures (600 °C
and 800 °C). This indicates that prolonged exposure has a more significant effect as the temperature increases, particularly due to the
decomposition of major components such as Ca(OH); and CaCOs.

3.2. Interlayer bond strength

The interlayer bond strength of 3D-printed concrete (3DPC) was measured after exposure to a range of elevated temperatures for
durations of 1 and 2 h. The comparable bond strength between adjacent and stacked samples suggests that interlayer adhesion in 3D
printed concrete is dominated by material-specific factors rather than geometric arrangements under the tested conditions. The
comparable porosity and hydration products between adjacent and stacked layers minimized structural anisotropy. Printing process
constraints, the nozzle path and layer deposition interval (20 mm/s) standardized interlayer contact quality, reducing variability
across sample types. This evaluation of bond strength degradation under thermal conditions provides insight into the macroscopic
effects of high temperatures on the structural integrity of 3DPC. Data presented in Fig. 5 illustrate the correlation between temper-
ature, exposure time, and the interlayer bond strength of 3DPC, highlighting progressive strength losses as exposure temperature and
duration increase.

At room temperature (RT), the interlayer bond strength of the 3DPC samples serves as a baseline, with values measured at 2.48
(£0.14) MPa for adjacent samples and 2.68 (+0.19) MPa for stack samples. These baseline measurements enable a comparative
analysis of the effects of thermal exposure on 3DPC bond strength. At 200 °C, the interlayer bond strength of adjacent samples de-
creases to 2.36 (+£0.08) MPa after 1 h, marking a 4.8 % reduction. Following 2 h of exposure, the bond strength drops further to 2.28
(£0.06) MPa, indicating a total reduction of 8.1 %. Similarly, the bond strength of stacked samples declines to 2.56 (+0.12) MPa after
1 h (4.5 % reduction) and further decreases to 2.42 (+0.07) MPa after 2 h (9.7 % reduction). These moderate reductions at 200 °C are
primarily attributed to the evaporation of both free and bound water within the concrete matrix, leading to slight weakening of the
material structure. When the exposure temperature rises to 400 °C, a more pronounced reduction in bond strength is observed. For
adjacent samples, the interlayer bond strength drops sharply to 1.64 (+0.24) MPa after 1 h (a 33.9 % reduction) and further decreases
to 0.75 (+£0.32) MPa after 2 h (a substantial 69.8 % reduction). Stacked samples show a similar pattern, with bond strength reducing to
1.93 (+0.16) MPa after 1 h (27.6 % reduction) and to 0.7 (+£0.19) MPa after 2 h (73.9 % reduction). The severe loss of bond strength at
400 °C can be largely attributed to the release of bound water from C-S-H phases and the development of microcracks, both of which
compromise the concrete’s internal structure and mechanical integrity.

As the temperature is elevated to 600 °C, further deterioration in bond strength is noted. For adjacent samples, the bond strength
reduces to 1.3 (+0.08) MPa after 1 h (47.6 % reduction) and to 0.66 (+0.07) MPa after 2 h (73.4 % reduction). Stacked samples exhibit

30+ 268

N | Room Temperature 30 248 [ |Room Temperature
{_ ¥ EEm B
__5p 342 B 2 25 36 [ P
il
& 1.9 i E
<20 ‘ =20t 164
£ =
& 5 i
15t g15F I 13
- 113 2 0
2 o 075
£ 1O 0.7 E 10 -
a3 0,51 & 0,66
05+ 039 0.5 i
= 0,12 | 0.2
0.0 . E LX)
RT 200 400 600 800 RT 200 400 600 B00
Temperature (°C) Temperature (°C)
(a) (b)

Fig. 5. Interlayer bond strength at different temperatures: (a) adjacent (b) stack.
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a similar trend, with bond strength values decreasing to 1.13 (+0.1) MPa after 1 h (57.8 % reduction) and to 0.51 (+0.17) MPa after 2h
(81.0 % reduction). The reductions at this temperature are attributed to the decomposition of Ca(OH),. Exposure to 800 °C results in
the most dramatic reductions in interlayer bond strength. In adjacent samples, bond strength decreases to 0.42 (+0.13) MPa after 1 h,
representing an 83.1 % reduction, and further declines to 0.21 (+0.08) MPa after 2 h, totaling a 91.5 % reduction. Similarly, stacked
samples experience a drop in bond strength to 0.39 (+0.07) MPa after 1 h (85.4 % reduction) and a further decrease to 0.12 (+0.1) MPa
after 2 h (95.5 % reduction). At this extreme temperature, the decomposition of calcium carbonate (CaCOs3) and the consequent
expansion of micro-cracks lead to significant loss of mechanical strength, undermining the interlayer bonds and markedly diminishing
the material’s structural integrity [28,29].

3.3. Microstructure and pore structure analysis

3.3.1. CT analysis

X-ray computed tomography (X-CT) is a non-destructive imaging technique that enables visualization of the internal structure of
samples, allowing detailed examination of pore structures within 3D-printed concrete (3DPC) specimens subjected to various tem-
peratures. The X-CT scans revealed the pore structures of these specimens across different temperature conditions, with experimental
results displayed in Fig. 6. Using threshold segmentation and pore counting, the pore distribution across different diameter ranges was
quantified, as depicted in Fig. 7.

The CT analysis revealed two distinct trends in the pore structure evolution under elevated temperatures. Firstly, there was an
increase in the proportion of small pores. Secondly, there was a gradual deterioration and enlargement of single pores. The increase in
small pores can be attributed to the decomposition of hydration products and the formation of new micro-cracks at elevated tem-
peratures, which leads to the fragmentation of larger pores into smaller ones. Concurrently, the enlargement of individual pores is
probably attributable to localized stress concentration and thermal expansion, which fosters the coalescence and growth of existing
pores. These phenomena are not contradictory but rather reflect different aspects of the pore structure evolution under thermal
exposure. The increase in small pores is indicative of the fragmentation of the pore network, while the enlargement of single pores
signifies the localized deterioration of the material. Pores and voids have been demonstrated to act as stress concentrators, thereby
creating localized regions of high stress that have the potential to initiate and propagate cracks. This phenomenon is particularly
deleterious in 3DPC due to the layered structure, where interlayer regions are already susceptible to stress concentrations. The
presence of pores is known to have a detrimental effect on the effective cross-sectional area available to bear mechanical loads.
Consequently, the material’s load-bearing capacity is diminished, resulting in a reduction in both tensile and compressive strength.

Through threshold segmentation methods [30,31], the pore counts at room temperature, 200 °C, and 400 °C were recorded as
47940, 55118, and 64622, respectively. These findings indicate a progressive increase in pore count with rising temperatures—an
increase of 15 % at 200 °C and 35 % at 400 °C compared with room-temperature specimens. This rise in pore quantity is particularly
notable in the smallest pore size range (0-0.05 mm), where the percentage of pores at 400 °C is significantly higher than at the lower
temperatures. This increased concentration of small pores at elevated temperatures is likely due to the evaporation of free and bound
water, which leaves voids within the material matrix. The formation of numerous small pores introduces additional microcracks,
which can further expand and coalesce, contributing to larger pore development over time. The influence of temperature on pore
volume also underscores how thermal exposure alters the internal structure of 3DPC. Higher temperatures facilitate the formation of
smaller pores within the sample, which, combined with increases in the number of larger pores (exceeding 0.1 mm?), demonstrates the
cumulative impact of water release and crack propagation at elevated temperatures [23]. The observed changes in pore size and
volume distribution across temperature conditions are further visualized in the 3D reconstructions shown in Fig. 7, illustrating how
increased pore formation and growth compromise the interlayer structure.

In 3D-printed concrete, the interlayer is a critical structural zone formed during the printing process. This region is inherently prone
to cracks and pore formation, making it one of the weaker areas in the 3DPC matrix. To examine the interlayer’s microstructural
evolution under thermal stress, samples were subjected to X-CT analysis at varying temperatures, as illustrated in Fig. 8. The image in
Fig. 8(a) is taken from the interlayer region within the normal temperature sample and provides a visualization of the interlayer
porosity. The CT analysis revealed the evolution of pore structure in the same specimen under different temperatures. The global CT
images (Fig. 8(a)) provide an overview of the pore distribution and density across the entire specimen, while the local images (Fig. 8(b)

Fig. 6. X-CT scanning 3D views of interlayer pore structures in 3D printed concrete (Room Temperature).
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(c)) focus on specific regions to highlight the evolution of individual pores.

At 200 °C, both the number and irregularity of pores increase significantly compared to the room temperature sample shown in
Fig. 8(a). This increase reflects the initial thermal-driven water loss, with partial evaporation leading to pore expansion and some
merging of pores into larger voids. This structural change suggests that temperature-induced water loss within the concrete matrix
initiates porosity changes that compromise the integrity of interlayer, with larger and irregular pores beginning to dominate the
microstructure [23].
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Upon exposure to 400 °C, a more pronounced escalation in porosity is evident. Here, the pore quantity, size, and connectivity
increase substantially, with adjacent pores merging to form larger voids and cracks. This extensive porosity can be attributed to the
further evaporation of bound water, coupled with the decomposition of C-S-H, a critical binder in concrete that maintains structural
cohesion [32]. The formation of interconnected pores and cracks at this temperature highlights the significant weakening effect of
higher thermal exposure on the interlayer, suggesting that pore expansion and structural degradation intensify with increasing
temperature.

To quantify these changes, the diameter and volume of identical pores across temperature conditions were measured. In Fig. 8(b),
for instance, a single pore’s diameter expands from 0.52 mm at room temperature to 0.53 mm at 200 °C and 0.54 mm at 400 °C, with
corresponding pore volume increases from 0.075 mm? to 0.079 mm? and 0.082 mm?, respectively. Similarly, Fig. 8(c) presents another
set of pores where diameter and volume also increase with temperature—from 0.49 mm at room temperature to 0.51 mm at 200 °C and
0.52 mm at 400 °C, while volume rises from 0.06 mm? to 0.07 mm? and finally to 0.076 mm? These measurements provide a
quantitative view of how individual pores grow with thermal exposure, reinforcing the observation that temperature accelerates pore
expansion and, ultimately, the degradation of the interlayer.

The appearance of numerous smaller pores at 400 °C, further illustrates the effects of temperature on the microstructure. These
smaller pores, originating from bound water release and C-S-H decomposition, tend to merge with nearby pores, progressively forming
larger cavities and cracks. This interconnected porosity intensifies the mechanical vulnerability of the interlayer, as shown by the
substantial increase in pore connectivity and crack prevalence at elevated temperatures. This study of pore evolution underscores how
rising temperatures adversely affect 3DPC interlayers, providing key insights into the relationship between thermal exposure,
microstructural integrity, and the overall durability of 3DPC structures.

3.3.2. XRD analysis

X-ray diffraction analysis was used to characterize the phase composition of 3DPC at various temperature stages (RT, 200 °C,
400 °C, 600 °C, 800 °C), as shown in Fig. 9. The XRD patterns reveal significant changes in peak intensity and position as temperature
increases, indicating phase transitions within the material [33]. At room temperature (RT), represented by the black baseline in Fig. 9,
the primary components detected are silica (SiO2) and calcium carbonate (CaCOs). These compounds provide the foundational
structural integrity of 3DPC. Upon heating to 200 °C (red line), most diffraction peaks remain at their original positions, indicating no
major phase transformations. However, characteristic peaks of calcium hydroxide (Ca(OH);) emerge at this temperature, formed by a
reaction between released water and calcium oxide (CaO). Since 200 °C is insufficient to induce significant chemical decomposition,
the peaks associated with SiO3 and CaCO3 remain stable at this stage. At 400 °C (blue line), the Ca(OH), peaks begin to diminish,
suggesting the start of its thermal decomposition, while peaks of SiO, and CaCOg are still evident. As temperature rises, Ca(OH)3
progressively decomposes due to further heating, leading to noticeable changes in its peak intensity [34]. By 600 °C (green line), Ca
(OH)2 decomposition is pronounced, with substantial weakening of its characteristic peaks. Additionally, slight decomposition of
CaCOg3 begins at this temperature, as indicated by minor shifts in its peak position and a decrease in intensity. At 800 °C (purple line),
the XRD pattern shows the complete disappearance of Ca(OH), peaks, confirming its full decomposition. Concurrently, the intensity
and position of SiO, and CaCOs peaks display slight changes, signaling minor structural alterations. CaCOs peaks are notably
weakened at this temperature, reflecting its partial decomposition under extreme thermal exposure [35]. These observations illustrate
the progressive transformation of 3DPC’s phase composition with increasing temperature. The appearance, attenuation, and eventual
disappearance of specific peaks—such as those of Ca(OH), and CaCOs—reveal critical insights into the thermal stability and degra-
dation mechanisms within 3DPC. This analysis highlights how elevated temperatures influence the material’s mineral phases,
impacting the microstructural integrity and mechanical properties of 3DPC in high-temperature environments.
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Fig. 9. XRD patterns of 3D printed concrete at different temperature stages.
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3.3.3. TG analysis

The thermal decomposition behavior of 3DPC was analyzed using thermogravimetric (TG) and differential thermogravimetric
(DTG). As shown in Fig. 10, a distinct weight-loss peak at a rate of 0.4485 %/min appears near 90 °C on the DTG curve. This peak
corresponds primarily to the dehydration of bound water within ettringite (Aft) and C-S-H, indicating an early stage of moisture release
as these phases lose absorbed and weakly bound water [35,36]. The evaporation of free and physically bound water, leading to an
initial reduction in tensile strength due to weakening of the cementitious matrix. As the temperature rises to around 380 °C, a pro-
nounced weight-loss step is observed, marking the complete volatilization of moisture-related compounds. The next major thermal
event, occurring between 380 and 580 °C, is attributed to the removal of structural water, primarily associated with the degradation of
Ca(OH),. This phase contributes to a significant weight reduction as Ca(OH), decomposes into CaO and water vapor. These thermal
events align with the mechanical data presented in Section 3.1, where a sharp decline in tensile strength was observed at temperatures
above 400 °C. The decomposition of Ca(OH), and other hydration products at elevated temperatures contributes to the increased
porosity and reduced load-bearing capacity of the material. At temperatures above 580 °C, the continued weight loss is due to the
decomposition of calcium carbonate (CaCOs). This stage, designated as the 580-800 °C interval, represents the breakdown of CaCOs3
into calcium oxide (CaO) and carbon dioxide (COy), resulting in a marked decrease in material mass. The final, slower rate of weight
loss beyond 800 °C is attributed to the gradual carbonization of silicate phases within the concrete. Even at 900 °C, substantial residual
material remains, consisting of thermally stable components such as quartz, residual C-S-H, and calcite. To quantify the composition of
chemically bound water and Ca(OH), the thermogravimetric curve was divided into specific stages based on temperature ranges and
corresponding reactions [37]. Stage A (room temperature to 380 °C) primarily involves the loss of chemically bound water from Aft
and C-S-H. Stage B (380-580 °C) captures the decomposition of Ca(OH),, which peaks around 410 °C, reflecting the release of
structural water. Finally, Stage C (580-800 °C) corresponds to the decomposition of CaCOs, with a characteristic peak near 660 °C.

The calculation formula is as follows:

18
m(H,0) =my + mp + mc X 2

74 74
m(Ca(OH),) =mjs x 18 +mc x I
Where, my, mp and m¢ are the mass loss of each stage, 18 and 44 are the relative molecular mass of water and carbon dioxide,

respectively, and the calculation results are shown in Table 3 (See. Table 2)

3.3.4. SEM analysis

The degradation of crystalline structures in the interlayer significantly impacts the mechanical performance of 3DPC under high-
temperature conditions. This region, already more porous and mechanically weaker due to its layer-by-layer construction, undergoes
rapid deterioration of essential hydration products—primarily C-S-H and calcium hydroxide - as temperature rises. These trans-
formations lead to a marked reduction in the interlayer’s load-bearing capability, directly correlating with the observed decline in
mechanical strength during bond strength testing. The SEM images were taken specifically from the interlayer region to investigate the
bonding characteristics and microstructural changes induced by elevated temperatures. The selection of the interlayer region was
based on its critical role in determining the mechanical performance of 3DPC as it is the most fragile part of the layered structure.

At room temperature, the C-S-H gel exists in a dense, fibrous network of small, plate-like structures, which forms the main source of
bonding strength in concrete. In 3DPC, the C-S-H gel adheres tightly to aggregate surfaces and bridges gaps between printed layers,
enabling effective load transfer across interlayer boundaries. This network contributes significantly to the cohesive properties within
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Table 3

Dehydration and decomposition percentages of key hydration phases in 3D printed concrete at elevated temperatures.
Dehydration of C-S-H(%) Dehydration of Ca(OH), (%) Decomposition of CaCO3(%) m(H20) (%) m(Ca(OH)3) (%)
5.89 2.59 2.84 9.64 15.43
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Fig. 11. SEM images of microstructure and hydration products with 3DPC interlayer at different temperature: (a) RT (b) 200 °C (c) 400 °C (d)
600 °C (e) 800 °C.

the interlayer, which is essential for the structural integrity of printed concrete.

Upon exposure to 200 °C, illustrated by the morphology in Fig. 11(b), the C-S-H gel begins to undergo dehydration, resulting in the
partial breakdown of its fibrous network. SEM images reveal the thinning of the gel, as individual plate-like structures start to separate
slightly, causing a reduction in cohesion. Although the overall structure remains largely intact, this early-stage dehydration initiates
microcrack formation within the interlayer. At this stage, Ca(OH), retains its hexagonal crystalline structure, although minor stress-
induced degradation can be seen at the crystal edges near these microcracks. While some load-bearing capacity is maintained, the
combined effects of C-S-H dehydration and microcracking reduce interlayer bond strength, as the weakened C-S-H network can no
longer bind the printed layers as effectively.

At 400 °C, shown in Fig. 11(c), the C-S-H gel undergoes further dehydration, resulting in extensive fragmentation of the fibrous
network. The formerly cohesive structure begins to disintegrate, as plate-like particles separate more significantly, leading to the
formation of larger cracks and voids in the interlayer. The loss of water in the C-S-H gel greatly diminishes the bonding strength
between layers, as the gel can no longer sustain its cohesive properties. Additionally, Ca(OH), starts decomposing at around 400 °C,
transforming into CaO and releasing water vapor. The hexagonal Ca(OH), crystals become structurally unstable, with visible erosion
and disintegration of their edges.

As Ca(OH); decomposes, the interlayer loses a crucial reinforcing phase, further weakening its capacity for load transfer. The
released water vapor contributes to additional microcracking and pore formation, compounding the degradation effects. This com-
bined loss of C-S-H cohesion and Ca(OH); stability accounts for the observed 70 % reduction in interlayer bond strength at 400 °C. At
this point, the interlayer displays extensive cracking and a significantly reduced load-bearing capability, as the remaining hydration
products are no longer capable of maintaining structural integrity within the 3DPC. This analysis highlights the critical role of
temperature-induced phase transformations in determining the structural resilience of 3DPC, emphasizing the vulnerability of the
interlayer at elevated temperatures [38,39].

At 600 °C, as shown in Fig. 11(d), the structural degradation of the 3DPC interlayer accelerates. The C-S-H gel, previously
responsible for the fibrous and cohesive nature of the interlayer, has largely decomposed. This breakdown transforms what was once a
robust, load-bearing network into a fragmented and porous structure, leaving large voids and cracks that drastically reduce the ability
of interlayer to sustain mechanical loads. With the loss of C-S-H, the interlayer can no longer effectively transfer stresses across the
printed layers. The Ca(OH), has also fully decomposed into CaO by this temperature, further destabilizing the interlayer. Ca(OH),
originally acted as a stabilizing phase within the concrete, and its decomposition results in a highly porous interlayer with weakened
bonding between particles. The absence of Ca(OH), exacerbates structural instability, as large interconnected pores further
compromise load-bearing capabilities. Additionally, at 600 °C, calcium carbonate (CaCO3) begins to decompose, initiating its trans-
formation into CaO and releasing carbon dioxide gas. Although CaCOs is stable up to around 700 °C, decomposition starts earlier at
600 °C under thermal stress. This process generates new pores as CO» escapes, increasing the void content and contributing to
additional cracks within the already degraded interlayer. These transformations indicate the beginning of major structural collapse as
porosity increases and cohesive material phases are lost.

By 800 °C, shown in Fig. 11(e), the interlayer reaches near-total failure. The decomposition of both C-S-H and Ca(OH) is complete,
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leaving the interlayer devoid of the essential hydration products that provided initial structural integrity. This phase of degradation
introduces large, interconnected pores and extensive cracks throughout the interlayer, eliminating its ability to carry any significant
mechanical loads. The accelerated decomposition of CaCO3 further weakens the interlayer, producing more voids as CO release
continues and the material becomes increasingly brittle. At this stage, the interlayer bond strength has declined by over 90 %, leading
to a near-complete structural collapse. With CaCO3 decomposed and no stabilizing hydration products left, the interlayer is charac-
terized by an interconnected network of cracks and voids that undermine the material’s cohesion entirely. The matrix of CaO that
remains is brittle and unable to support loads, resulting in catastrophic failure of the interlayer. This combination of CaCO3 decom-
position, increased porosity, and widespread cracking signals the complete structural breakdown of the 3DPC interlayer under extreme
thermal conditions.

The interlayer region in 3DPC is particularly vulnerable due to the inherent discontinuities introduced by the layer-by-layer
printing process. This region is characterized by higher porosity and weaker bonds between layers, making it susceptible to crack
formation and propagation under thermal stress. As temperature rises, the degradation of this interlayer is directly linked to the overall
reduction in mechanical strength.

At 200 °C, as illustrated in Fig. 12 (a) and (b), SEM images reveal the onset of microcracks in the interlayer. These cracks, though
small, signal the beginning of structural damage, where the inherent porosity of the interlayer concentrates stress, increasing sus-
ceptibility to thermal degradation. The primary mechanism for this early damage is the evaporation of free and bound water from the
concrete matrix, voids are left behind, particularly in areas with higher initial moisture content, leading to microcracks that weaken
local cohesion [40,41]. This reduction in contact between cementitious particles diminishes the interlayer’s load-bearing capacity,
corresponding to the minor decrease in bond strength observed in mechanical tests. Although structural integrity is still largely intact
at this stage, these microcracks indicate the interlayer’s sensitivity to thermal stress.

At 400 °C, shown in Fig. 12 (c), SEM images display a more pronounced expansion of these cracks within the interlayer. The cracks
begin to interconnect, forming networks that significantly compromise the structural cohesion of the interlayer. Different thermal
expansion rates of concrete components—primarily aggregates and cement paste—generate internal stresses as they expand unevenly
under heat [41].These differentias lead to thermal stresses, particularly at boundaries between materials with varying thermal
properties, resulting in localized fractures. This structural deterioration at 400 °C causes up to a 70 % reduction in interlayer strength,
highlighting the role of thermal stress in interlayer breakdown.

When temperatures reach 600 °C, as depicted in Fig. 12 (d), the crack network within the interlayer becomes extensive, with cracks
widening and deepening. At this stage, crack connectivity intensifies, creating large, continuous fissures that drastically reduce the
material’s load-bearing capacity. The decomposition of Ca(OH); and CaCO3 exacerbates internal stresses as water vapor and carbon
dioxide are released, further propagating microcracks. These phase changes reduce the cohesive strength of the cementitious matrix,
marking a critical threshold where the interlayer’s structural integrity fails progressively. This extensive degradation results in a
40-80 % decrease in bond strength, emphasizing that the interlayer’s weakening at this temperature plays a decisive role in the overall
mechanical failure of the 3DPC structure.

At 800 °C, as illustrated in Fig. 12 (e), the extent of cracking within the concrete matrix grows substantially, with the interlayer
essentially losing all structural integrity. Cracks form an interconnected network across the entire interlayer region, drastically
diminishing the material’s load-bearing capacity. The binding phases, particularly C-S-H gels, undergo extensive decomposition,
leading to a fragmented microstructure [35]. This network of cracks and voids facilitates the easy propagation of fractures under

Fig. 12. SEM analysis of crack formation and morphology in 3D printed concrete at various temperatures: (a) RT (b) 200 °C (c) 400 °C (d) 600 °C
(e) 800 °C.
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mechanical stress, resulting in a significant reduction in material strengthges reveal that cracks are not uniformly distributed across the
material. Some regions show a higher density of fractures, often coinciding with local weaknesses such as areas with greater porosity or
zones where sand and cement particles are separated. These areas serve as initiation points for fractures, which then aggregate and
spread throughout the matrix. The presence of these local weaknesses accelerates the degradation process, as cracks in these zones
rapidly propagate, forming large, interconnected fracture networks that reduce the overall strength [42].

This development of cracks and voids further reduces the effective cross-sectional area capable of supporting mechanical loads.
With the growth and interconnection of fractures, the material loses its ability to distribute and withstand external forces effectively. At
elevated temperatures, particularly beyond 800 °C, the concrete’s microstructure becomes exceptionally porous and fractured. This
porosity and the fragmentation of the interlayer create a structure with greatly reduced carrying capacity, illustrating a nearly
complete mechanical failure due to thermal degradation.

3.4. Mechanism of interlayer degradation

This study systematically examines the evolution of 3DPC properties under high-temperature conditions, focusing on both me-
chanical performance and microstructural changes. Results indicate that 3DPC undergoes distinct, multi-stage physical and chemical
transformations when exposed to elevated temperatures, with each stage influencing the mechanical strength and microstructural
integrity.

C- S-H decomposition: At temperatures below 200 °C, C-S-H is primarily stable, maintaining its layered fibrous gel-like structure, as
shown in Fig. 13. The confined water significantly influences its mechanical properties, providing both flexibility and strength. As the
temperature rises, water begins to evaporate, but the structural integrity of C-S-H remains relatively intact, as shown in Fig. 13. This
phase provides mechanical stability due to the interlocking silicate chains, which remain connected through calcium bridging ions [43,
44]. As the temperature surpasses 200 °C, as depicted in Fig. 14(a), C-S-H undergoes progressive dehydration, leading to a marked loss
in bound water. At this stage, molecular dynamics (MD) simulations reveal that water confined within and between the C-S-H layers
plays a crucial role in maintaining mechanical properties [45]. As water is lost, the silicate chains in C-S-H condense, increasing
hardness and stiffness initially. However, the cohesion between grains weakens due to the loss of hydration water, which can no longer
lubricate the intergranular regions, leading to brittleness and crack formation. At temperatures above 400 °C, C-S-H undergoes sig-
nificant structural changes, as shown in Fig. 14(b). The silicate chains that define the tobermorite-like structure of C-S-H begin to break
down, transforming into more amorphous phases or glassy states [46], which dramatically reduce the mechanical properties of the
material [45]. The complete dehydration of C-S-H at this stage also leads to a loss of its gel-like characteristics, transforming into a
brittle, low-cohesion phase [47].

Ca(OH), decomposition: Ca(OH); is another important phase in 3DPC and remains stable at about 400 °C, as seen in Fig. 14(b). It
crystallizes in a hexagonal structure, contributing to the mechanical strength of the cement matrix. However, even at lower tem-
peratures, Ca(OH)2 can contribute to crack formation if excess water vapor is released from its decomposition. When the temperature
exceeds 400 °C, Ca(OH); begins to decompose into calcium oxide (CaO) and water vapor. This phase transition results in a volume loss
and the formation of microvoids, which further propagate cracks throughout the concrete matrix. The water vapor released accelerates
the dehydration of C-S-H and induces internal stresses, further contributing to structural degradation. The decomposition of Ca(OH),
and the formation of CaO leave behind a weaker material. CaO is less capable of providing structural support, and its reaction with
ambient moisture to form calcium hydroxide is not immediate, contributing to the deterioration of the material’s mechanical
properties.

CaCOg3 and decarbonation: Before 600 °C, CaCO3 remains relatively stable, providing mechanical reinforcement to the concrete
[48]. CaCOs, especially in the form of calcite, offers a rigid crystalline structure that adds to the overall strength of the material, as seen
in Fig. 14(b). Once the temperature exceeds 600 °C, CaCO3 begins to undergo decarbonation, transforming into CaO and releasing CO5
gas. This reaction leads to a loss of mass and the formation of internal voids as the CO3 escapes, significantly weakening the material.
The newly formed CaO, combined with the voids left by the escaping CO,, exacerbates the porosity of the concrete and accelerates
crack formation.

In summary, the mechanical properties and microstructural evolution of 3D printed concrete under high temperature conditions
are the result of a combination of factors. Water evaporation, decomposition of chemical components (e.g., Ca(OH), and CaCOs3), as
well as thermal expansion and crack extension interact with each other in different temperature intervals. They together contribute to
the structural deterioration of 3DPC. Through a deeper understanding of these mechanisms, the refractory properties of 3D printed
concrete can be improved in the future by optimizing the concrete formulation and 3D printing process, it will provide more reliable
technical support for its use in real building applications.

4. Conclusions

This study systematically investigates the effects of high temperatures on the interlayer strength, microstructural morphology,
hydration products, and pore structure of 3D printed concrete (3DPC). The degradation mechanisms of 3DPC interlayers under
elevated temperature conditions were explored through interlayer strength tests and comprehensive analyses using XRD, SEM, TG, and

X-CT techniques. The findings can be summarized as follows.

(1) The mass loss rate of 3DPC increases as temperature rises, attributed to the evaporation of both free and bound water,
decomposition of calcium hydroxide (Ca(OH),), and thermal decomposition of calcium carbonate (CaCOs). The bond strength
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between 3DPC interlayers decreases sharply with increasing temperature and duration of exposure. At 800 °C, this bond
strength is reduced by over 90 %, indicating a substantial loss in the structural integrity of 3DPC.

(2) The high temperatures increases the number and size of pores in the concrete matrix. Pore distribution and volume alter
notably, with a rise in the presence of small pores at higher temperatures due to water release and the decomposition of hy-
drated phases. This heightened porosity, particularly in the interlayer, exacerbates structural weakening, as it creates pathways
for crack initiation and propagation.

(3) Cracks are more prevalent and develop more extensively in regions with higher porosity, particularly at the sand-cement
interface. When temperatures exceed 400 °C, differential thermal expansion and the progressive breakdown of Ca(OH),
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cause substantial crack growth, with a marked escalation in microcracking. Above 600 °C, the complete decomposition of Ca
(OH); and CaCOs results in large, interconnected cracks, leaving the material highly porous and structurally compromised.

While this study provides valuable insights into the high-temperature performance of 3DPC, there are limitations to consider.
Experiments were conducted under controlled laboratory conditions, lacking factors present in real fire scenarios, such as thermal
shock and structural loads. This study has certain limitations, including a small sample size, a limited temperature range, and a focus
on a single material composite. In future work, we plan to address these limitations by testing other proportions and incorporating
fibres to improve the fire resistance of 3DPC. These experiments will provide deeper insights into optimizing 3DPC for high tem-
perature applications.
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