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Abstract: The research on calcium leaching of 3D printed cement pastes (3DPC) exposed in aggressive water
is limited, and the mechanism underlying its effect needs to be better understood. The performance anisotropy
of degraded 3DPC due to calcium leaching is investigated in this paper. Samples with aggregate micro fines
(AMF) and fly ash (FA) were prepared. A 6 mol/L NH 4Cl solution was used in the accelerated experiment. At
specific leaching durations, performances were tested on the samples in different leaching directions. Results
show that the performances of 3DPC in aggressive wate have a significant anisotropic behavior. The evolution
of pore defects and hydration products mainly governs the performance anisotropy of degraded 3DPC. The
remaining hydration products of the surface of 3DPC le ached in the Z direction are less than the other two
directions because calcium ions leached in the Z direction are difficult to be compensated through weak
interfaces between layers.
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0. Introduction

The diffusion of calcium ions from the pore solution to the surrounding water occurs when
cementitious materials are subjected to water with calcium concentrations below the equilibrium
concentration. Hydraulic structures and nuclear wa ste containment may have a high risk of calcium
leaching due to a pore solution’s relatively high pH value in concrete. Thus, the long-term durability
of concrete structures in aggressivewater is of great concern [1,2].

Generally, the leaching kinetics of cementitious materials is influenced by the cement
composition, mineral admixtures, water-to-cement rati 0, interfacial transition zone, characteristics of
pores, aggressive water, temperature, et al. Usingmineral admixtures, such as fly ash (FA) and silica
nanoparticles, is reported to reduce calcium leaching [3—6]. Catinaud et al. [7] investigated the
influence of limestone powder on the calcium leaching of cementitious materials. They found that
calcite directly influences the mechanism of calcium leaching in cementitious materials. Under certain
environmental conditions, calcium leaching of hydration products is mainly related to cementitious
materials’ interfacial transition zone and pore structure [8,9]. Although calcium leaching, which
consists of a progressive dissolution of hydration products due to the diffusion of calcium ions to the
aggressive water, is a well-known phenomenon, the degradation mechanism of 3D printed cement
pastes (3DPC) has not been investigated yet.

In 3DPC, mesostructure and pores’ characteristics are very different from that of cast ones.
Owning to the spatial distribution characteristics of the weak interfaces between layers, the 3DPC
shows a laminated mesostructured [10,11]. The weakinterface makes it of low strength and easy to
leach in aggressive water. Furthermore, the air is inevitably exposed to the interface during printing,
which can easily cause small flaws and air voids in the 3DPC. Because of the relatively porous
mesoscale structure of the 3DPC, the ions could eady diffuse in or out, which would exacerbate the
deterioration of materials. In addition to porosity, pore size, morphology, orientation, and spatial
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distribution also significantly influence the perf ormances of 3D printed concrete [12-14]. These
characteristics of pores, with a large size and long striped morphology, hence also have a high-
volume fraction of portla ndite (CH) and other hydration products in pores shown in Figure 1a,b. The
dissolution of hydration products in pores results in an increase in porosity and changes in pore
characteristics. In addition, the dissolution fronts propagate through the pore defects sharply due to
the locally quasi-instantaneous dissolution of CH in pores. Thus, these hydration products in pores
play a fundamental role in the transport process of ions within the cement matrix.

Figure 1. Typical scanning electron microscopy (SEM) images of 3DPC. &) High-volume fraction of
hydration products in pores, ( b) CH in pores with large size.

Generally, the pore solution of cementitious materials is in thermodynamic equilibrium with the
C-S-H resulting from the hydration of unhydrated clinker [15]. Calcium ions diffuse from the pore
solution to the aggressive water due to the concentration gradients between the pore solution and
external water when cementitious materials expose to aggressive water. The diffusion modifies the
chemical equilibrium of the hydration products. Th e depletion of CH and then decalcification of C-
S-H results in the increased porosity and changes inthe pore structure of cementitious materials,
consequently resulting in a porosity gradient from the core to the surface altered layer [16—19]. The
depletion of CH and then decalcification of C-S-H results in the increased porosity and changes in
the pore structure of cementitious materials, consequently resulting in a porosity gradient from the
core to the surface altered layer. Thus, the alteration of the hydration products and the pore
characteristics is the intrinsic reason for the degradation of cementitious materials [20]. Though the
degradation of cementitious materials in aggressive water due to calcium leaching has been subjected
to first studies [21], little is known about the evolution of hydration products and pore defects of
leached 3DPC in ammonium chloride solution.

As aforementioned, the transport process of calcium ions in 3DPC will be modified by pore
defects with relatively large sizes and long striped morphology. The calcium leaching process of
3DPC due to CH dissolution and C-S-H decalcification may differ from that of cast ones. As shown
in Figure 2a,b, a hypothesis described the degradation process of the 3DPC during leaching. The
calcium leaching process in the X or Y direction significantly differs from that in the Z direction. It
can be seen from the figure that calcium ions concentration gradients parallel to the X direction or Y
direction are ascribed to the long-striped voids. In contrast, the calcium ions concentration gradients
are perpendicular to the Z direction, for 3DPC leached in the X or Y direction, early dissolution of
CH. Thus, additional porosity can occur even at a certain depth from the surface due to the long-
striped voids. Regarding 3DPC leached in the Z direction, hydration products’ dissolution occurs
mainly at the dissolution fronts. Therefore, calcium ions could easily diffuse out from the pore
solution in the X or Y direction but relatively difficult in the Z direction. On the other hand, calcium
ions leached in the X or Y direction are more likely to be partially compensated via weak interfaces
than in the Z direction due to the continued hydration of unhydrated clinker inside the materials.
These additional alkali ions are reported to significantly reduce the solubility of CH in pores [22]. The
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increase in the concentration of calcium ions in the pore solution may be retarded by the
decalcification of C-S-H in the surface layer of materials. This indicates that the surface layer of 3DPC
leached in the Z direction may lose more hydration products than in the X or Y direction.

3DPC has a higher environmental impact than conventional cementitious materials due to its
high cement content. To increasethe materials’ sustainability, aggregate micro fines (AMF) and FA
replaced Portland cement in 3DPC. The preparaton of 3DPC by incorporating environmentally
friendly AMF and FA can decrease the consumption of Portland cement, reducing the burden on the
environment and decreasing the cost of raw materials. This work investigates the calcium leaching
anisotropy of 3DPC with AMF and FA. We compare the performances, such as bulk density, water
absorption, leaching depths, and compressive strength of 3DPC in different calcium leaching
directions. The evolution of hydration products and pore defects of 3DPC in different calcium
leaching directions are also analyzed.

(@)
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Epoxy resins

Figure 2. Degradation process of 3DPC. @) X direction or Y direction and ( b) Z direction.
2. Materials and Experimental Methods

2.1. Materials and Mix Designs

The 3DPC, as well as reference samples in thigpaper, was prepared using the following raw
materials: PX 42.5 Portland cement (PC), AMF, FA, nano silica (NS), superplasticizer (SP),
hydroxypropyl methylcellulose (HPMC), and deionized water. The chemical composition analyzed
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by the X-ray fluorescence spectrometry of the PC,AMF, and FA is given in Table 1. Figures 3 and 4
showed the SEM image and XRD pattern of FA and AMF, respectively. As shown in Figure 3a and
Figure 4a, the morphology of AMF particles is very different from that of FA, which contains sharp
corners and irregular edges. Figure 3b and Figure 4b confirmed that AMF is calcite and FA is
amorphous. Using mineral admixtures such as fly ash and calcium carbonate significantly improves
printability, mechanical strength, an d resistance to leaching [5,7]. The addition of fly ash results in a
reduced Ca-Si molar ratio of C-S-H, more stable than the Portland C-S-H, by the pozzolanic effect [6].
The SP was used for improving the flowabi lity of the fresh cement pastes with NS.

Table 1. Chemical composition of materials used.

Composition PC (%) AMF (%) FA (%)
SiO2 18.24 4.45 49.90
Al 203 4.20 1.21 18.90
FeOs 3.70 0.44 4.16
CaO 64.23 50.99 13.47
MgO 2.60 0.57 1.71
Na:20 0.11 0.03 1.87
K20 0.77 0.08 3.28
TiO2 0.37 0.08 0.89
SO 3.53 0.08 0.20
P20s 0.07 0.02 1.37
CO2 1.92 41.99 2.78
Others 0.27 0.03 1.48
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Figure 4. (a) SEM image and p) X-ray diffractogram of FA.
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The proportions of mixtures we re presented in Table 2, and the mixtures with O and 10 wt%
AMF were presented as AMFOFA20 and AMF10FA10. The cement pastes were prepared at a water-
to-binder ratio of 0.27. Various contents of SP were used to emsure that all samples had approximately
the same flowability. It was achieved after several time s of trials and errors in the lab to attain suitable
flowability. The flowability of AMFOFA20 and AMF10FA10 was 26 mm and 25 mm, respectively.
HPMC was added to the mix with a content of 0.15% with respect to the mass of binders.

Table 2. Mix proportion of mixtures.

Mixture AMFOFA20 AMF10FA10
PC (%) 80 80

FA (%) 20 10

AMF (%) 0 10

NS (%) 1 1

SP (%) 0.025 0.06
HPMC (%) 0.15 0.15

w/C 0.27 0.27

2.2. Samples and Leaching Procedure

Samples were prepared according to the following procedure. SP and HPMC were mixed with
deionized water thoroughly. PC, AMF, FA, and NS have well blended for 60 s in a rotary mixer. Then,
the resulting mixture and water with SP and HPMC were mixed for 120 s at low speed, followed at
high speed for 120 s.

The 3D printer used in this work uses a gantry -type concrete 3D printing system. The effective
printing volume of the printer is 600 mm (L) x 600 mm (W) x 600 mm (H), and the circle nozzle has a
diameter of 35 mm. The printing parameter with a printing speed of 10 mm/s and a layer height of
10 mm were selected for this study. The extrusion speed was adjusted to the printing speed and layer
height.

After 24 h, the samples were cured in tap water for 28 days at 20 + 2 . Before being tested, the
samples were saw into cubes with a side length of 40 mm. Then, the samples were subjected to
calcium leaching. Since the calcium leaching process in deionized water is very slow, we use a
solution of 6 mol/L NH 4Cl to accelerate the aggressivity of the environment. This accelerated calcium
leaching process has the same effect on physiochemical performances as the long-term erosion in
deionized water [23]. Two opposite side surfaces of the samples were selected as the testing surfaces.
The lateral sides of cubes were coated with epoxyresin to ensure the calcium leaching was carried
out along the X direction or Y direction, or Z direction (see Figure 5). Then, samples were immersed
in a sealed container filled with 6 mol/L NH 4ClI solution for calcium leaching at a room temperature
of 20 £ 2 . The aggressive water was replaced every 7days until the end of the experiment. After
leaching for particular durations, samples were take n out for bulk density, water absorption, leaching
depths, compressive strength, and microstructure tests.
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Figure 5. Calcium leaching/loading direction and the representative zone used for XRD, DTG-TG,
and MIP analysis.
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2.3. Test Methods

2.3.1. Bulk Density and Water Absorption

During the calcium leaching process, Ca?* is diffused from the 3DPC continually, leading to
increased porosity and decreased sample weight. Hence, bulk density and water absorption can be
regarded as indicators of the deterioration degree of calcium leaching. In this work, bulk density of
samples in a specific leaching duration was measured as equation (1):

=m/V x 100%(1) (1)

Where m and V are the mass and volume of samples just taken out from the NH4ClI solution, water
absorption of samples in a specific leaching duration was determined as equation (2):

W = (m-mo)/V x 100% (2) @)

Where mu is the mass of the sample, andmo is the mass of the same sample placed in an oven at 105
for 24 hours.

2.3.2 Leaching Depths

The leaching depth was the distance from the diffusion front to the sample’s surface. There is a
strong correlation between the pore defects and the deterioration degree of leached samples. The
samples were split into two blocks along the leaching direction, then the leaching depths of the cross-
section of samples were measured. As shown in Figue 6, the leaching depth is the mean value of 6
points for one sample. The results of leaching depth are the average value of three samples.

Leaching zone

Figure 6. A typical cross-section of a sample after calcium leaching for 56 days.

2.3.3. Compressive Strength

Compressive strength is an essential mechanical performance to quantify the deterioration
degree of leached samples. After a certain calcium leaching interval, samples were conducted the
compressive strength test. The loading rate of compressive strength tests was controlled by 2.4 kN/s.
Compressive strength was tested at each age orthree duplicated samples, and the average values
were reported. The compressive strength anisotropy coefficient of samples in a specific leaching
duration was calculated as equation (3) [24]:

Hoagodo¥s R F buago R b F bhoago R b F Buvagoudavaoocuaa 3
where Ioiecion represents the compressive strength ani®tropy coefficient at a specific loading
direction. For instance, the Ix refers to the compressive strength anisotropy coefficient of samples
subjected to the X loading direction. foirection represents the compressive strength at a specific direction.
fx, fv, and fz represent the compressive strength of samples subjected to the X, Y, and Z directions,
respectively.
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2.3.4. XRD, DTG-TG, and MIP

The intrinsic reason for the degradation of cementitious materials in aggressive water is their
microstructural changes. Therefore, x-ray diffraction (XRD), differential thermal gravity and
thermogravimetric analysis (DTG-TG), and mercur y intrusion porosimetry (MIP) analysis were
carried out on a representative volume of the sample from the specimen edge, as shown in Figure 5.

XRD determined the mineralogical characterization of the samples on an Empyrean X-ray
diffractometer. The diffraction pattern was obtained with Cu-k ..radiation operating at 40 kV and 40
mA, and the samples were scanned in the range of 5 ° to 60 ° (ZEat a step of 0.02 °.

An STA 449 F3 Jupiter determined the DTG-TG of the samples. It was performed at a
temperature range from room temperature to 1000 and a heating rate of 10 /min under a nitrogen
atmosphere. The DTG figures the thermal decomposttions of hydration products in the samples,
while TG simultaneously records the weight loss due to the decomposition of hydration products.
According to Taylor’'s formula, the CH and bound water amount was calculated from the TG curves
[6].

MIP, a common method for evaluating the pore structure of cementitious materials, was
performed on the 3DPC subjected to calcium leaching. MIP test determined porosity, total pore area,
total intrusion volume, average pore diameter, medi an pore diameter, and pore size distribution
using MicroActive AutoPore V 9600 with a pressure ranging between 0.0007 MPa and 420 MPa.

3. Results and Discussion

3.1. Decrease in Bulk Density

Figure 7a,b show the bulk density of the samples cured in water for 28 days and those leached
for 28 and 56 days in ammonium chloride solution. The initial bulk density of samples with AMF is
higher than that of the samples without AMF because of the higher specific gravities of the AMF than

the FA.
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Figure 7. Bulk density of samples as a function of the calcium leaching duration (samples cured for
28 days before calcium leaching). &) AMFOFA20 and (b) AMF10FA10.

As expected, the bulk density of all samples decreased with calcium leaching duration. The
longer the calcium leaching duration, the greater th e reduction in bulk density. These results indicate
that the dissolution of hydration products progressed gradually with the leaching period. It is also
shown that the bulk density of AMFOFA20 leached in the Z direction is higher than that in the X and
Y directions. After 28 days of calcium leaching, the bulk density of AMFOFA20 leached in the X, Y,
and Z directions decreased by 3.7%, 3.3%, and 0.9%espectively. Then, the bulk density gradually
decreased over calcium leaching time. After 56 days of calcium leaching, the bulk density of the
sample leached in the Z direction was still higher than the samples leached in the X and Y direction.
As for AMF10FAL10, the bulk density of samples leached in the X and Y direction was equal to or less
than that in the Z direction at 28 days of calcium leaching. After 56 days of calcium leaching, the bulk
density of samples leached in the X and Y direcion was lower than the sample leached in the Z
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direction by 1.9% and 0.5%. Overall, the bulk density of samples leached in the Z direction
significantly differed from those leached in the X and Y directions. This demonstrates the calcium
leaching anisotropy of 3DPC.

Compared to the AMFOFA20, the AMF10FA10 leached both in the X and Y directions and
exhibited a lower calcium leaching speed. This implies that AMF positively affects the calcium
leaching anisotropy of 3DPC.

3.2. Water Absorption

The resistivity of calcium leaching mainly depends on the water absorption of the cementitious
materials. Thus, variation in water absorption is an important parameter for investigating the calcium
leaching behaviors of 3DPC. Figure 8a,b show thewater absorption of all samples after exposure to
ammonium chloride solution for 28 and 56 days. It generally showed an opposite trend as the bulk
density curves illustrated previously. With exposu re, the water absorption increased in all samples
due to the ingress of ammonium chloride. The water absorption of samples leached in the X and Y
directions are similar. However, all samples leached in the Z direction showed significantly lower
water absorption than those leached in the X and Y direction, which is consistent with the bulk
density results.

The AMFOFAZ20 leached in the X direction showed comparable water absorption with respect to
the Y direction. At 28 days of calcium leaching, the water absorption of the samples leached in the X
and Y direction increased by about 14.5% and 12.2% mee than that of leached in the Z direction. At
56 days of calcium leaching, the water absorption of samples leached in the X and Y direction showed
a 24.2% and 20.1% increase, respectively, compared to that of leached in the Z direction. A similar
phenomenon was also observed for AMF10FA10 in Figure 8b. Among all the calcium leaching
directions, the AMF10FA10 leached in the Z direction showed the least increase in water absorption
value under ammonium chloride solution at 28 and 56 days. In addition, compared to AMFOFA20,
AMF10FA10 showed less calcium leaching anisotropy after exposure to ammonium chloride solution
for 28 and 56 days.
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Figure 8. Water absorption of cement pastes as a functon of the calcium leaching duration (samples
cured for 28 days before calcium leaching). (@) AMFOFA20 and (b) AMF10FA10.

3.3. Leaching Depths

Figure 9 shows the leaching depths for the AMFOFA20 and AMF10FA10 after 56 days of
leaching. A leaching depth of 4.6 mm to 5.5 mm is obtained for the samples after 56 days of leaching,
which is much higher than the values previously reported for cast cement pastes [6]. This
phenomenon can be attributed to the higher porosity of 3DPC than cast ones. The AMF10FA10 shows
higher leaching depths in all three directions than AMFOFAZ20, indicating higher leaching resistance
for the AMFOFA20. The reason for this observation could be the pozzolanic effects of FA, resulting in
the generation of C-S-H with a low Ca-Si molar ratio, then densifying the microstructure of mate rials.
In addition, all samples in the Z direction show smal ler leaching depths than in the X and Y direction,
indicating the calcium leaching anisotropy of 3DPC.
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Figure 9. Leaching depths of samplesafter 56 days of leaching.

3.4. Mechanical Anisotropy

The compressive strength test is the usual way to evaluate the mechanical anisotropy of 3D
printed cement pasts exposed in ammonium chloride solution. The compressive strength results of
28 days cured and 28- and 56-days ammonium chloride exposed AMFOFA20 and AMF10FA10 are
given in Figure 10a,b. Compared to reference samples (28 days cured and before ammonium chloride
exposed 3DPC), the compressive strength of all samples leached in the X and Y direction is still
increasing after exposure to an aggressive enviroiment for 28 days. Unreacted clinker, detected in
the samples by XRD analysis (see Figure 11), is omof the main reasons for the increased compressive
strength after 28 days of calcium leaching. The new hydration products filled the pores of samples,
making it more difficult for the ammonium chloride solution to get into them.
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Figure 10. Compressive strength of samples as a function of the calcium leaching duration (samples
cured for 28 days before calcium leaching). (@) AMFOFA20 and (b) AMF10FA10.
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Figure 11. X-ray diffractogram of AMF10FA10 after calcium leaching for 56 days. (i) X direction, (ii)
Y direction, and (iii) Z direction.
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All samples leached in X or Y direction showed the highest compressive strength at 28 days of
calcium leaching. AMFOFAZ20 leached in the X and Y direction are still higher compressive strength
than references even after 56 calcium leaching days. It can be confirmed that the increase in
compressive strength of samples leached in the X direction or Y direction due to the hydration of
cement is higher than that of the decrease in compressive strength due to the erosion of the
ammonium chloride before 28 days of calcium leaching. After that, the compressive strength of the
samples leached in the X direction or Y direction decreases so rapidly that its growth can no longer
compensate for its decrease. As for samples leached in the Z direction, the compressive strength
consistently decreased with calcium leaching duration. Among all the calcium leaching directions,
samples leached in the Z direction showed the least reduction in compressive strength value under
ammonium chloride exposure at 28 and 56 days. It is indicated that the increase in compressive
strength of samples leached in the Z direction due to the hydration of cement is lower than that of
the decrease in compressive strength due to the erosion of the ammonium chloride during calcium
leaching.

In order to get a clear picture of variations in mechanical anisotropy of 3DPC after long-term
exposure to ammonium chloride solution, the mechanical anisotropy coefficients of all samples after
calcium leaching for 28 and 56 days are given in Table 3. The mechanical anisotropy coefficients of
28 days of cured samples before calcium leaching are also listed in this table.

Table 3. Mechanical anisotropy coefficients of 3DPC after calcium leaching for the 28 and 56 days.

. Calcium Leaching Compressive Strength Anisotropy Coefficient
Mixture .
Duration (days) Ix Iy Iz
AMFOFA20 0 0.10 0.09 0.06
AMFOFA20 28 0.27 0.26 0.51
AMFOFA20 56 0.27 0.29 0.56
AMF10FA10 0 0.17 0.10 0.13
AMF10FA10 28 0.28 0.26 0.51
AMF10FA10 56 0.11 0.11 0.17

The first thing that becomes apparent from Table 3 is the samples’ significantly different
mechanical anisotropy coefficients before and after calcium leaching. As shown in this table, Ix, Iv,
and Iz of AMFOFA20 increased due to the ingress ofammonium and chloride ions in the ammonium
chloride solution. Compared to the Ix and Iv of AMFOFAZ20, 1z showed the least value before calcium
leaching. After exposure to ammonium chloride solution f or up to 28 days, all directions showed a
progressive increase in compressive strength aniotropy coefficient. The Z direction showed the
highest compressive strength anisotropy coefficient. Further, during exposure to ammonium
chloride solution, Iz maintained the highest compressive strength anisotropy coefficient for up to 56
days among all the calcium leaching directions. As for AMF10FA10, the Z direction showed a
comparable compressive strength anisotropy coefficient with respect to the X and Y direction before
calcium leaching. After 28 days of calcium leaching, the compressive strength anisotropy coefficient
in the X, Y, and Z direction increased marginally by 64.7%, 160%, and 292.3%, respectively. However,
all three directions showed a decline in compressive strength anisotropy coefficient after 56 days of
exposure.

3.5 XRD Analysis

Figure 11 shows the X-ray diffractogram of AMF10FA10 leached in X, Y, and Z directions after
exposure to the ammonium chloride solution for 56 days. The diffraction spectra analysis in samples
indicated the following mineral compounds: ca Icite (C), quartz (Q), dolomite (D), CsS (alite), CS
(belite), portlandite (CH), and monocarbonate (Mc). The monocarbonate was found since AMF,
mainly composed of calcite, was present in the AMF10FA10. The presence of monocarbonate
indicates a reaction between calcite and aluminum phases in cement [25], which prevents the
conversion of AFt into AFm [26]. Catinaud et al. have reported that the formation of monocarbonate
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is due to the depletion of CH [7]. The diffraction peaks for monocarbonate in all samples are relatively
high, which implies it has high stability in the ammonium chloride solution. The remaining C sS and
C:2S in the samples indicate that the Portland cementis not fully hydrated even after 56 days of
leaching.

The CH peaks during calcium leaching were considered the primary indicator of hydration
product stability in 3DPC in this work. It can be observed that the intensity height for CH located at
the 2-theta angle of 34.07° was relatively low ater exposure, which indicates that the hydration
products in samples were substantially decomposed due to the calcium leaching.

The peaks for AMF10FA10 leached in the X, Y, and Z directions appeared similar. However, the
intensity height for CH at a 2-theta angle of 34.07°in the Z direction is lower by 24.2% and 10.1% than
in the X and Y direction, respectively. It is interesting to note that the results were the opposite of
what we had expected. This phenomenon is alsofound in DTG-TG analysis, as shown in the next
section. In addition, the results in this figure also showed a relatively lower inte nsity height of
monocarbonate in the Z direction than that in the X and Y direction. These observations indicate the
calcium leaching anisotropy of 3DPC in ammonium chloride solution.

3.6. DTG-TG Analysis

DTG-TG curves of 56 days leached AMF10FALO gave details on the mass loss due to the
decomposition of CH, decomposition of C-S-H, and decarbonization of CaCGs, as shown in Figure
12. It is interpreted from the DTG curve that the first endothermal peak at about 80—90 is related to
the dehydration of C-S-H and the second endothermal peak at around 600-700 corresponds with
the decomposition of CaCOs. The typical endothermal peak at approximately 400-500 , which
represents the decomposition of CH, can hardly be observed. This indicates that many hydration
products, particularly CH, have been leached out after 56 days. Furthermore, the TG curves were
almost identical for samples of calcium leached in the X and Y directions. However, the mass loss for
sample calcium leached in the Z direction is lower than that of calcium leached in the other two
directions, suggesting that more hydration products have been leached from the Z direction than the
other two.

Figure 12. DTG-TG curves of AMF10FA10 after calcium leaching for the 56 days.

CH generated by cement hydration is critical for the stability of C-S-H in aggressive water, and
the dissolution of CH is essential for the increase in porosity and the decrease in strength [21]. Figure
13a,b) show the percentage of CH and bound waer content remaining in the AMF10FA10 exposure
to ammonium chloride solution for 56 days, as determined from the TG curves. As shown in these
figures, CH content in samples leached in the Z direction was lower, 8.9% and 17.8%, than in the X
and Y directions. The bound water content in samples leached in the Z direction lowers by 10.0% and
7.1% more than in the X and Y direction. This indicates that the samples leached in the Z direction
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lost more hydration products, such as C-S-H, than those leached in other directions during the
calcium leaching duration. The greater bound water content reduction in the Z direction may be due
to the lower lime concentration at the zone for micr ostructure analysis, as indicated in Figure 5. A
lack of CH content results in the decomposition of C-S-H and is likely a contributing factor to the
reduced compressive strength in Z direction calcium leached at 28 and 56 days. Therefore, the
calcium leaching direction greatly influences the CH and bound water content of 3DPC.

Figure 13. CH contents and bound water contents of AM F10FA10 after calcium leaching for 56 days.

3.7. MIP Analysis

Because of the nature of calcium leaching, pores in 3DPC play a fundamental role in the
transport process of Ca*due to its relatively porous structure. Thus, the characterization of the pores
is necessary to understand the calcium leaching behavior of 3DPC. Table 4 shows the results from
the MIP test conducted after 56 days of calcium leading. The porosity, total pore area, total intrusion
volume, average pore diameter, and median pore diameter are listed for the AMF10FAL10 leached in
the X, Y, and Z directions. Compared to the sample leached in the Z direction, it is visible that the
sample leached in the X and Y direction exhibited alower porosity, total pore area, and total intrusion
volume but a higher average pore diameter and median pore diameter. The reason for the porosity,
pore area, and total intrusion volume of the sample leached in the Z direction to be lower could be
associated with the lower porosity before calcium leaching compared to the other directions. The
increments in average pore diameter and median pore diameter of the sample leached in the Z
direction suggest that more calcium was leached in this direction than in the other two directions.
The increased pore size is related to the dissolution of CH in pores. The reduction of CH content is
also found in XRD and DTG-TG analysis, as discussed in the previous section. In addition, the results
indicate the calcium leaching anisotropy of 3DPC in ammonium chloride solution.

Table 4. Pore structures of AMF10FA10 after calcium leaching for the 56 days.

Item X direction Y di rection Z direction

Porosity (%) 37.74 36.00 31.99

Total pore area (m?/g) 89.42 81.14 64.57
Total intrusion volume (mL/g) 0.295 0.270 0.233

Average pore diameter (nm) 13.20 13.32 14.44
Median pore diameter (nm) 31.98 31.99 36.93

The cumulative intrusion curves of AMF10FA10 after calcium leaching for 56 days are presented
in Figure 14. It shows the relationship between cumulative intrusion and pore diameter in the 1—
100000 nm range. Pores in concrete smaller than 10 nm, 10-50 nm, and greater than 50 nm are
classified as gel, medium, and large capillary pores [27]. The appearance of macro-pores, whose size
is about the capillary pores, is due to the depletion of CH, while the appearance of micropores can be
ascribed to the decalcification of C-S-H [16]. As shown in this figure, the cumulative intrusion curves
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of all samples have the same general shape, andhe initial pore entry diameter is no distinct
difference. However, the total intrusion volume of the sample leached in the Z direction is about 0.233
mL/g, which is lower than 26.6% and 15.9% that of the sample leached in the X and Y direction,
respectively. In addition, it is also observed th at the gel pores and medium capillary pores of the
sample leached in the Z direction are lower than that of the other two directions, while the large
capillary pores larger than 150 nm are higher than that of the other two directions. More hydration
products, such as CH and C-S-H, have been leached from the Z direction than from the other two.
These results also confirmed the XRD and DTG/TGresults showing less residual CH content in the
Z direction than in the other two.

As discussed formerly, the test results of the XRD and DTG-TG analysis supported these
conclusions. Furthermore, the more hydration products are leached, the greater the large capillary
pores and, consequently, a lower compressive strangth. The test results of MIP and compressive
strength also confirmed this phenomenon.

Figure 14. Cumulative intrusion curves of AMF10F A10 after 56 days of calcium leaching.

5. Conclusions

This paper reported the test results of the 3DPC with AMF and FA exposed to NH4CI solution.
The influences of calcium leaching direction on the bulk density, water absorption, and leaching
depths of 3DPC were examined, and the reason for the anisotropic performances was investigated
by XRD, DTG-TG, and MIP analysis. The following conclusions are drawn from this investigation:

(1) The bulk density of 3DPC decreased with the leaching duration, and water absorption increased
with the leaching duration.

(2) The 3DPC displays noteworthy calcium leaching anisotropic behavior in NH 4Cl solution. 3DPC
leached in the X direction shares a similar performance with that in the Y direction. The bulk
density in the Z direction was higher than the X and Y direction, while the water absorption in
the Z direction was lower than the other two directions; the leaching depths in the Z direction
were lower than the X and Y direction; the compressive strength of samples unleached in the Z
direction was higher than the X and Y direction. However, the compressive strength of samples
leached in the Z direction was lower than in the other two directions; the compressive anisotropy
coefficients of all leached samples showed a significantly increased trend.

(3) Hydration products, such as CH and C-S-H, leached from the pore defects, fundamentally
contribute to the performance anisotropy of 3DPC.

(4) XRD analysis showed that the surface layer of 3DPC leached in the Z direction has less CH than
that leached in the X or Y direction. DTG-TG analysis confirmed these results.

(5) The porosity of 3DPC leached in the Z direction is less than that of leached in the X and Y
directions. In contrast, the average and median pore diameter leached in the Z direction is higher
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than in the other two directions. This is the fu ndamental reason for the mechanical anisotropy
of 3DPC after exposure to the NH4CI solution.
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