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ARTICLE INFO ABSTRACT

Keywords: In this research, the main target focuses on accelerating aging tests for the evaluation of durability
Hemp fiber performance on ZrOy-modified fiber-reinforced cement composites. Then, the study focuses on
Composites the comparison between two alkali-resistance behaviors (i.e. alkali hydrolysis and mineralization)
ZrO, modification of unmodified and ZrO»-modified fibers in various controlled alkali solutions. For such purposes,
Durability

the mechanical strengths of the composites under accelerating aging were measured. The thermal
stability of embedded fibers, the evolution of hydration products on the fiber surfaces, and the
interface compatibility were also studied to understand the mechanism behind the potential
enhancement of durability. Besides, the alkali resistance of fibers was investigated by measuring
the tensile strength loss. Results show that the composites reinforced with ZrOy-modified fibers
retain their high mechanical strength, even when subjected to long-term wetting-drying cycles.
Moreover, ZrO; modification can significantly reduce or even prevent the precipitation of por-
tlandite and ettringite on the surfaces of the embedded fibers. According to alkali resistance tests,
fibers with ZrO, film exhibited superior resistance. The results of the durability of NFRCCs under
accelerated aging conditions accelerate their practical application in outdoor building projects.

Mechanical strengths

1. Introduction

Due to their excellent flexural behavior, extensive research has been conducted on fiber-reinforced building composites, such as
fiber-reinforced cement-based composites [1] and fiber-reinforced geopolymer composites [2]. In recent years, there has been a
growing interest in natural fiber-reinforced building composites, particularly in reinforced cement composites [3], driven by global
sustainability demands, cost-effectiveness, and widespread availability.

Currently, natural fiber-reinforced cement composites (NFRCCs) are being actively explored for applications in the civil engi-
neering and building fields (Table 1), specifically for applications in the field of low-cost housing [4-6]. However, the poor durability
of NFRCCs, attributed to the alkaline hydrolysis and the mineralization of the embedded natural fiber, greatly limits their practical
application.

To address this problem, Two strategies have been widely employed to increase long-term durability, namely (1) modification of
the cementitious matrix [12,13] and (2) fiber treatment [14]. The second approach has been widely adopted due to the additional
advantage of optimizing the fiber-matrix interface. Therefore, this study is also focused on fiber treatment. In terms of fiber treatment
used in NFRCCs, there are various methods including thermal treatment [15], alkali treatment [16], and physical-chemical
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impregnation [17,18] among others. Especially, the introduction of functional substances through dipping into natural fibers has been
deemed as an effective and low-cost route to improve the durability of NFRCCs by preventing the attack on NF from the alkaline pore
solution. For example, Canovas et al. [19] enhanced the durability of Portland cement mortars reinforced with sisal fibers by coating
timber extracts (e.g. colophony, tannin, and vegetable oil) onto sisal fibers and the flexural strength results of the composites showed
that mortars reinforced with impregnated fibers exhibited better durability. Bilba and his co-worker [20] used an emulsion of silane to
coat bagasse fibers for reinforcement of cementitious composites, which concluded that 6 % weight of silane is capable of reducing the
water absorption potential of fibers, hence increasing the durability. Although these treatment methods can prolong the durability of
NFRCCs a certain, some new problems such as the high cost and complicated treatments are introduced.

Given that zirconium dioxide (ZrO3) has been successfully applied on glass fibers, which is known as alkali-resistance (AR) glass
fibers, to improve their durability in cement matrix [18,21], several researchers have used zirconium dioxide (ZrO2) on natural fiber
modification to improve the durability of the fiber-reinforced cement composites [21,22], and it was reported that ZrO,-treated yarn
fibers can effectively prolonger the durability of reinforced cement composites at room conditions [18]. However, the durability of
NFRCCs under harsh environments has yet to be performed. In addition, the alkali resistance behaviors (alkali hydrolysis and
mineralization) of ZrO, on natural fiber were not fully unclear.

Hence, the goal of this study is to evaluate the durability of ZrOp-modified fiber-reinforced cement composites under harsh con-
ditions and reveal the related mechanism. In this study, hemp fiber is selected as the research objective considering the overabundant
waste of hemp fibers produced annually in Europe [23]. The ZrO5 sol was employed to modify hemp fibers by dipping method.
Subsequently, hemp fiber-reinforced cement composites (HFRCCs) were obtained by randomly mixing short fibers with cement-based
materials. To assess the durability of the composites under harsh conditions, the mechanical strength of the composites was tested at
different wetting-drying cycles. Meanwhile, to fully understand the mechanism, the property performances of the embedded fibers
were characterized by the thermogravimetric measurement and the element components tests on hydration products of fiber surfaces.
Furthermore, to compare the performance of ZrO; in terms of its resistance to alkali hydrolysis and resistance to mineralization, the
tensile strengths of the fibers exposed in different designed alkali solutions were investigated. The outcomes of this study can provide
the theoretical guidance to accelerate the industrial application of the NFRCCs (HFRCCs) such as pavement blocks and low-cost
housing.

2. Experiments

The durability of HFRCCs under accelerated aging conditions is assessed by analyzing the properties of embedded fibers, the
mechanical strength of entire HFRCCs, and fiber-matrix compatibility, as illustrated in Fig. 1. The alkali resistance behaviors of fibers
under different alkali mediums were compared to further evaluate the fiber surface treatment on the durability of entire composites.

2.1. Raw materials

Technical hemp fibers were supplied by HempFlax Group B.V. (The Netherlands). All the chemical components used for the
pretreatment and the preparation of the ZrO5 Sol like zirconyl chloride octahydrate (ZrOCl,-8H20), Polyethylene glycol (PEG400),
Hydrogen peroxide (30 wt%) and absolute alcohol were purchased from the VWR®, part of Avantor. The commercial ordinary
Portland cement (OPC) CEM I was provided by ENCI B.V, (The Netherlands).

2.2. Methods

2.2.1. Fiber treatment

Prior to the experiment, some long hemp fibers were washed and cut (length = 12 cm) for the single fiber tensile testing, which will
be specifically described in the following section. The remaining shorter fibers were cut (length ~ 2 cm) for the preparation of fiber-
cement composites. Subsequently, these fibers were pretreated with both acetone and diluted alkaline solution to remove the im-
purities on the fiber surface (i.e. pectin, lignin, and hemicellulose). This step was detailed in the previous work.

The method used to prepare the ZrO; sol follows the work of Wang et al. [24]: The ZrO, sol was prepared and aged for 1 day for
coating. The pretreated fibers were completely immersed in the ZrOs sol for 5 min, filtered twice, and dried at 70 °C for 1 day. A ZrO,
layer was formed on the fiber surface. The treatment process is schematically shown in Fig. 2.

Table 1

Summary of the effect of different natural fibers on the flexural strength of NFRCCs.
Natural fibers Fiber content (%) Composite type Flexural strength (MPa) Ref.

Control With fibers

Kenaf fibers 1.0-2.0 % Mortars 5.1-7.5 7.4-11.0 [7]
Jute fibers 1.5 Mortars 4.9 5.7 [8]
Coconut fibers 1.5 Mortars 4.9 6.1 [8]1
Kelp fiber 1.5 Mortars 4.9 6.3 [81
Flax fibers 2.0 Mortars 6.3 7.1-9.5 [9]
Hemp fibers 1.0-3.0 Mortars 5.0 5.1-5.9 [10]
Hemp fibers 1.0 Mortars 6.8 7.5-8.1 [11]
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Fig. 2. Schematic illustration for the process of the pretreatment and ZrO, modification on fibers. (a) Cutting raw fibers. (b) fibers pretreating. (c) Preparing ZrO sol.
(d) fibers immersed and filtered. (e) ZrO, coated on fibers.

2.2.2. Fiber composites preparation

HFRCCs with 2 % (by weight, relative to cement weight) were prepared from original, pretreated, and ZrO,-treated fibers. The
hemp fibers used were around 2 cm in length, and their distribution in the composites was random orientation. The sand-cement ratio
and water-cement ratio used in this work were 3 and 0.5, respectively. The main purpose of sand addition is to ensure the fibers
randomly disperse. In addition to that, the short fibers were also distributed by hand followed by mixing continued at middle speed for
2 min to disperse uniformly. The flowability of all mortars was adjusted and kept around 18 mm using a polycarboxylic ether-based
superplasticizer, which is to avoid the influence of the absorbing water of fiber on the water-cement ratio. The specimens were
demolded after 24 h and kept in a climatic chamber at 20 &+ 2 °C and 50 + 5 % humidity for 28 days.

After that, the mortar specimens were subjected to wetting-drying cycles to accelerate aging. The wetting-drying cycling approach
in our study was adopted based on Ref [25]. In detail, one cycle includes the wetting step (submerged in sealed tap water at room
temperature for 7 days), the drying step (dried in a circulating air environment at 60 °C for 4 days), and the cooling step (cooled down
at room temperature for 3 h). Finally, the investigated specimens were repeatedly exposed to different cycles for the later tests.
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2.3. Alkali resistance test

The deterioration of untreated, pretreated, and ZrO,-treated long fibers exposed to different alkali environments gave important
information concerning the durability of fiber-cement mixture specimens. The degradation of the fibers was measured as strength loss
occurred over time, for different treated fibers under three kinds of environments: fibers stored in water; fibers stored in a saturated
solution of calcium hydroxide of pH 12.6; and fibers stored in a solution of sodium hydroxide of pH 12.6. These fibers were stored in
small containers with tap water or chemical solutions for up to 90 days, as is shown in Fig. 3. The container was covered and the pH of
the solutions was checked at regular intervals; solutions that had not retained the initial pH value were replaced. In addition,
considering the security risk of the Lab room, the fog equipment is turned on and set for 6 h every day. After different storing days, the
fibers were dried in the oven at 60 °C for 24 h and then tensile tested.

2.4. Characterization

The effect of fiber modification was characterized by a Zeiss optical microscope and a Phenom pro-X scanning electron microscopy
(SEM). The thermogravimetric analysis (TGA, NETZSCH STA 449 F1) was performed on both unembedded fibers and the extracted
fibers from the cementitious matrix to evaluate the thermal behavior of these fiber samples. The temperature was set between 50 °C
and 700 °C and the environment was in a nitrogen flow of 100 mL/min at a heating rate of 20 °C/min. The isothermal calorimeter
(TAM air, Thermometric) is employed to study the interfacial compatibility between the fibers and the cement. In the sample prep-
aration, we thoroughly shook and mixed the fibers and dried powders homogeneously. This was done to ensure the uniform dispersion
of fibers in the fresh slurry, all while shortening the stirring time after adding water to enhance the accuracy of the tested results. The
compressive strength and flexural strength of NFRCCs in this work were conducted following EN 196-1 [26]. The tests were repeated
three times. Besides, the tensile strength of long fibers was determined using the EZ 20 Lloyd Instrument (AMETEK) testing machine
with a maximum capacity of 100 N. The load was applied at a constant rate of about 0.2 mm/min. The tests were carried out after 0, 12
d, 30 d, and 90 d of immersion in the two solutions or the water. For each test, three different treated fiber samples (untreated,
pretreated, and ZrO,-treated) were prepared, with the tests being replicated ten times.

3. Results
3.1. Fiber surface modification

The fibers, subjected to various treatments including untreated, only pretreatment, and both pretreatment and ZrO, coating,
exhibit distinct differences in both colors and surface morphology, as illustrated in Fig. 4.

In Fig. 4(a), optical and corresponding SEM images of raw hemp fibers are presented. The fiber surface is observed to have a dark
yellow color, attributed to non-cellulosic substances such as pectin and lignin, as confirmed by IR-spectroscopy [27]. Meanwhile, a
smooth surface was observed from the corresponding SEM image. After the alkali-acetone pretreatment, the color of the fiber surface
became brighter, more microfibril fibers appeared and the surface became rough relief as illustrated in Fig. 4(b). These phenomena can
be explained by the removal of some non-cellulosic substances under the pretreatment process. To be more specific, some impurities (i.
e. wax and pectin) of fiber surfaces were removed by the acetone extraction procedure [28]. Furthermore, sodium hydroxide was
employed to remove the other impurities (i.e. lignin, pectin, and hemicellulose) in the first layer of the fiber cell wall [29]. In addition,
the rough surface of the pre-treated fiber is more beneficial for the physical attachment of following ZrOs. As seen in Fig. 4 (c), a unique
modified layer of ZrO, was coated on the pre-treated fibers which could resist the alkaline attack and degradation from the cement
matrix [30]. Also, the surface became quite rough, which could benefit the increase of the interface bonding between fibers and the
cement matrix [31].

3.2. Effect of ZrO, modification on the properties of embedded fibers

To better understand the actual degradation evolution of different treated hemp fibers embedded in the cementitious matrix
throughout normal curing time and accelerated aging, thermogravimetric analysis (TGA) was performed on embedded fibers, and
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Fig. 3. Schematic illustration for different treated fibers processed in three types of environments: NaOH solution, saturation Ca(OH), solution, and water.
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Fig. 4. Surface morphology of fibers with different treatments (a) Raw, (b) Pre-treated, and (c¢) ZrO2-modified.

energy dispersive spectrometry (EDS) was performed on the hydration products precipitated on the embedded fibers surface.

3.2.1. Thermal stability analysis of embedded fibers

Thermogravimetric analysis was carried out to investigate the degradation of embedded hemp fibers caused by a mortar matrix
throughout 28 d curing, not including the part wetting/drying cycles. This is because the embedded fibers due to the mineralized
degradation, are stuck on the cementitious matrix and are difficult to separate.

Fig. 5 shows TG and DTG plots for the investigated degradation of fiber components under nitrogen atmospheres. TG Several
distinct thermal degradations are observed on the DTG cures of the fibers: (1) the slight peak between 100 and 180 °C represented a
loss of free water and combined water which comes from fibers structure and/or cement hydration products (C-S-H and ettringite). (2)
a sharp peak was observed between 250 and 370 °C which corresponds to the degradation of hemicellulose and lignin, followed by
cellulose [32,33]. (3) an evident shoulder observed around 400-550 °C for the embedded fibers in the cementitious matrix might be
due to the decomposition of portlandite from the cement hydration products [34]. (4) Finally, the peak of about 650 °C corresponds to
the residue decomposition of calcium carbonate residues on the extracted fiber surface.

Interestingly, prior to embedding, a small shoulder peak of the pre-treated fiber and the ZrO,-modified fiber both occur at around
440 °C shown in Fig. 5(a). This is because this peak is the shoulder peak of cellulose degradation caused by the removal of the
hemicellulose and extractives and then the improvement of the cellulose crystallinity index. The behavior is consistent with the DTG
measurement of Almeida Melo Filho et al. [35]. In addition, the strong narrow peak of the ZrO, modified fibers non-embedded in
cement matrix around 180-210 °C is observed. This is due to the removal of structural water molecules existing on the insulator
zirconia, corresponding to M — OH bonding [36,37].

Based on the literature [18], a slightly small peak between 220 and 300 °C, which is associated with the degradation of hemi-
cellulose, is observed in the DTG curves although the peak is not evident. It can also be seen from TG curves that pre-treated fibers have
low mass loss no matter if embedded in the cement matrix. It is well known that the semi-crystalline cellulose components have better
thermal stability than amorphous hemicellulose. After raw hemp fibers are alkali extracted, the semi-crystalline cellulose amount
achieves a higher percentage of total components. Therefore, the pretreated step before fiber modification is quite necessary to
improve thermal stability. More importantly, the embedded raw fibers have the highest rate of cellulose degradation at 3 and 7 days of
aging, but aging to 28 days the embedded ZrOs-modified fibers present the highest degradation rate. This indicates that the ZrO,
modification delays its cellulose decomposition which implies the ZrO,-modified fiber has better alkali resistance when subjected to
the cementitious environment.
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Fig. 5. Mass loss curves and DTG curves (b) of different treated fibers (R, Raw fibers; P, Pretreated fibers; Z, ZrO,-modified fibers) before and after being subjected to
different aging stages in cement mortars: (a) 0 d, (b) 3 d, (c) 7 d, and (d) 28 d.

Table 2 presents the change in thermal temperature representing the maximum rate of cellulose decomposition under different
treatments and curing ages. After the initial 3 days of embedding in the cementitious matrix, the major shift to lower temperature of the
DTG peaks occurred in both raw and pre-treated fibers, and a small shift for the ZrO,-modified fibers. This indicates that cellulose is
prone to undergo major degradation without the thermal insulation protection of ZrO, film. Subsequently, a considerable reduction in
the DTG peak temperature of the pre-treated fibers at 28 days of embedded in the cement mortars. However, for the ZrO, modified
fibers, the DTG peak at 7 days curing appears to keep the same level as the 3 days curing and then slightly shift to a lower temperature
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Table 2
DTG peaks the temperature of cellulose of non-embedded/embedded hemp fibers under different curing stages.

DTG peak temperature (°C)

Before 3 days 7 days 28 days
Raw 332 326 324 320
Pre-treated 336 328 328 316
ZrOy-modified 338 332 332 330

at 28 days (330 °C). In general, a decrease in the peak temperature of cellulose was obtained for raw (3.6 %), pre-treated (6.0 %), and
ZrOy-modified fibers (2.3 %) during the 28 days of curing. This small peak shift suggests the ZrO, film acts as a thermal insulator
protection to mitigate or even avoid the rapid degradation of cellulose. Also, the lower peak of DTG presented in the pre-treated fibers
can be explained by the fact that cellulosic microfibrils’ direct exposure to the cementitious alkali environment after the removal of
extractives and hemicellulose, leading to the easy mineralization of surface microfibrils and then the decrease in the crystallinity
degree of cellulose [18].

3.2.2. Hydration products analysis on the embedded fiber surface

To better understand the underlying effect of different treated fiber surfaces on cement hydration products, and assess their alkaline
resistance, EDS analyses were conducted on the surface of embedded fibers to investigate any changes in the chemical composition
before and after the wetting-drying cycling.

The effective element ratios of the materials were determined by two lines in Fig. 6 (a), Fig. 7 (a), Fig. 8 (a), Fig. 10 (a), and Fig. 11
(a). Results indicate that the dominant phases present on all fiber surfaces are typical of cement hydration products: CH, C-S-H, and
AFm/AFt phase. The Al/Si ratio of C-S-H was determined by the slope of a dash-dot line, which is drawn through the points with the
lowest Al/Ca ratio and represents mixed analyses of portlandite and C-S-H without AFm or ettringite. The solid line was drawn from
the AFm element point (0, 0.5) and through the upper bound of the distribution of the Al/Ca atomic ratio. The range of Ca/Si ratios of
C-S-H was roughly represented by the interior zone with dense bulk data points along the two lines. The discrete points with much
lower Si/Ca ratio or higher Al/Ca ratio are due to deviations of EDS spectra caused by the pores, or thin C-S-H which is not sufficiently
thick to minimize the contribution of adjacent phases [38].

From the below EDS, the Si/Ca in C-S-H was determined to be 0.56 + 0.03 both before and after wetting-drying cycling. The
determined ratio decreases within the range of previously reported data [39]. Richardson investigated that some Al*3 was substituted
for Si™* in the C-S-H. In addition, according to the linear relationship formula developed by Richardson and Groves, as is shown in Eq.
(1) [40], a theoretical Al/Ca trace composition was estimated to be in the range from 0.04 to 0.06 based on the Si/Ca found in this
work.

Si R
—=0.4444+225— 1
Ca + Ca O

Where R is mainly Al (minor amount of Fe)

Bonen and Diamond [41] observed that the mean Al/Ca and S/Ca ratios were in the range from 0.034 to 0.066 and 0.037-0.06,
respectively, and in C-S-H with Si/Ca approximately 0.43-0.48. Therefore, in this study, before wetting-drying cycling, Al/Ca and
S/Ca were determined to be C-S-(A)-H phase and other phases like ettringite or monosulfate in the cement hydration products.
3.2.2.1. Prior to wetting/drying cycles. As seen in Fig. 6 (a), the Al/Ca and Si/Ca ratios of the hydration products precipitated on the
ZrOy-modified fiber surface are higher than the remaining two fibers after 3 days of curing. This appears to indicate that higher levels
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Fig. 6. Average Al/Ca versus Si/Ca molar ratios (a) and average Al/Ca versus S/Ca ratios (b) after 3 d curing, respectively.
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of the AFm/AFt phase and lower levels of portlandite are attached to the embedded fiber surface under the ZrO, modification. The
calculated Ca/Si and Al/Si ratios of C-S-H on the ZrOp-modified fiber surface are 2.65 + 0.32 and 0.16, respectively, and the mean
value of Ca/(Si + Al) is 2.28. Meanwhile, among the three treated fibers, the ZrO, treatment increased the relative amount of C-S-H
phase precipitated on the fiber surfaces, as indicated by a relatively higher Si/Ca ratio. As for Fig. 6 (b), it appears that the major pots
were concerned below the line of CH + ettringite mightly since the sulfate is loosely absorbed within the C-S-H. Furthermore, a
relatively higher amount of CH appears on the embedded raw fiber and pre-treated fiber surface. This implies that these two embedded
fibers are more easily attacked by the alkaline ions or mineralized by the portlandite from cement hydration products.

Based on the observation of Fig. 7 (a), there is no distinct difference in the Al/Ca and Si/Ca ratios for each type of fiber surface, only
a slightly lower level of Al/Ca ratio in the embedded pre-treated fiber surface at 7 days of curing. The calculated Ca/Si and Al/Si ratios
of C-S-H in all fiber surfaces are 3.17 + 0.47 and 0.17, respectively. That means that the value of Ca/(Si + Al) is 2.71, which increases
from 2.28 at 3 days due to the development of cement hydration. In addition, ettringite intermixed with more portlandite apparently
precipitated on the pre-treated fiber surface, as indicated by the relatively lower Al/Ca and S/Ca ratios in Fig. 7 (b).

Asseen in Fig. 7 (a), the range of Si/Ca ratio of C-S-H on the fiber surfaces at 28 d is similar to that at 7 days of curing, but the Al/Si
ratio was increased up to 0.22. The calculated mean value of Ca/(Si + Al) is 2.60. That means, more SiO4 tetrahedrons of C-S(A)-H was
replaced by AlO4 tetrahedroa as the cement hydration developed. Besides, the S/Ca ratio range at 28 d is slightly higher than that at 7
days as illustrated in Fig. 8 (b). It is possibly related to the release of sulfate-containing liquid absorbed from the cement matrix, in the
cavity of the embedded hemp fibers.

Fig. 9 illustrates the alkali content on the different treated fiber surfaces embedded in the cementitious matrix. The results obtained
show that the major portion of Si/Ca ratio data focuses on below the value 0.5 and all K/Ca ratios are lower than 0.6 in both 7 d and 28
d of curing. As seen in Fig. 9 (a), all ZrOy-modified fiber data fell on or around the K/Ca Y-axis with the lowest Si/Ca ratio while most
pretreated fiber data distributed on the Si/Ca X-axis with a relatively higher Si/Ca ratio. This was probably related to the ion exchange
due to the ionic species like ZrO%* or Zr*t existing in an alkali environment [42,43]. As also explained in Ref. [44] and Ref. [45], the
alkali ions can be absorbed by the C-S-H gel. Thus, the C-S-H phase precipitated on the surface of the ZrO,-modified fiber mainly
exists in the formation of non-expansive C-K-S-H. At 28 d of curing, there was little difference in the Si/Ca ratio among the three
fibers, but the K/Ca ratio in the raw fiber and pre-treated fiber almost fell to zero (Fig. 9 (b)). The reason for this phenomenon possibly
is that the fiber surface without the barrier of ZrOs film is prone to absorb the K ions into the fiber lumen, especially for the pre-treated
fibers, resulting in the K element not being detected by the EDS technique.

To summarize, during 28 d, the mineralization of the embedded pre-treated fiber is more serious compared to the other two
embedded fibers. The hydration products precipitated on the pre-treated fiber surface are mainly portlandite intermixed with
ettringite with increasing curing time. Whereas the hydration products on the surface of ZrOs-modified fiber are mainly C-S-H phases,
which exist in the form of non-expansive C-K-S-H.
3.2.2.2. After wetting/drying cycles. After 3 wetting-drying cycles, the embedded ZrO,-modified fiber surface showed a significantly
superior Al/Ca ratio and Si/Ca ratio (Fig. 10 (a)), and a lower S/Ca ratio (Fig. 10 (b)) compared to the other two fiber cases. This
indicates that after ZrO, modification the production deposited on the embedded fiber surface mainly exists in the form of the alumina-
rich phase (e.g., monosulfate). In general, the calculated Ca/Si ratio and Al/Si ratio of C-S-H on the fiber surfaces are 1.95 + 0.22 and
0.11, respectively, and the mean value of Ca/(Si + Al) is 1.76, which notably decreased compared to those values prior to cycling. This
could be possibly related to the transverting of more Ca sources into portlandite and calcite due to the curing under harsh environments
(high temperature and cold water)

Up to 5 cycles, it can be evidently seen in Fig. 11 that the data of the embedded raw fibers are in the highest zone regarding both Al/
Caratio and S/Ca but the relatively lower Si/Ca ratio. This phenomenon implies that more ettringite and C-S(A)-H phases in which the
SiO4 tetrahedrons of C-S(A)-H were replaced by AlO4 tetrahedrons, precipitated on the raw fiber surfaces. Compared to the raw
fibers, both the pretreated fibers and ZrO,-modified fibers have a relatively higher Si/Ca ratio as illustrated in Fig. 11 (a). This indicates
that the SiO4 tetrahedrons of C-S-H were little or even not substituted by Al04™ tetrahedrons for both fiber surfaces. In addition, the
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Fig. 11. Average Al/Ca versus Si/Ca molar ratios (a) and Average Al/Ca versus S/Ca (b) after 5 cycles, respectively.

lowest Al/Ca ratio and S/Ca ratio in Fig. 11 (b) indicates that more amount of portlandite or calcite and C-S-H phases exist on the pre-
treated fiber surfaces. The phenomenon that increased the Al/Ca ratio and S/Ca ratio after ZrO, modification compared to the pre-
treated fibers probably could be less amount of Ca existing on the phases on the fiber surfaces due to the alkali resistance of ZrO,.

As a result, during wetting-drying cycles, the more ettringite and amorphous C-S(A)-H phases precipitated on the embedded raw
fiber. Moreover, many SiO4 tetrahedrons in C-S-H are substituted by Al04" tetrahedrons. However, the pre-treated fibers still retain a
significant amount of portlandite or calcite, along with partial C-S-H phases on their surface. In the case of ZrO,-modified fibers, after
the initial 3 cycles, predominant alumina-rich phases like monosulfate exist on their surface. Subsequently, as the wetting/drying
continues, the less-Ca-contained phases precipitate on the fiber surface compared to the other embedded fibers. The resistance to alkali
ions is attributed to the presence of the ZrOs film.

3.3. Effect of ZrO2 modification on the durability of the composites

3.3.1. Mechanical strength of the composites

The mechanical strengths of HFRCCs are the most important criterion to assess the durability of the composites. Therefore, the
compressive strength and flexural strength of the mortar composites reinforced with different treated fibers, after various curing days
and wetting-drying cycles were investigated and the results were illustrated in Fig. 12.

It was evidently seen that the compressive strength (Fig. 12 (a)) and flexural strength (Fig. 12 (b)) increase with increasing curing
time before the wetting-drying cycle. In addition, it is worth mentioning that the mortar composites reinforced with the fibers that
underwent the pretreatment process (pretreated fibers and ZrOp-modified fibers) have a somewhat higher flexural strength and
compressive strength than the composites reinforced with raw fiber. This is possibly related to the difference in fiber stiffness with or
without the pretreatment. The pretreatment can improve fiber flexibility, thus benefiting the flexural strength increase of the com-
posites [46]. Meanwhile, this can result in more readily mechanical interlocking between the fiber and the matrix due to the rougher
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Fig. 12. Compressive strength (a) and flexural strength (b) of the mortar composites reinforced with hemp fibers, in which C-R, The mortar composites reinforced
with raw hemp fibers; C-P, the mortar composites reinforced with pre-treated hemp fibers; C-Z, the mortar composites reinforced with ZrO2-modified hemp fibers.
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surface, leading to sufficient compaction at high loading [47,48]. Further, the mortars reinforced with ZrO,-modified fibers retain
significantly higher mechanical strengths compared to those mortars reinforced with raw fiber or pre-treated fibers. That means
ZrOp-modified fibers can effectively improve the durability of their cement-based composites. This could be related to the interface
compatibility between the fiber and the cement matrix, which will be discussed in the following section. As seen in Fig. 12 (a), the
compressive strengths of C-R and C-P increased within the 28-d normal curing, followed by a considerable decrease during the
wetting-drying cycles, a 16.3 % decrease for C-R and a 27.8 % decrease for C-P, respectively. However, for C-Z, the compressive
strength continuously increased to 62.1 MPa until the third wetting-drying cycle and then only slightly reduced at the fifth cycle. It can
be explained that the ZrOy-modified fibers embedded into the cement matrix can provide an alkali-resistance film from the attack from
the alkali cement hydration products as explained above. In terms of flexural strength shown in Fig. 12 (b), a similar trend, an increase
within 28-d curing but a decrease in the period of the wetting-drying cycles, is observed for all the investigated composites. However,
the degree of the trend is different, which is associated with fiber treatments. C-Z has an obvious increase in flexural strength within the
initial 28-d curing and a slower reduction in the period of accelerated aging compared to C-R and C-P. By contrast, a sharp decrease in
the initial three wetting-drying cycles was observed for C-P, which is attributed to the mineralization of the embedded pre-treated
fibers, which has been explained in the section on thermal stability. Similar results are also reported in the literature [18]. There-
fore, the ZrO, modification would be a quite potential approach to improve the durability of the NFRCCs.

3.3.2. Compatibility analysis of the composites

The interfacial bonding between fiber and cementitious matrix can directly influence the durability and mechanical strength of
HFRCCs. Thus, in this work, it is necessary to evaluate the effect of ZrO, modification on the interface compatibility between the fibers
and the cement matrix. According to the literature [49-51], hydration heat characteristics were widely used to assess the compatibility
with cement for biomass fibers. The cross-compatibility index (CX) proposed by Sorin et al. [51] was employed as the compatibility
indicator of HFRCCs in this study., as seen below in Eq. (2). In addition, to help understand Eq. (2), the typical heat hydration curves
were introduced from our previous study (Fig. 13).

HR,,, Hy s 4lma

max

CX =

Where HR o = maximum heat rate of HFRCCs (mW/g); HR’ g, = maximum heat rate of neat cement paste (mW/g); H3 5.24 = total
heat (the area under heat rate curve) released by HFRCCs in 3.5-24 h interval (J/g); H'3.5.24 = total heat (the area under heat rate
curve) released by neat cement paste in 3.5-24 h interval (J/g); tmax = time to reach maximum heat rate of HFRCCs (h); t’jax = time to
reach maximum heat rate of neat cement composite (h).

Table 3 presents the level of compatibility of the HFRCCs with different fibers (raw fiber, pre-treated fibers, and ZrO»-modified
fibers). According to the literature [51], three compatibility levels are divided: incompatibility level when the CX value is < 40,
moderate compatibility level when the CX value is between 40 and 80, and compatibility level when the CX value is > 80. It was seen
that all HFRCCs have high compatibility index values, which exceed 90 %. This can be attributed to the fact that hemp fibers have a
relatively small amount of non-cellulosic substances (i.e. pectin, wax, and lignin) in comparison with other biomass fibers [52], which
means less inhibition of the cement hydration. In comparison with C-R, both C-P and C-Z have relatively higher compatibility levels,
which could be related to the removal of some extractives and sugars. Furthermore, for the case of C-Z with the highest compatibility
level, there are several possible reasons associated with the synthesized ZrO, deposited on the fiber surface. Firstly, the ZrO, has a
certain catalyze capacity which might accelerate the cement hydration reaction [30]; secondly, the fiber surface after ZrO, modifi-
cation becomes quite rough (Fig. 4), which could benefit the mechanical interlocking of the interface in the composites [53] and
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Fig. 13. Heat flow versus time for a neat cement paste (dashed curve) and a typical hemp fiber-cement (solid curve) which is depicted from the previous study.
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Table 3
The cross-compatibility indexes of hemp fiber-reinforced cement composites.

Hemp fiber-reinforced cement composites

C-R C-P C-Z

Cross compatibility indexes (CX) 90.1 % 94.2 % 99.8 %

increase the compatibility. Finally, the retardation effect on cement hydration reaction might be mitigated by the synthesized ZrO,
layer that could prevent the fiber sugars components from directly contacting the cement matrix. Hence, the main conclusion is that
ZrO2 modification can benefit the compatibility increase between the fiber and cement matrix.

3.4. Alkali resistance behaviors of ZrOgz: alkali hydrolysis and mineralization

To compare the alkali resistance behaviors (alkaline hydrolysis and mineralization) of different treated fibers particularly ZrO»-
modified fibers, the strength stability of the fibers immersed in different alkaline mediums was studied. The following results will
describe the peak tensile strength of different treated fibers immersed in different liquid environments (Water, NaOH solution, and
saturation Ca(OH), solution) as a function of the days. In this research, the pH value (pH = 12.5) in the NaOH solution was kept the
same value as that in the saturation Ca(OH), solution to compare the alkali hydrolysis of the fibers (from attacking of hydroxide ions)
[54] with the fiber mineralization caused by Ca(OH), [55]. Besides, to minimize the influence of the water content of fibers on their
tensile strength, the investigated fibers should be dried at 60 °C before the test every time according to Ref. [56]. Three different
treated long fibers were used as investigated objects: raw fibers, pretreated fibers, and ZrOs-modified fibers.

Fig. 14 shows the tensile strength of different treated fibers under various conditions. Before fogging, the an increase in the peak
tensile strength after the pretreatment (acetone treatment and alkali treatment) compared to that of raw fibers (126.9 + 4.3 MPa). This
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Fig. 14. Comparison of the peak tensile strength of untreated and treated hemp fibers (raw, pre-treated, and ZrO2-treated) before (0 days) and after being immersed in
the water (a), NaOH solution (b), and saturation Ca(OH); (c) and for 12, 30 and 90 days.
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was because the pretreatment process makes the fiber more flexible and softer by removing some non-cellulosic compounds. This result
was also consistent with the literature [57,58]. However, a slight reduction (5 %) in the tensile strength after the ZrO, modification in
comparison with that of pre-treated fibers. It is reasonably assumed that ZrO, particles attached to the fiber surface would restrict the
movement of microfibril when the fiber is tensile, which is also confirmed by the SEM observation. Similar results are found in
Ref. [59].

As expected, only a small decrease in tensile strength as the increase of the days was observed for the ZrOj-modified fibers
regardless of immersion in any medium (Fig. 14). In the water fogging environment depicted in Fig. 14 (a), the gradual decrease in the
tensile peak of three different treated fibers may be related to microbiological action [60]. Meanwhile, the decreasing trend in
ZrOp-modified fibers is no remark compared to the other two fibers, which is attributed to the antibacterial property of synthesized
ZrOy [61].

As seen in Fig. 14 (b) and Table 4, the pre-treated fibers experienced the most serious deterioration in the sodium hydroxide so-
lution and decreased down to 76.8 % of their initial strength after 90 days, whereas the fibers after ZrO, modification had the slowest
drop in tensile strength (27.3 %). Interestingly, it was observed that the peak tensile strength of raw fibers seems to be increased at the
initial 3 days of storing in the alkali mediums. The reason is due to the removal of non-cellulosic substances from the fiber surface,
which has already been mentioned above. In the case of the saturation calcium hydroxide environment (Fig. 14 (c)), the fiber
degradation suffers more severely than that in the sodium hydroxide solution, reflected by the data of tensile strength downtrend. It is
well-known that saturation Ca(OH), additionally leads to fiber mineralization [62] except for the alkali hydrolysis, thus providing a
more aggressive environment for the fiber. In comparison between the NaOH solution medium and saturation Ca(OH)3 medium, it was
clearly seen that the decrease in tensile strength caused by only the mineralization was not considerable compared to the alkali hy-
drolysis. In addition, it was observed that after 90 days raw and pre-treated fibers retained, respectively, 70.2 % and 87.6 % of their
original strength which have been lost completely after 200 days. The flexibility of the air-dried fibers could be pulled apart fairly
easily by finger force. For the ZrO,-modified fibers, the loss of the original tensile strength of fibers was relatively less (retaining 65.1
%). Therefore, ZrO2 modification not only could provide better alkali resistance behaviors (alkaline hydrolysis and mineralization).

4. Discussion

Durability tests on ZrO, modified fiber reinforced cement composites under accelerated aging conditions are an innovative
measurement previously not focused on in the literature. Mechanical strength tests of the composites reinforced with different treated
fibers (C-R, C-P, and C-Z) were conducted to evaluate their durability comparison. The mechanical strength behaviors of the com-
posites can be well supported by the alkali resistance performances of embedded fibers and their compatibility with the cement matrix.
In addition, the tensile strength measurement of different treated fibers (raw, pretreated, and ZrO,-modified) in various controlled
alkali solutions was carried out to compare alkali resistance behaviors: hydrolysis and mineralization. The results revealed the higher
strengths of C-Z compared to C-R and C-P. It is caused by the presence of ZrO, which not only can prevent the degradation of fibers but
also improve the interface compatibility between the fiber and the cement matrix. On the pre-treated fiber surface, according to EDS
data, much portlandite and ettringite were observed which are prone to mineralization fibers, while the C-S-H phase is the main
product precipitated on the ZrO,-modified fiber which facilitates the interface adhesion (Fig. 15). Furthermore, the ZrO, modification
exhibits greater resistance to the degradation caused by the alkali hydrolysis compared to the fiber mineralization.

The analyzed literature did not conduct the durability test on ZrO,-modified reinforced cement composites under accelerated aging
conditions. Boulos et al. [30] tested the mechanical strength of the composites reinforced with different treated fabrics within 90 days
under normal conditions. The strength results of ZrOs-treated fabric-reinforced cement composites were higher than untreated and
pre-treated specimens. Nevertheless, the literature confirmed the alkali resistance effect of ZrO,-treated fabrics and good interfacial
adhesion to the matrix.

The literature [18,30] demonstrated that the use of ZrO, can effectively reduce the degradation of natural fibers in cementitious
materials by its resistance behaviors. However, without comparing the resistance of ZrO, to alkali hydrolysis and mineralization, it is
difficult to fundamentally explain the alkali resistance behaviors in the cement matrix.

In some literature [60,63,64], the comparison of alkali hydrolysis resistance and the mineralization resistance of natural fibers was
determined based on their strength loss immersing into the NaOH and Ca(OH); solutions, respectively. The results show the strength
loss of fibers in the Ca(OH); solution is more severe than that in the NaOH solution. This is mainly attributed to the crystallization of
lime in the fiber lumen, voids, and walls in addition to alkaline hydrolysis. As expected, the above deliberations prove the alkaline
resistance comparisons of the unmodified fibers in this study (Table 3). However, there is no statement about the alkaline resistance
comparisons of the ZrOp-modified fibers. In light of this, the tensile strength measurement of the ZrO2-modified fibers after immersing
in various alkali mediums, was carried out in this work. When the ZrO,-modified fibers suffered in the NaOH solution, the OH™ attack
from the solution was effectively inhibited by forming a stable hydrated layer on the fiber surface due to the presence of ZrO, [65]. On
the other hand, when exposed to Ca(OH); solution, the strength loss of three fibers only caused by the mineralization was smaller than
that caused by the alkali hydrolysis. This is because the fiber mineralization resulted from only Ca(OH); here, rather than the complex
cement hydration products (Ca(OH),, ettringite, and monosulfate) [62]. It is worth noting that only considering the strength loss
caused by the mineralization, the degradation of ZrO,-modified fibers is smaller compared to those of the other two treated fibers. This
could be related to the formed ZrO, hydrated layer with selective permeability which is a certain resistance to the migration of (OH-,
Ca2+, and Ca(OH)s,) to the inner structure of the fibers, meaning the mitigated degradation process. Therefore, ZrO5 modification not
only could provide better resistance to alkali hydrolysis of fibers but also a certain extent alleviate the fiber mineralization.

In this study, an innovative fogging setup is designed to compare the alkali resistance behaviors mentioned above. If the modified/
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Table 4
Strength loss of different treated fibers suffering in various alkali mediums after 90 d.
Water NaOH Ca(OH),
Strength loss (%) Raw 30.0 55.3 70.2
Pre-treated 48.7 76.8 87.6
ZrO, modified 15.6 27.3 34.9
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Fig. 15. The schematic of cement hydration products precipitated on the surfaces of unmodified and modified fibers.

coated fibers were long-term immersed in the solutions, the modified/coated layer would be prone to be detached, affecting the
experimental accuracy. Therefore, the common experimental setup (directly immersed fibers into various alkali solutions) used in the
literature [60,63,64], is not suitable for modified/coated fibers. On the other hand, the fogging solution in the setup of this work avoids
the problem of the peel-off of modified/coated layers from the fiber surfaces.

To sum up, ZrO,-modified fibers reinforced cement composites, even under accelerated aging conditions, could efficiently improve
durability due to their high alkali resistance performances and good interfacial adhesion to cement matrix. The use of NFRCCs is a good
alternative to the high-carbon footprint production of traditional mortar/concrete materials, offering environmental and economic
advantages. The results of this study can accelerate the practical application of NFRCCs, in particular in outdoor environments.

In this study, the feasibility of using ZrO, modification to enhance the durability of the composites under wetting-drying cycles was
proven. However, the correlation between this accelerating aging and practical weather environment requires further study.

5. Conclusion

This work aimed to investigate the durability of hemp fiber (raw, pretreated, and ZrO,-modified) reinforced cement composites
under accelerating aging conditions. Relevant mechanical properties and micro-analyses of the composites were deeply studied. The
following findings are drawn.

(1) The pretreatment resulted in the decoloration of hemp fibers from dark brown to yellow mainly due to the removal of the non-
cellulosic substances. Further, the modified fibers presented a white-yellow color and rough surface owing to the existing ZrO,
film.

(2) The pretreatment and ZrO, modification of the fibers promoted their thermal stability because of improved cellulose crystal-
linity index after hemicellulose and partial cellulose amorphous area removal, and the presence of insulator ZrO, film.

(3) During the normal curing period, the mineralization of the pre-treated fibers embedded in cement suffers the most severely
evidenced by the much portlandite and ettringite precipitated on their surfaces. Whereas the C-S-H phases are the main
products precipitated on the ZrO,-modified fiber.

(4) Compared to the other two untreated and pretreated-fiber reinforced cement composites, ZrO,-modified fiber-reinforced
cement composites under accelerated aging conditions still maintain the highest mechanical strength. Cross-compatibility
index calculations have proven that the compatibility level is better for the mortars containing ZrO,-modified fibers which
support higher mechanical properties when hemp fibers are within the cement.

(5) The alkali resistance test has demonstrated that alkali hydrolysis results in more significant degradation of fibers compared to
mineralization. Importantly, the ZrO, modification exhibits excellent alkali resistance, regardless of both hydrolysis and
mineralization.

It is necessary to highlight that the ZrO, modification can effectively improve the durability of hemp fiber-reinforced cement
composites even though the composites are cured under harsh environmental conditions and the related alkali resistance mechanism
of ZrO, in the NFRCCs is revealed. We believe that these findings will help guide the practical application of NFRCCs. Nevertheless, it
has to be mentioned that the current study still has some limitations the composites in this study have not yet been conducted into a
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practical application to test and related application cost lacks calculation. Thus, in future research, it is necessary to investigate the
feasibility of the practical application of ZrOz-modified hemp fiber-reinforced cement composites and expand the range of target
natural fibers to increase the widespread application of the composites.
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