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Natural fibers-reinforced cement composites have recently attracted more interest due to the trend in the
development of sustainable construction materials. However, the poor fiber-matrix interface compatibility,
which is caused by the swelling-shrinking behavior of hydrophilic natural fiber, negatively affects the mechanical
properties of the composites thereby hindering their practical application. In order to promote interfacial
compatibility, a new fiber surface treatment is needed. A low-cost alkyl ketene dimer (AKD) is adopted in this
work, aiming at replacing the relatively expensive silane agents. This study focuses on fiber surface treatment
and the resulting effects on the interface compatibility and mechanical performances of the composites. The
effect of the fiber modification was characterized by FTIR and water absorption test; The interfacial compatibility
of the composites was evaluated by the compatibility index calculation and SEM observation; A series of strength
properties of the composites were carried out considering the influence of interface compatibility on mechanical
performance. Results show a clear improvement in both interface compatibility and mechanical properties of the
composites when AKD-modified fibers are used as reinforcement. The compressive and flexural strength are
effectively increased up to 53 MPa and 8 MPa, respectively. Moreover, the approach of the low-cost AKD
modification could further be applied to any natural fibers in cementitious composites, allowing cost-

effectiveness in practical applications.

1. Introduction

Fiber-reinforced cement composites have received a lot of attention
in recent decades due to their good flexural performance, which can be
needed in some special applications that require high toughness of the
cement matrix [1]. For example, these composites have the potential to
be applied in river levees [2], bridge decks [3,4], agricultural by-
products like [5,6], columns and beams [3], cladding panels [6], and
roof sheet and siding [7]. It is known that pure cementitious materials
have low ultimate tensile strain, tensile strength, and impact strength,
and can easily crack, although these kinds of materials have good
compressive properties. Thus, adding fibers to the cement matrix is an
effective measure to improve the above drawbacks [8].

Steel fiber [9], carbon fiber [10] and synthetic polymer fibers such as
polypropylene (PP) [11], polyethylene (PE) [12], and polyvinyl alcohol
(PVA) fiber [13] have been studied as reinforcement in cement com-
posites for several decades. In recent years, considering their advantages
in terms of sustainability and cost, natural fibers have also been inves-
tigated as potential reinforcement in the cementitious matrix. However,
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natural fiber-reinforced cement composites have been characterized to
have low durability and poor cement compatibility [14] on account of
the fiber’s degradation [15,16] and mineralization [15,17] under the
alkaline cementitious matrix, as well as the swelling-shrinking behavior
caused by the moisture absorption characteristic [18,19]. In detail, for
the degradation of fiber, lignin, hemicellulose, and part of the cellulose
of natural fibers are hydrolyzed and degraded under the attack of OH™
produced from the cement hydration [20]. At the same time, fiber
mineralization is caused by the deposition of portlandite and calcite on
the natural fiber [21]. In addition, the swelling phenomenon before the
shrinking of natural fiber is explained by the important number of hy-
droxyl groups that existed in the amorphous zone of the fiber [19]. The
above problems have a negative influence on the strength performance
(compressive strength, flexural strength, and toughness capacity) of the
composites; hence the effect of modified fiber-matrix interface on the
strength properties of composites has been focused on and studied these
years.

Many researchers have used different chemicals to modify the fiber
surface to reinforce geopolymer and cement matrices. For example,
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Janne et al. [22] treated abaca fiber with 6 wt% NaOH solution to
reinforce foamed geopolymer composites. The results showed that both
the compressive strength and flexural strength of alkali-treated fiber
composite were increased. Besides that, the appearance of treated fibers
was rougher and more uniform by SEM observations, which could, in
theory, facilitate the fiber-matrix interlocking. Tonoli et al. [23]
investigated the pulp fibers modified with aliphatic isocyanate (AI) to
reinforce a cement matrix. It was observed that the elasticity modulus of
the treated composite was improved whereas the water absorption of
these Al-treated fibers also decreased. Ban et al [24] studied the effect of
bamboo fibers with glycerol and aluminate ester on the properties of
bamboo fiber-reinforced cement mortars. The results showed that the
glycerol modification can increase the flexural strength of the resulting
composites and aluminate ester treatment allowed the composites to
possess optimum properties like impermeability, chloride resistance,
and carbonization. In addition, silane coupling agents are commonly
used to improve the cross-link between the fiber and the matrix in
composites. Bilba and Arsene [25] have reported that silane coating of
fibers has the advantage of improving the fiber-matrix interface and
reducing water absorption. Yet, such treatment does not show long-term
performance as cellulose-O-Si-O-bonds are not stable against hydrolysis
[26,27]. Especially under the alkaline condition of the cement hydration
process, the chemical bond rupture between silanes and cellulose occurs
readily as acids and bases are known to be powerful catalysts for the
hydrolysis of siloxane bonds [28]. In addition to these technical diffi-
culties, the cost of fiber modifying agents also has to be considered
(commonly silane coupling agents, 20-50 €/kg) Therefore, it is urgent to
look for a new and low-cost modifying agent to treat the fibers which can
(1) bind chemically to cellulosic fibers to change the hygroscopic
character of natural fibers; (2) be stable under alkaline conditions; (3) be
economic.

Hydrophobic modification of natural fiber is a common treatment to
resist liquid penetration in papermaking, which is called surface sizing.
low-cost alkyl ketene dimer (AKD, 1-10 €/kg) is a main sizing agent
resulting in enhanced water resistance [29]. Zhang et al [30] investi-
gated the effect of bamboo flour with alkyl ketene dimer (AKD) on the
polyethylene/bamboo flour composites. It was observed that AKD-
modified wood-plastic composites had high water resistance, low
swelling ratio, and excellent mechanical properties. Angin et al [31]
analyzed the chemical and thermal properties of using AKD as a
coupling agent for natural fiber and glass fiber-reinforced poly com-
posites. The results indicated that the crystallinity of the hybrid com-
posites was increased by 18% compared to neat composites. Missoum et
al [32] used AKD to chemically modify nano-fibrillated cellulose (NFC)
and found that AKD modification can increase the mechanical property
of the resulting NFC. Though most researchers are focusing on utilizing
AKD for improving the properties of natural fibers, to our knowledge
none of them has reported AKD-modified fiber used in cementitious
composites. Furthermore, given the alkaline resistance of the embedded
fiber in fiber-reinforced cement composites and its relatively low cost,
AKD seems to be a promising candidate.

In this study, hemp fiber is selected considering tons of waste hemp
produced in Europe [33]. To begin with, fibers were pretreated (acetone
and alkali treatment), then grafting modified with AKD, and finally
mixed in a cementitious matrix to form composites. The main aim of this
work is to explore the effect of hemp fiber’s modification on the inter-
facial compatibility and mechanical performances of the composites. To
be more specific, the interface microstructure, reaction productions of
the cement matrix, and the strength properties of the composites are
analyzed. The presented results provide fundamental insights into the
greatly improved interface bonding performance and enhanced strength

property.
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Table 1
Physical properties of hemp fibers.
Diameter Density Average Aspect Water Young’s
(mm) g/ length ratio absorption modulus
cm”3) (mm) (%) (GPa)
0.25 + 1.34 4.23 8-28 141 20.5
0.08
Table 2
Chemical compositions of hemp fibers (wt. %) [34].
Fiber type Cellulose Lignin Hemicellulose Pectin Wax
Hemp fiber 70.2-74.4 3.7-5.7 17.9-22.4 0.9 0.8

2. Experimental
2.1. Materials

Hemp fiber products (designated”H”) were supplied by HempFlax
(The Netherlands). Before the experiments, hemp fibers were sieved,
washed, and dried because many broken inner stems and fine fibers (<1
cm length) existed. In addition, the chemical compositions of hemp fi-
bers are mainly cellulose, lignin, hemicellulose, waxes, and water-
soluble substances. The detailed physical properties and chemical
components of the hemp fiber are listed in Table 1 and Table 2,
respectively.

The commercial alkyl ketene dimers emulsion was provided by
Kemira (Finland). Commercial ordinary Portland cement (OPC) CEM I
52.5R (Specific surface area 1.34 m?/g) was supplied by ENCI (The
Netherlands). The oxide compositions, phase compositions, and particle
size distribution of the OPC are shown in Table 3 and Fig. 1.

The standard sands with a granulometry of 0/2 were used according
to EN 196-1. The particle size distribution of used sand was shown in
Fig. 2.

2.2. Methods

2.2.1. Fiber treatments

To better modify hemp fiber, pre-treatments were employed on
hemp fiber. Pre-treatment involves two steps: de-waxing, and alkali
treatment [28]. Firstly, the wax was almost entirely taken out of the
fibers (90% of 2-4 mm length, around 125 pm diameter) using ultra-
pure acetone. The fibers were kept in jacketed Erlenmeyer flasks with
boiling acetone for 45 min. Then, the fibers were immersed in 5 wt%
sodium hydroxide solution for 30 mins and immediately washed with
distilled water. To fully neutralize the effect of NaOH, a weak acetic acid
solution was applied to reach the neutral pH. Subsequently, distilled
water was utilized to rinse the fibers. After that, the fibers were dried at
room temperature for 48 h and then in an oven at 70 °C for 8 h.

The fiber modification was carried out using a similar procedure
proposed by H. Zhang et al. [35]. Hemp fibers (H) and hemp fibers after
pretreatment (HP) were impregnated with a 2.4% AKD emulsion for 1.5
h, and then impregnated fibers were filtered by vacuum filtration
equipment. Finally, these modified fibers (HPM) were dried in the oven
at 90 °C for 6 h.

2.2.2. Preparation of fiber-reinforced composites

Hemp fiber-reinforced composites with 1% (by weight relative to
cement weight) of short hemp fibers (0.2 ~ 0.8 cm) were prepared from
the untreated and treated fibers. Firstly, this amount of fiber addition is
determined based on the optimal addition of the literature [36,37].
Secondly, the selection of short fibers in this study is considered: one is a
lot of short fibers are wasted, not applied in the textile industry like long
hemp fibers [38]; the other is to take advantage of easily random
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Table 3
Chemical composition of OPC (wt. %).
Compounds MgO Al,03 Si0y K20 CaO TiOy Fe,03 SO3 In,03 Rest
CEM I 1.48 4.25 17.32 0.5 67.62 0.4 3.26 3.03 1.32 0.82
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Fig. 1. The phase composition (a) and the particle size distribution (b) of OPC.
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Fig. 2. The particle size distribution of the standard sands used.

Table 4

Sample codes of the different treated fiber-cement composites.

Code

Sand/ Water/ Fiber addition Hemp fiber surface
Cement Cement (Wt% of cement) treatment
Control 3 0.5 - -
C-H 3 0.5 1% Not treated
C-HP 3 0.5 1% Pretreated only (de-
waxing and alkaline
treated)
C-HPM 3 0.5 1%

Pretreated and then
modified with AKD
emulsion

dispersion, which plays an effective role in preventing the growth of the
cracks in the composites [39]. In terms of the preparation process, the
fibers were first introduced in the cement and sand, and mixed for 90 s in

2.3.2. Water absorption test (WAT)

Fiber samples were contained in a steel tea bag and then immersed in
distilled water at room temperature. Weight change was recorded by
balance every second by a computer program [35], as is shown in Fig. 3.
Before measurement, all tested samples were put into the oven (40 °C, 6
h) to balance the moisture of the fibers.

2.3.3. Fourier transform infrared spectroscopy (FTIR)

The measurements were performed using a Perkin-Elmer spectrom-
eter with wavenumbers ranging from 4000 to 400 cm'. A total of 4
scans were taken for each fiber sample and corresponding cement
composites powder with a resolution of 1 cm ™. To prepare the samples
for the FTIR test, AKD-modified fibers were first extracted with acetone
to remove the unreacted AKD for 24 h. Then the unmodified and
modified fibers were oven-dried at 65 °C for 48 h. More details in some
cases are described in ref [40].

2.3.4. Scanning electron microscope coupled with energy dispersive(SEM-
EDS)

The surface topography of the fracture surfaces of untreated/treated
fibers and fiber-reinforced cement composites was investigated using
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Fig. 3. Schematic diagram of water absorption.

SEM. The micro-surface analyses were performed on specimens covered
with Au by using a Thermo Fisher Phenom Pro-X microscope under an
accelerating voltage of 15 kV. The chemical composition was identified
using energy dispersive spectrometry (EDS) on different spots to verify
the presence of hydrated cement on the surface of embedded hemp fi-
bers. For a better representation of the elements present, each sample
was chosen to measure in five different embedded fiber regions and an
average of the forty values was obtained.

2.3.5. X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of fiber-reinforced cement
mortars were carried out on ground powder using a Bruker D4 with a Co
tube. The angular range was between 10° and 45° (26). Before milling
into powder for testing, all mortars were cured at ambient temperature
after 7 and 28 days. At specific curing ages, the mortar samples were
crushed and then immersed in isopropanol. Afterward, the powdered
samples were dried in the oven for 24 h at 60 °C to stop the hydration
process of cement.

2.3.6. Mechanical strength test
The compressive strength and flexural strength were carried out

according to EN 196-1 [41]. The three-point bending test was carried
out using the EZ 20 Lloyd Instrument (AMETEK) testing machine by

Impregnation

\, f\

0—C

\0

AKD emulsion

R1—CH=C—CH—R2

AFNOR NF-EN-993-6. All tests were performed using a consistent span
of 100 mm and a deflection rate of 0.1 mm per min. At least 5 specimens
were tested in a three-point bending configuration for each composite
formulation. The value of the load and bending were simultaneously
recorded. As we assume that the material is homogeneous, the normal
stress oxy in a rectangular beam of length 1 between supports is below in
Eq. (1):

OXX =~ —— (€8}

in which F is the applied force, w and h are the width and the height
of the beam, respectively.

Significant differences in strength properties between the groups
were evaluated using Tukey’s HSD test (P < 0.05) in JMP Pro 11 soft-
ware [42]. A new method developed by Barr et al.[43], which is based
on ACI Committee Report 544.2R, was adopted to calculate the tough-
ness index (Iy) of the composites in this work. The reason is that the
traditional method of calculated toughness index could not be applied
with a small percentage of fiber addition which could not provide the
typical load-deflection curve. In order to supplementary evaluate the
toughness capacity, the post-crack energy absorbed, calculating the area
under the load-deflection curve ranging from the post-peak to the end
[36]. In addition, the stiffness deriving from the slope of the linear curve

Drying with 90 °C

N

Fig. 4. The schematic illustration of the grafting reaction between pretreated fibers and AKD.
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Fig. 5. Micro morphology and structure of fibers with different treatments (a) H, (b) HP, and (c) HPM.
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Fig. 6. FTIR curves of H, HP, and HPM.

represents an efficient load transfer process, associated with a good
fiber-matrix interface bonding.

3. Results and discussion
3.1. Analysis of fiber modification

3.1.1. The pretreatment and modification mechanism analyses of hemp
fibers

Previous studies [28,44] showed that the pretreatment of both sole
diluted alkaline solution and a hybrid combination of acetone and
alkaline solution could promote the partial removal of lignin, waxes,
pectin, hemicellulose, and oils on the surface of natural fiber, and leads
to more cellulose OH groups exposed on the fiber surface. It means that
the extra hydroxide ions from the alkaline solution readily react with the
OH groups on the cellulose chains (mechanism in Eq. (2) which facili-
tates further chemical modification.

Cell — OH + NaOH—Cell — O"Na* + H,0 2)

Therefore, in the second step of modification, the pretreated pro-
cedure improves the grafting reaction between the lactone ring of AKD
and free OH™ groups on cellulosic fibers to form a hydrophobic layer on
the fiber surface attributed to a lot of alkyl groups introduced [30,45], as
presented in Fig. 4. In this study, the acetone-alkaline pretreatment and
AKD modification were performed on hemp fibers. And then the mortar
composites reinforced by fibers subjected to different treatments were
obtained and analyzed in terms of interface bond and strength
performance.

3.1.2. Microstructure of fibers with treatments

The change of the fiber surface morphology is the most direct
reflection of treatments. Fig. 5 shows the optical morphology of un-
treated/treated fibers (Zeiss) and related microstructures under SEM.
There are some yellowish substances on the fiber surface presented in
Fig. 5(a), which are lignin and waxy substances based on the analyses of
FTIR. After pretreatment, this layer of yellow substance almost has been
removed, as is presented in Fig. 5(b). Meanwhile, it is observed from the
corresponding SEM picture, the surface of the fiber became rougher on
account of the removal of partial lignin and other impurities [46].

For the modified fibers, a whitish waxy layer is uniquely coated on
the fiber surface which was seen in Fig. 5(c). The micro-level surface of
fibers after impregnating is gotten a little smoother but still rather
rough. These behaviors are in line with the optical measurements within
the CIE Lab system and SEM observation performed by Arminger et al.
[47] on the wood surface sprayed with alkyl ketene dimer dispersion.

3.1.3. FTIR characterization of fiber modification

The FTIR analyses reveal the AKD grafting modification on hemp
fibers. Fig. 6 shows the infrared spectra of untreated/treated fibers.
Plant fibers are primarily composed of three main components: cellu-
lose, lignin, and hemicellulose. In the hemp fibers (H), the peak at
around 3270 cm ™! represents the stretches of O-H bonds from cellulose
and hemicellulose; the O-H bending of absorbed moisture is at 1640
cm!. The peaks around 1026 cm ™' correspond to the C-O of a sec-
ondary alcohol, as well as the stretch at 2915 em ™! is the C-H bond from
—CH,- of cellulose [48]. In addition, the H spectrum shows that 1160
cm ™! and 896 cm-1 represent C-O-C stretching at the p-(1 — 4)-glyco-
sidic linkages in cellulose and hemicellulose [49]. After pretreatment,
almost all peaks become weakened and some peaks disappear, which is
likely due to the removal of impurities from fibers (e.g. lignin, certain
hemicellulose, and wax) [28,44]. For example, the peak at 1239 cm!of
HP is significantly lower than that in the H. The decrease in the peak
intensity represents the reduced C-O stretching of the acetyl group of
lignin [50,51]. In addition, the peak intensity at 3270 cm ™! weakens and
even the peak at 1730 cm 2, corresponding to the C = O stretching of the
acetyl groups, disappears in the HP [50,52]. These indicate the degra-
dation of lignin and hemicellulose on the hemp fiber surface [50].

In terms of AKD-modified fibers (HPM), this curve, in general, is
similar to those of the H and HP but there are still some obvious dif-
ferences between them. This suggests that the modification treatment of
hemp fibers just changes the chemical groups characteristic of the fibers’
surface instead of their structure. The stronger intensity of the sharp
peaks at around 2915 cm ™! and 2849 cm !, representing symmetric and
asymmetric C-H stretching vibrations of —CHy- groups, respectively
[53]; the occurrence of new peaks at 1472 cm ! and 720 cm ™! is related
to C-H scissoring vibration and C-H rock mode [53,54]. These changes
indicate that the molecular structure of the HPM surface contains more
than four CH,. This is since the introduction of long-chain AKD molec-
ular provides more alkyl groups and can give good hydrophobicity [53].
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Fig. 8. Variation of spreading of the cement mortar reinforced with or without
fibers with different treatments.

Here, it is also worth mentioning that the sharp peaks at 1721 cm ™! and

1845 cm ™! stand for the C=C double bond and the G=0 double bond of
the carboxyl group in the AKD lactone ring [45]. Therefore, the above
analysis verified that AKD was successfully grafted on the fiber surface.

3.1.4. Water absorption of fibers with treatments

The effect of hydrophobic modification of fibers is justified by water
absorption measurement. Fig. 7 shows the water absorption curves for
various treated hemp fibers. In general, this result shows that the fibers
absorb water very rapidly at first, and later a saturation level was
attained without any further increase. In fact, this process of absorbing
water, at first, is dependent on both chemical compositions (the hy-
drophilic groups of the fiber surface) and physical structure (the inter-
weaving gaps among fibers, and fiber voids) and short after mainly on
chemistry compositions of fibers (the hydrophilic hydroxyl groups) until
the end.

As the treatment varies the water uptake nature of the fibers also
varies. It is clear that the HP has the highest water absorption rate while
the HPM has the poorest water absorption ability (good hydrophobic
effect). This is due to the fact that the pretreated (alkaline pretreated and
acetone pretreated) makes the more cellulosic hydroxyl groups exposed
on the fiber surface via the removal of lignin and some impurities in the
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Fig. 9. Heat flow versus time for a typical hemp fiber-cement (dashed curve)
and neat-cement (solid curve).

former; however, these hydrophilic groups were replaced with long-
chain alkyl groups after the AKD treated in the latter. Therefore, HPM
has the best water resistance. This result is consistent with previous finds
in the literature [29,45].

3.2. The analysis of fiber-reinforced cement composites

3.2.1. Workability

The flowability plays an important role in the workability of cement
composites, which is reported in Fig. 8. It is clearly shown that fiber-
reinforced mortars have relatively poor flowability (120 mm < flow
value < 150 mm), compared to the reference mortar without fibers
(>160 mm). That could be related to the absorption water of the
embedded fibers [55].

Meanwhile, as it can be noted the hydrophobic modification of AKD
on fibers somewhat increases the workability of fiber-cement compos-
ites (C-HPM > C-H > C-HP) due to the decrease of water demand by the
fibers. To some extent, this behavior further confirms the water ab-
sorption measurement of fibers (Section 4.1.4).

The fiber-reinforced cement composites are then investigated in
terms of compatibility, reaction products, and mechanical strength.

3.2.2. The interfacial compatibility analysis

To directly understand the interfacial bonding of hemp fiber-cement
composites, it is crucial to judge the compatibility by a quantitative
indicator and qualitative characterization. In this study, the cross-
compatibility index (CX) method proposed by Sorin et al. [56] in Eq.
(3), was employed to evaluate the compatibility between hemp fiber and
cement matrix. Besides, in order to interpret Eq. (3), a typical heat hy-
dration curve is given in Fig. 9.

o [HRoxHy5 24100 ©)
HR,, Hy s sylma

max

CX =

In which HR;;qx = maximum heat rate of hemp fiber-cement com-
posite (mW/g); HR ;o = maximum heat rate of neat cement paste

Table 5
The cross-compatibility indexes of hemp fiber-reinforced cement composites.

Hemp fiber-reinforced cement composites

C-H C-HP C-HPM

Cross compatibility indexes (CX) 95.9% 97.3% 99.5%
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Fig. 10. Interface area of fiber-reinforced cement composites (a) C-H and (b) C-HP, applied zoom indicates the location of cement hydration products, and (c¢) C-HPM

(d) Extracted HPM.

(mW/g); Hs3 5.24 = total heat (the area under heat rate curve) released by
hemp fiber-cement composite 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
hemp fiber-cement composite (h); t'max = time to reach maximum heat
rate of hemp fiber-cement composite (h).

Table 5 presents the level of compatibility of the cement composites
reinforced with different treated hemp fibers. The hemp fiber-reinforced
cement composites exhibit high compatibility index values (above
95.0%), indicating good compatibility between hemp fibers and cement
matrix. This could be attributed to the lower content of organic ex-
tractives in hemp fibers, resulting in a less inhibitory degree of cement
hydration when compared to other plant fibers [57,58]. Among hemp
fiber-reinforced cement composites, C-HP and C-HPM have better
compatibility levels after 28-day curing. This is associated with the fi-
bers’ pretreatment which removes those cement-hardening inhibitory
components (some sugars and extractives) which from the hemp fiber
surface. Further, C-HPM has the best compatibility level due to the
presence of AKD grafted on the fiber surface. This modification layer
hinders the capture of Ca?* present in the cement solution by cellulose
fibers, benefiting the nucleation of Ca(OH); and C-S-H gel and then
mitigating the retarding degree of cement hydration [59]. Therefore, the
main conclusion is that AKD modification has a positive influence on the
compatibility between hemp fiber and cement matrix.

Apart from that, the microstructure and appearance of fiber-cement
composites are important for characterizing the interface link situation
between the fiber and cement matrix. Results are shown in Fig. 10,
different interactions occur between hemp fibers and cement matrics. In
all cases, C-HPM (Fig. 10(c)) reveals the tightest gaps between the fiber
and the cement matrix indicating the strongest interfacial adhesion. This
behavior is in accordance with the compatibility index calculation
mentioned above. However, as for the C-H (Fig. 10(a)) and C-HP (Fig. 10
(b)), the gaps between the fibers and the cement matrix are visibly

wider. This is due to the shrinking behavior after swelling of embedded
H and HP, which leads to debonding of the fiber-matrix interface.
Especially for C-HP, the degree caused by the shrinking of fiber cells
after moisture loss is very significant on account of the higher water
absorption rate after the pretreatment leading to increased swelling. On
the other hand, AKD modification can reduce this swelling-shrinking
behavior of the fiber by improving the hydrophobic property. Thus, C-
HPM has the best interface bonding.

Regarding the surface appearance of the embedded fibers, Fig. 10(d)
shows that the HP surface has the largest amount of attached cement
hydration products, whereas the surface of HPM has a few hydration
products. The amount of hydration products on the H surface is between
those of HP and HPM. Therefore, the amount of hydration products on
the different fiber surfaces is closely associated with the physiochemical
properties of their surfaces. In fact, the cement hydration products
deposited on the fiber surface are a process of heterogeneous nucleation
and growth. The extent of this process depends on the fiber substrate
properties. To be more specific, the low free energy (both the wetting
surface and the rough surface) of the fiber substrate facilitates the het-
erogeneous nucleation and growth of the cement hydration products
[60,61]. Among the three fibers, HP with the roughest and most
wettable surface has the most hydration products. Compared with H and
HP, HPM has the most hydrophobic and relatively smooth surface;
thereby, the cement hydration products are rarely deposited on the
surface of HPM. The chemical components of hydration products on the
fiber surfaces would be discussed below.

3.2.3. The analysis of the reaction products

To further clearly clarify the interface reaction products, the surface
products of the embedded fibers were analyzed through EDS. Based on
the elements of cement hydration products like C-S(A)-H, portlandite
(CH), and ettringite, the atomic ratios of several elements with respect to
calcium are investigated and shown in Fig. 11.
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Fig. 11. Al/Ca versus Si/Ca (a), Al/Ca versus S/Ca (b), and K + Na/Ca (c) atomic ratios of hydration products deposited on the surface of the embedded fiber.

As seen in Fig. 11(a), the Al/Si molar ratio (0.11) of the hydration
products on the HPM surface is lower than those of H (0.21) and HP
(0.16), respectively, indicating that less amount of SiO4 tetrahedrons
was replaced with AlOj tetrahedrons in the amorphous C-S(A)-H
deposited on the HPM surface. It was well known that Si-O-Si bonds
were stronger than Si-O-Al bonds in terms of the C-S(A)-H [62]. This also
assistant confirms the strong interface bond in the C-HPM. Besides, most
data points of HP are concentrated near zero point and on the X-axis (Si/
Ca), which means more portlandite was precipitated on the surface of
HP, which agrees with the literature [63-65]. In Fig. 11(b), the
embedded-H data is along the theoretical composition line representing
the mix of CH and ettringite, which is average higher than the data
distribution of the embedded-HPM. In detail, the range of the S/Ca ratio
is similar between both but in terms of the Al/Ca ratio, the data range of
the embedded H is higher than that of the embedded HPM. This suggests
the composite of CH and ettringite, perhaps more ettringites, on the
embedded HPM surface. As regards the alkali content ratio in Fig. 11(c),
it can be seen that the data plots of the K + Na/Ca ratio of the embedded-
HPM (above approx. 0.40) exceed those of the embedded-H (0.18-0.38)
and the embedded-HP (0.06-0.21). This reason for this phenomenon
most likely lies in the fact that the hydrophobic characteristic of the
HPM surface hinders the alkali ions from entering into the fiber’s inner
lumen by reducing the swelling capacity, hence more alkali ions stay on
the fiber surface. Another potential reason is that the increased forma-
tion of the C-S-H phase (as discussed earlier) on the HPM surface en-
hances the adsorption of alkalis such as K" and Na™, thereby reducing
their leaching [66]. The surface of the embedded H has the second-
highest K + Na/Ca ratio maybe since the extractives (i.e., pectin and
wax) of the H surface ascribed to the untreatment also have a certain

hydrophobicity, playing a similar behavior to the HPM. On the hand, the
embedded HP facilitates the entry of alkali ions into the fiber structure
due to its high water absorption capacity, resulting in less amount of
these ions attached to the fiber surface.

To further investigate the impact of different fiber treatments on the
hydration products of cement matrices, XRD and FTIR analyses were
also carried out in this study. Fig. 12 displays the phase compositions of
different samples after 7 and 28 days of curing. In general, all peaks still
occur at the same positions irrespective of fiber treatments and the
curing time (Fig. 12(a) and (b)). That means, fiber treatments in this
study cannot cause the formation of new cement hydration products,
which is mainly because the fiber components and chemistry AKD mo-
lecular are not involved with the cement hydration reactions. In addi-
tion, the intensity of two peaks, representing portlandite and calcite or
C-S-H, become obviously stronger due to the cement hydration. It is also
interesting to note that no distinct peaks for the embedded fibers were
identified. This could be due to the small percentage of fibers compared
to cementitious materials.

Another, Fig. 13 depicts the FTIR curves of the fiber-cement com-
posites at different curing stages. In the present experiment, the major
vibration bands are identified for cement hydration products. To be
more specific, at the 7 days curing stage as is shown in Fig. 13(a-d), the
band at 3645 cm ™! is due to the OH band from Ca(OH); [67]. Whereas
the band at around 3405 cm™!, representing hydrogen-bonded OH
species, is very wide and weak. To explain this phenomenon, one reason
possibly is that the distance forming the hydrogen bonds could be not
met as the network of C-S-H gel is relatively loose during 7-day curing.
Another possible reason is most OH is presented in the form of free water
involved in the early hydration reaction of cement. The band centering
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Fig. 12. XRD curves of the cement composites reinforced with or without fibers after curing 7 days (a) & 28 days (b), respectively.

at about 1652 em ™! is caused by the bending vibration (V3) of irregu-
larly bound water [68,69]. Fig. 13(c) shows the carbonate bands,
1420-1480 cm’l, which arise from the reactions of atmospheric CO5
with calcium hydroxide [70,71]. The sulfate absorption bands (S-O
stretching bands) are assigned at 1097 cm™! and 1151 cm ™, respec-
tively [71]. For the Si-O from the cement, Si-O asymmetric stretching
vibration (V3) of silicate, Si-O out-of-plane bending vibration (V4) of
silicate, and Si-O in-plane bending vibration (V) of silicate centered at
925, 522, and 452 cm’l, respectively. These bands assignments are in
good agreement with those studies in the literature [72,73]. Moreover,
the presence of the bands located at 776 cm™* and 692 cm ™! is due to the
quartz of sand [74,75].

At the curing stage of 28 days, the band at approximately 3400 cm
is obviously stronger than that of 7 days of curing in Fig. 13(a’). The
hydrogen bonds formed are probably from the interface of the
embedded fibers and the cementitious matrix since the interface dis-
tance is closer as the cement hydration develops. Also, the shifting
characteristics of the absorption peaks in the range 1650-1660 cm !

representing the irregularly bound water (Fig. 13(b’)) are influenced by
the hydrophobic treatment of fiber with AKD. For other main peaks, the
peaks with the carbonate bands become stronger (Fig. 13(c’)) while
those peaks corresponding to the S-O (sulfate) presented in Fig. 13(d")
are relatively weaker in comparison with the curves of 7 days. The
reason for this phenomenon most likely lies in the fact that as the cement
hydration proceeds, more calcium carbonate is produced and the sulfate
is consumed, respectively [76]. Therefore, the main conclusion is that
the fiber treatments have a certain impact on the hydration products
deposited on their surfaces but little influence on the hydration of the
cement matrix.

3.2.4. Mechanical properties of fiber-reinforced composites

Strength performance is an important reflection of the compatibility
of fiber-reinforced cement composites. The results of the mechanical
strength of the samples are displayed in Fig. 14 and summarized in
Table 6.

In Fig. 14(a) and (b), almost all fiber-reinforced cement composites
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Fig. 13. FTIR curves of the cement composites reinforced with or without fibers after 7 days (a-d) & 28 days (a’-d’).

are better than the control at all ages (7 days and 28 days) when hemp
fibers at 1.0% by weight of cement weight are mixed into mortars. This
may be due to the filling effect of the embedded fibers in the matrix [79].
Similar results have further been reported by other researchers [80,81]:
Balasubramanian et al. [80] suggested that the addition of fibers by a
dosage of 1.5% could show an increase in compressive strength as
compared to conventional concrete. By contrast, the compressive
strength of the C-H is slightly lower than that of the control sample at all
curing ages. This can be due to the retarding effects caused by
hemicellulose-type polysaccharides of hemp fiber, which overtakes its
filling effect. Compared to the C-H statistically, C-HP shows significantly
higher strength performance. This is related to the pretreatment of
embedded fibers which can not only decrease the air-entraining effect
[82], which is reflected by the density results but also reduce the
delaying effect due to some polysaccharides [83]. Regarding the effect of
decreased air entraining, this is due to the fiber pretreatment which
leads to the destruction of the surface structure of fibers, thus allowing
water to penetrate and displace air that may have been trapped in the
voids or lumen structures of the fibers. Finally, this displacement con-
tributes to reducing the overall entrapped air content in the composites.
Moreover, it has to mention that the C-HPM in this study has the highest
strength properties in all fiber-reinforced cement composites statisti-
cally. This could be justified because of the best interface compatibility
between the fiber and the matrix (as discussed in sections 4.2.2 and
4.2.3). Interestingly, it can be seen that control samples at 3 and 28 days
of curing do not present ideal strength performance. The reason for this
phenomenon is unclear but could be attributed to high air humidity that
increases the underlying water-cement ratio. This results in a little
negative impact on mechanical strength development. In addition, such
phenomenon of low expected strength was also found in the previous
study [84].

As shown in Fig. 14(c), C-HPM exhibits the highest strength incre-
ment, about 33.84% in compressive strength and approximately 28.23%
in flexural strength from 7 to 28 days of curing, among all specimens.
This can be attributed to the fact that both the AKD modification reduces
the swelling-shrinking capacity of fibers and the pretreatment densifies
the microstructure of the cement matrix [82,85]. While in the same

period, the increment of C-HP is the lowest in compressive strength and
flexural strength, which are 10.52% and 10.18%, respectively. In fact,
this phenomenon is caused by the characteristic of high water absorp-
tion of HP, resulting in the higher swelling-shrinking degree of the
embedded fibers and then poor compatibility between the fiber and the
cement matrix. The results in Fig. 14(d) indicate that in previous studies
the flexural strength improvement of the natural fiber-reinforced
cement composites is quite limited even though the addition of fiber
content increases. However, the flexural strength in this work (the
addition of 1 wt% of cement) is relatively higher due to the swelling-
resistant behavior. This increases the potential of hemp fiber-
reinforced cement composites applied in the construction field.

The response curves can be evidently described by identifying two
domains shown in Fig. 15. The first linear region represents the un-
cracked stage, and the second region is identified by the development of
cement matrix crack (non-linear response is magnified in Fig. 15(b)),
fiber pull-out process, and cracked stage, in which crack pattern is
completely developed up to failure [36]. The non-linear range is quite
limited, which is attributed to the small dosage of fiber in the compos-
ites. In general, all cement composites reinforced by hemp fibers show
higher peak response and longer displacement compared to the control
specimen without fiber addition. Interestingly, C-HP has the highest
peak response and longest displacement elongation at 7 days but cured
to 28 days is quite low or short in both, just slightly above that of the
control in terms of the peak. The reason for this phenomenon most likely
lies in the fact that the mechanical interlock is formed between the
rough surface of HP and the cement matrix at the early curing time;
whereas the high swelling and shrinkage behaviors of HP take re-
sponsibility for this as time goes by.

In addition, combined with the results of the toughness index and
post-crack energy absorbed in Table 6, the fiber-reinforced cement
composites have an increase in both toughness and ductility compared
to the plain. Indeed, hemp fibers not only improve the resistance to
micro-crack initiation but also bridge the macro-cracks of the cement
matrix, thereby delaying the fatigue-crack propagation of composites
and increasing the toughness capacity. It is also noted that the C-HPM
exhibits the highest stiffness, which is approximately 65% and 12%
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higher than that of the C-H at 7 days and 28 days, respectively. This
indicates that the interface bonding between HPM and the cement ma-
trix promotes efficient transfer under loading (from the cement matrix to

Table 6
Physical and mechanical properties of the fiber-reinforced cement composites.

Control Hemp fiber reinforced composites o the fibers). This analysis is also confirmed by SEM observation and the
wt% of binders) relevant compatibility calculation mentioned above.
C-H C-HP C-HPM
Density (Kg/m"3) 7d 2007+ 1979+ 2053+ 2031+ 4. Conclusion
3.4 5.3 5.5 10.9
28 2180 + 2095 + 2177 £ 2237 + In this study, the interface compatibility and mechanical properties
c ive strength gd ;;39 N 2'5160 N 12':9 N 2'9284 N of the hemp fiber-cement composites were improved by different
ompressive stren, . . . . . . .
(MPa) 1.23 174 116 118 treatments of the fiber surface. Optical microscope, SEM, FTIR and WAT
28 4461 + 42.63 + 47.07 + 53.32 + were used to characterize the fibers.
d 1.41 1.74 1.06 1.08 In terms of the composites, the CX calculation and SEM were
;‘llcrem"int (%) . o éigli‘:/“ 291;5;/0 éo;zzi/o 23;‘3;41‘:/" employed to evaluate the interface compatibility; Both the EDS test of
trengt . . . . . o
‘EXMu;:) streng 0.40 0.33 018 0.32 the embedded fiber surface and the XRD and FTIR characterization of
28 678+ 771 4 7.47 + 813 + the composites were used to study the cement reaction products; The
d 0.15 0.24 0.21 0.36 mechanical strength, toughness index and stiffness of the composites
Increment (%) 21.51% 25.98% 10.18% 28.23% were also tested. Based on the results obtained in this work, the con-
Post-crack energ 7d - 96.22 169.89 107.87 clusions are summarized as follows:
absorbed (10™2J) 28 - 114.41 82.89 140.98
d
Toughness Index(I,) 7d 1 1.06 1.14 1.09 (1) The alkali and acetone pretreatments enhance the roughness of
28 1 1.07 1.08 1.16 the fiber surface but also led to an increase in the water absorp-
Stiffness (KKN/mm) 3 4 750 696 012 1146 tion capacity, which could be related to the removal of lignin and
tiffness mm, . . . . . aps . .
28 1117 12,48 11.88 13.95 some extractives. However, after AKD modification, the fiber

d became quite hydrophobic thanks to the presence of alkyl groups.
(2) The CX index calculation and SEM observation show that after
pretreatment and AKD treatment, the interface compatibility of
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the composites is effectively improved. Therefore, reducing the
swelling-shrinking capacity of the fiber is an effective way to
strengthen the interface bonding.

Compared with H and HP, less amount of cement hydration
products were deposited on the HPM surface. Due to the hydro-
phobic property (low free energy), the HPM can effectively
reduce the heterogeneous nucleation and growth of hydration
products on its surface. Furthermore, the portlandite precipitated
on the HPM surface accounts for the lower percentage of cement
hydration products according to the results of EDS.

There are no significant differences in the hydration products of
the cement matrix in the three different composites, indicating
that AKD is not involved with cement hydration reaction, a good
candidate agent of fiber modification.

The characterization of the mechanical properties showed an
increase in the strength performance, toughness capacity, and
stiffness for the cement composites reinforced with hemp fibers,
especially for the AKD-modified fibers. Thus, this is also a
response to the better interface bonding between HPM and the
cement matrix.

(3)

(€))

6]

From these results, it can be concluded that AKD-modified could
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effectively improve the mechanical properties by strengthening the
interface bonding, and be probable in the practical application of the
building field.
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