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The addition of hexagonal boron nitride (h-BN) has introduced a comprehensive 

reinforcing effect to the mechanical and electrochemical properties of commercial 

concrete, including fiber reinforced concrete (FRC) and steel fiber reinforced concrete 

(SFRC). Although this has been proven effective and applicable, further investigation 

and study is still required to optimize the strengthen result which will involve the 

exfoliation of h-BN into single-layered nano sheet, improving the degree of dispersion 

and dispersion uniformity of h-BN into concrete matrix. There is currently no direct 

method to test the degree of dispersion of non-conductive particles, including h-BN, in 

concrete matrix, therefore it is necessary to obtain an analogous quantification method 

like SEM, etc. 

The reinforcing mechanism on concrete, including FRC and SFRC is now 

attracting a great number of interest thanks to the huge potential of application and 

vast demand across the world. This study briefly describes the reinforcing mechanism 

brought by h-BN. In this study, different samples under varied conditions were prepared 

according to the addition of h-BN and dispersant to build a parallel comparison. 

Characterization is mainly focused on their mechanical properties, corrosive performance 

and SEM analysis of the cross-section of post-failure samples.  
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CHAPTER 1

INTRODUCTION

1.1. Background and Literature Review

Concrete, as one of the most extensively used construction materials, is always at-

tracting a large number of attractions. However, due to the structure of concrete matrix,

it is necessary to note the drawback brought by its brittleness and the fact that is is infe-

rior in tensile strength and shear capacity [1][2][3]. In order to persuade higher mechanical

performance, specifically, compressive strength, contemporary concrete is in general more

brittle but less durable and flexible compared to the concrete in the first half of 20th cen-

tury [4].Therefore, it is necessary to conduct reinforcement to the concrete with one or more

strengthening phase. Books [5] and papers [6] have discussed the reinforcement of concrete

using different materials including carbon, boron, aramid, etc. and their composites in order

to achieve an improved performance with high-strength, high-stiffness, low-cost and low-

weight. Specifically, the fiber-reinforced concrete (FRC) and steel fiber-reinforced concrete

(SFRC) have been attracting an increasing number of attractions thanks to their feasibility

and the variability brought by the different reinforcement methods and accesses [7], and it

has been under the highlight ever since the concept of FRC and SFRC was produced in the

early 1960s by Romualdi [8]. Steel fiber, being the most extensively utilized reinforcement of

concrete, has been revealed the following strengthening mechanism of hooked at both ends

and with varied shape modification to improve the bonding between the concrete matrix and

fiber (Fig. 1).

Another effect to the concrete matrix brought by fibers is the cracking pattern [10]

and the propagation mechanism [11]. Accredited to the refinement of fibers, long-path macro

cracks are shrinked into fiber-confined micro cracks [12], which is higher in dense. According

to the fundamental knowledge in materials science, cracks with higher dense and shorter

length will dramatically barrier the propagation and formation of crack itself, and will resist

the additional formation of displacement, interior void and imperfection. The effect brought
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by reinforcing fiber is discussed later with tests and the results in both micro and macro

scale. Generally, it is favored to utilize fibers into the concrete matrix to form a compre-

hensive strengthened phase. Fig. 2 depicts a crack pattern comparison between untreated

concrete and FRC when subject to the same level of torsion.

During the last 2 decades, more advancement has been made to the concrete, and

one of the most highlighted species is high performance concrete (HPC) [13]. Terminolog-

ical speaking, HPC refers to a category of concretes that contain relatively low amount of

synthetic strengthening fibers (2.5-3 vol.%) which is short and randomly dispersed into the

matrix, but yield a very high performance when combining with high amount of Portland

cement, conventional binders and superplasticizers.

Figure 1.1. Types of deformed steel fibers used in SFRC [9]

Figure 1.2. Comparison of crack pattern between untreated concrete and

FRC when subject to torsion
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As an example [14], ultra-high-strength concrete (UHSC, which was first introduced

in France during early 1990s has been commercially available and being in service since the

dawning of 21st century. This kind of material is a combination of Portland cement, fine

sand, silica fume, high-range water-reducing admixture (HRWR), strengthening fibers, and

water. The average compressive strength for the commercialized UHSC, named Ductal by

Lafarge lies in the range of 100-200MPa, and it has been extensively used in bridge, pave-

ment and other load-bearing structure. Fig. 3 shows the comparison of stress-displacement

profile of Ductal and ordinary concretes.

Bringing back to the critical topic of this study, another important category of FRC,

which is categorized as nano-fiber reinforced concrete (NFRC). The one to attract most

interest is carbon fiber reinforced concrete (CFRC) accredited to its superior flexural strength

and toughness, plus the excelled electrical conductivity. These features enable NFRC to be

applicable in the monitoring of health condition of pavement and construction structure

due to its self-sending capability brought by its very high voltage sensitivity [16]. Different

from the conventional sensing method, including piezoelectric material sensing, optic sensing

and electrical resistance strain gauges [17] [18] [19] which can only feature localized point

monitoring, CFRC will form internal electrical field network as well as the piezoelectric merits

which enable the specimen to determine the alternation of in-situ mechanical property. The

carbon fibers used in CFRC are mainly nanosized carbon tubes, which is also known as

Figure 1.3. Load-displacement profile of Ductal and ordinary concrete [15]
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carbon nanotubes (CNTs) which have an approximated dimension of 1-20 nm in diameter

and 0.25-5 m in length. In this study, the most attractive characteristic of CNTs is its ultra

high Young’s modulus (which can be as high as 1.8 TPa) that is much more superior in

strength compare to most of the reinforcement materials used in concrete [20]. CFRC is

also preferred in numerous critical construction sites because of the excellent resistance to

the ambiance corrosive factor including ion attack and wind-accelerated aging and its higher

durability compare to the SFRC [21].

However, due to the structural nature of pipe-like CNTs, the disadvantages of CNTs

are also very obvious in the reinforcement of concrete. Multiple articles [22][23][24] have

described the poor solubility and difficulty of dispersing CNTs into solution. Damage will

also be introduced to the CNTs during the attempt of dispersion [23]. Moreover, the addition

of multiple dispersion component towards CNTs might also impact the original property of

the concrete matrix, especially the acidic treatment [16].

1.2. Concept of Hexagonal Boron Nitride and the Potential as Alternative Reinforcement

Material

Another concern about CNTs in reinforced concrete is the relatively high cost and

the synthesis difficulty when preparing. To reduce the cost of preparing CNTs, it is required

to take extra action in preparation which will introduce extra cost and procedures [25].

Therefore, a low-cost, easy to disperse alternative is currently in great demand. Boron Ni-

tride (BN), which exists in both 1-dimensional (BN nanotubes) [26] and 2-dimensional (BN

nanosheets) [27] forms, are sharing similarities in both structure and property with CNTs,

are coming into the review of researchers. The properties and reinforcement performance

have been attract a number of studies accredited to the distinct differences from the very

similar ”twin” system, CNTs and carbon nanosheets (CNSs) [28].

Although BN has a very similar nanoatomic structure with CNTs [29], their proper-

ties are varied in several aspects. The electrical insulting property, reflected by its bandgap

between 5-6 eV [30], makes it possible to serve as an insulating material which is demanded
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in many specific areas. This has already been commercialized by Henze in Germany. Fur-

thermore, BN displays profound stability in extreme chemical and thermal conditions while

remaining almost the same degree of thermal conductivity and mechanical properties [31][26].

Ultrathin hexagonal BN (h-BN) nanosheets, as a recently-developed component, is

also a promising reinforcement material to many composites [32] because of its outstanding

Young’s Modulus, which can be higher than 1 TPa. This application potential have been

reported in the reinforcement of several polymer composites that resulted in a significant im-

provement to the original mechanical performance. For instance, C. Zhi et al. have reported

that by adding ∼0.3 wt% of BN nanosheets, the elastic modulus and strength of polymethyl

methacrylate (PMMA) has increased by 22% and 11%, respectively [33]. Therefore, the

potential of adding h-BN into concrete matrix to test its reinforcement effect on mechanical

and corrosive performance have come to the highlight of this study.

Boron nitride is an isoelectric ceramic material with CNTs [34], which exists in two

2-dimensional forms most: h-BN and cubic boron nitride (c-BN). As stated previously, it

has preeminent strength and Young’s modulus, as well as excellent resistance to thermal

shock and corrosive attack [35] in simulated marine solution. This makes it possible to be

utilized in more aspects including breakwater, offshore oil platform and undersea construc-

tion. Other advantages of h-BN include its lubricity and resistance to external wear, which

enables its reinforcement of the wear resistance.

Previous work [36] have already reported the fabrication and characterization of h-BN

reinforced concrete components and validated that with the addition of h-BN nanosheets,

the toughness of concrete sample has dramatically improved by approximately 200%, the

compressive strength has increased by 64%. However, despite all these merits bought by the

addition of h-BN, similar synthesis difficulties still remain even switched from CNTs. First,

to obtain a optimized reinforcement effect, uniform dispersion of h-BN into concrete matrix

is required. The abovementioned work [36] has employed ultrasonication and ball-milling

technique, which will disassemble the nanostructure, while the sole treatment of ultrasonica-

tion cannot provide a desired degree of dispersion due to the hydrophobic property of h-BN
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[37]. Therefore, start from the industrialization potential, it is critical to develop an alterna-

tive h-BN prepare process as well as reinforcement method that combines accessibility, high

performance, environmental friendliness and low cost.

Therefore, the purpose of this study is to provide an alternative method to reinforce

concrete using h-BN and to obtain a high comprehensive performance of concrete with mini-

mized degradation, environmental hazard and reasonable budget. A series of challenges need

to be resolved in order to achieve this goal.

Similar with the issue of CNTs, one key obstacle is to disperse h-BN nanosheets uni-

formly into the concrete matrix. Kusunose et al. [38] reported that when added 20 vol%

of ball-milled h-BN, the strength, Young’s modulus, hardness of the ceramic matrix will

decrease by 16%, 26% and 35%, respectively. Therefore it is predictable that the procedure

of ball-milling will introduce a drastic degradation and trade-off towards the reinforcement

effect of h-BN. In addition, the treatment will also expand the entire duration of manufacture

depends on the manufacture condition and requirement.

To research an alternative dispersion method, Y. Lin et al. [39] reported water solu-

ble h-BN nanosheets by direct sonication in N,N-dimenthylformamide (DMF) with octade-

cylamine (ODA) as functional molecule. According to their results, a satisfying dispersion

result has been reported and the h-BN nanosheets have been converted into water soluble.

This method provides an approach to improve the disperse effect of h-BN nanosheets by

exfoliating the stacked raw h-BN into monolayered or a few layered nanosheets. Despite this

promising result, the chemical components (DMF) employed in this experiment has been

proven carcinogenic to human [40] and the treatment duration (4-6 days pretreatment) and

temperature (160-180◦C) lacks feasibility for large scale application. The other functional

molecules used in the similar exfoliation procedures, for example, polyethylene glycol (PEG)

has potential dangerous when being processed due to its relatively low flash point (as low as

183◦C). Therefore, it is still required to locate a non-toxic, feasible and low cost dispersion

treatment for h-BN.

An alternative method is to uniformly disperse the h-BN nanosheets into aqueous so-
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lution by using surfactant, for instance, water solution, for directly use in the manufacturing

of concrete. Theoretically, h-BN nanosheets can be broken into very thin, single-layered or

multiple-layered platelets that against re-aggregation due to the surfactant coating formed in

the treatment. Thus it is important to locate a qualifying surfactant and the corresponding

treatment procedures.

The first component came into our review is superplasticizer, one of the indispens-

able components used in the manufacturing of concrete. E. Sakai et al. [41] reported the

mechanism of dispersion of comb-type superplasticizer, stated that the dispersion force has

been increased and high dispersibility was observed with the addition of superplasticizer. It

is a very attractive report for the industrial application of h-BN, given that each component

can be easily accessed and no additional additives, with only the manufacturing procedure

need to be slightly altered.

R. J. Smith et al. [42] reported another large-scale exfoliation method for materials

that have high exfoliation or surface energy. In their work, transition metal dichalocogenides,

which have a much higher surface energy, were exfoliated in an aqueous surfactant solution

containing sodium cholate and obtained a stable solution. Sodium cholate is an ionic surfac-

tant which is preferred due to its ability to dramatically increase van der Waals force formed

between the nanoparticles to be exfoliated and the subsequent electrostatic stabilization.

Similarly, because h-BN is less in surface energy than dichalocogenides, it is predictable that

it can also be exfoliated into a stable solution by sodium cholate. In order to better explain

the result of dispersion, this study also compares the difference when the exfoliation is sub-

ject to ultrasonication or not.

However, even the dispersibility and stability of h-BN can be improved by sodium

cholate, it is still required to test the degree of dispersion of h-BN within the concrete matrix

after it has been mixed into the matrix. It is highly favored to have uniformly dispersed

h-BN nanosheets in the concrete matrix, and the abovementioned exfoliation provides only a

necessary but insufficient condition for a satisfying dispersion result. Therefore it is still re-

quired to examine the microstructure and degree of dispersion within the matrix. Previously,
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it is reported that the degree of dispersion can be determined by the electrical resistivity of

bulk samples [43] which is inverse proportional to the amount of admixtures. However, due

to the insulating fact of boron nitride, which has a bandgap of ∼5.5 eV [27], it is unlikely to

determine the degree of dispersion of h-BN with this method.

Indirect method for determining the dispersion of h-BN in concrete is currently under

review, and the key factor for this test is to link between indirect variables and the indication

of degree of dispersion. According to the thermodynamic theories, particles can be easily

dispersed, or moved, in the atmosphere with lower barrier or activation energy. Thus it is

predictable that if the dispersion is successful in concrete matrix, the fresh concrete mixture

will have a higher potential fluidity than the less dispersed. Concrete to show such tendency

in fluidity could also indicate that the degree of dispersion of h-BN is relatively higher, since

the exfoliated nanosheets mixed with raw materials will have a lower barrier to be dispersed

uniformly in the matrix as well. M. I. Safawi et al. [44] reported that by utilizing dispersion

agent the fluidity of concrete increased dramatically. This phenomenon is due to the smaller

agglomerates of concrete mixture particles brought by the dispersion agent, of which is a

predominate factor in the cement paste of concrete mix. Also, Collepardi [45] has reported

detailed theoretical support of this phenomenon, with the addition of surfactant it reduces

the surface tension between mixing water and particles.

Thence, if data of fluidity can be collected and analyzed, it is possible to infer the

potential degree of dispersion of h-BN nanosheets. Fluidity test has been standardized and is

determined by JASS 15 M103 standard. According to K. Yamada et al. [46], similar test was

performed in this article. First, fresh concrete was made with w/c ratio of 1.8:5 in different

configurations. The fresh concrete was mixed in lower speed for 1min followed by higher

speed for 2min, then transferred into a columnar container in dimension of 72mm in height

and 96 mm in diameter. The fresh concrete was then pulled out at ambient temperature,

and the spread, which is the average of two perpendicularly crossing diameter, was recorded

and compared to analyze the fluidity of the sample. According to Q. Ran et al. [47], the
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spread (F) and the dispersion ability (Γ) have such relation:

Γ = (F 2 −D2)/D2 (1)

, where D is the diameter of the container.

Therefore, the dispersion ability can be inferred from the comparison of spread area

from different fresh concrete specimens that is manufactured according to different compo-

nents and procedures.

1.3. Overview of Research and Key Issues

As stated previously, the main focus of this study is to systematically explain and

characterize the reinforcing effect of h-BN on concrete while minimize the drawbacks found

in similar materials like CNTs.

This article to display the prospective application of h-BN in concrete which unveils

a number of theoretical and practical issues that remain unsolved in the above section. One

of the critical issues is to understand the behavior of h-BN nanosheets in concrete, which

provides the theoretical support for the reinforcement mechanism. Upon solution of this

question, the following questions will follow up to further stress the highlight points of the

entire topic:

1) How would h-BN affect the mechanical performance of concrete, especially the

compressive strength? This question demands a parallel comparison between samples with

different density of h-BN and/or different dispersion methods.

2) How does the presence of h-BN effect the corrosive performance of concrete? Con-

crete subjects to massive corrosive attacks when exposed to harsh external environment,

including excessive ion density, chloride absorption and aggregation on surface, electrochem-

ical attacks between concrete matrix and rebar/reinforcing fiber.

3) How does the degree of dispersion relate to the mechanical performance of con-

crete,and how could this parameter be quantitatively analyzed and directly measured?

Therefore, according to these questions, a detailed research plan has been made for

this study. Simultaneously, each question would bring a method to improve the performance
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of concrete, so these questions could be translated into the following projects:

1) Improve the mechanical behavior of concrete with a proper addition and processing

method of h-BN.

2) Determine and refine the corrosive performance of concrete with h-BN nanosheets.

3) Build a rational link between the degree of dispersion and the comprehensive per-

formance of concrete and establish quantitative determination of the relation.
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CHAPTER 2

EXPERIMENT AND CHARACTERIZATION

2.1. Fabrication of Concrete and Dispersion of h-BN

The concrete specimens used in this study was fabricated using commercialized type

I Portland Cement, standardized coarse sand aggregates according to ASTM C33 standard

[48], and deionized water mixed with water:cement:sand ratio of 0.36:1:1 in weight. In

order to minimize the influence brought by remaining void and residual stress, 0.3 wt.% of

superplasticizer and 0.3 wt.% of air detrainer have also been added to the raw components

prior to mixing. The raw components were first mixed at low speed for 2 min and then mixed

at high speed for 3 min. The fresh mixture was then hold and hardened in a mould (2 inch

× 2 inch), and cured for 28 days before any test and characterization is conducted. In this

study, all concrete specimens are fabricated according to this procedure, and the addition of

h-BN or dispersed h-BN is prior to mixing. In this study, the superplasticizer (Supercizer

2TM) and air detrainer (Air-MinusTM) are made by Fritz-Pak Concrete Additives.

2.1.1. Dispersion Test with Superplasticizer

In order to test the dispersion effect of superplasticizer, this experiment have uti-

lized Supercizer 2TMfrom Fritz-Pak. From macro scale, the dispersion effect can be il-

lustrated by the suspension stability after dispersion treatment. In this test, Supercizer

2TMand h-BN (MK-hBN-500 Hex-Boron Nitride (hBN) powder, 98.5% Pure, APS: 5.0 mi-

cron, Lower Friction, M K Impex Canada) was mixed according to industrial application

ratio (water:Supercizer:h-BN ratio is 380:3:5). The suspension was sonicated for 70 min

using a ultrasonicator (Model 2510, Branson), and pictures have been taken to display the

suspension stability. Fig 2.1 shows the pictures of the same suspension after 0 min, 30 min,

60 min and 1 day.

The picture, however, indicated that the dispersion effect of superplasticizer was not

successful. Reaggregation initiated within 30mins after the sonication, and the suspension
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was entirely stratified after 1 day in Fig 2.1.d, therefore there is no further need of this

method. It can be inferred that the dispersion was not stabilized in the suspension even af-

ter sonication, therefore it lacks feasibility in application since in most cases a continuously

stable concrete component is required. The reason for the lack of stability can be mainly

accredited to the lack of polar-polar interactions with the h-BN nanoparticles surface, which

is mainly associated with the surface free energy properties of the system [49].

2.1.2. Dispersion Test with Surfactant

In this experiment, the dispersion effect of sodium cholate was tested and charac-

terized with the method mentioned in chapter 1, which involves the test of both degree of

dispersion and the fluidity of fresh concrete. Commercialized sodium cholate (99% pure,

A17074, Alfa Aesar) with a concentration of CSC=1.5 mg/mL and the h-BN nanosheets

with a concentration of CBN=13.15 mg/mL. The mixture was then sonicated for 70 min

and then kept still. Four pictures were also taken after 0 min, 30 min, 60 min and 1 day

to observe the degradation and re-aggregation of the suspension, which is shown in Fig 2.2.

The result has clearly showed superior suspension stability versus time when treated

with sodium cholate, after being stored in ambient condition for up to 1 day. This stabilized

aqueous suspension would attract more attention during industrialization of concrete and

h-BN nanosheets, since most construction projects require easy accessibility of components

which can be directly applied into manufacturing. Corresponding samples has been manu-

factured by adding this suspension into raw concrete materials and showed qualified stability

Figure 2.1. H-BN dispersed use superplasticizer after a)0 min, b)30 min,

c)60 min and d)1 day
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and shape.

The 3 configurations of sample correspond to plain concrete without dispersion ad-

ditives, concrete with solely utilization of 5 µm h-BN nanosheets and concrete with both

sodium cholate and 5µm h-BN. Raw cement and sand were first mechanically broken into

small particles, followed by the addition of superplasticizer (0.3wt.%) and air-detrainer

(0.3wt.%). Different from plain concrete sample, h-BN was added to the other two configu-

rations when 1) the beginning of low-speed mixing, alone with water; 2) after ultrasonicated

for 30min with sodium cholate in the water directly applied to the mixing, respectively. All

the samples were mixed for 1 min under low speed, then 2min under high speed. Fig.2.3

is the as-produced samples. The comparison of spread of each sample is listed in Fig.2.4,

showing that the addition of exfoliated h-BN has dramatically increased the fluidity of fresh

concrete prior to harden.

Consequently, the dispersion ability Γ has been increased for 3.92% and 19.31%, re-

spectively. By adding exfoliated h-BN particles treated by surfactant to dramatically increase

the flow rate of the concrete. Because h-BN was added into the raw materials as a solution,

higher flow rate of concrete indicates a higher movement rate of h-BN nanosheets within the

matrix and a lower barrier to be uniformly dispersed. Therefore, it can be inferred that by

exfoliating the h-BN with surfactant, at least two indication of merit could be discovered:

1) h-BN was torn down into monolayer or few-layer nanoparticles and 2) the dispersion of

h-BN in concrete has been dramatically improved.

Figure 2.2. H-BN dispersed use sodium cholate after a)0 min, b)30 min,

c)60min and d) 1day
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2.2. The Effect of H-BN on the Mechanical Performance of Concrete

In order to study the mechanical performance of h-BN reinforced concrete, it is nec-

essary to clarify the detailed aspects of interest. For general industrialized concrete, com-

pressive strength of concrete is of the most significance in almost every field of application

[50]. The key point of this section is to study the affect brought by h-BN on concrete and

the method of further improvement.

The compressive strength test of concrete specimen has been standardized by ASTM

C109/C109M-13a [51]. The samples were fabricated with a ratio of cement:sand:water=1:1:0.36

where all the raw components were mixed with superplasticizer (0.3 wt%) and air-detrainer

(0.3 wt%) for 2 min in low speed and 3 min in high speed in a standard mixer, and were

thereafter hardened in moulds of 50×50 mm. All the concrete samples were cured in ambient

temperature with a relative humidity (RH) of 80%. In order to establish a comprehensive

analysis for the effect brought by h-BN and the performance difference between treated and

untreated specimens, a sample system was build to better characterize and quantify the

Figure 2.3. As-produced specimen for a) plain concrete, b) h-BN concrete

and c) h-BN w/sodium cholate concrete
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experiment, according to Table. 1.

For repeatability and reliability, each configuration corresponds to 6 individual spec-

Sample

Name

Control A1 A2 A3 B1 B2 B3

Component - 0.5wt%

5µm

1wt%

5µm

2wt%

5µm

0.5wt%

0.5µm

1wt%

0.5µm

2wt%

0.5µm

Sample

Name

Control A4 A5 A6 B4 B5 B6

Component - 0.5wt%

5µm

w/SC

1wt%

5µm

w/SC

2wt%

5µm

w/SC

0.5wt%

0.5µm

w/SC

1wt%

0.5µm

w/SC

2wt%

0.5µm

w/SC

Table 2.1. Concrete specimen configurations with addition of h-BN and

sodium cholate treatment

Figure 2.4. Spread comparison of the as-produced samples
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imens. The compressive strength test was conducted by a CM-2500 Compression Testing

Machine (Test Mark Industries, OH). The advancement speed of the hydraulic pump was

set at gear ”2”, and the breakdown trigger is at 50% of the peak compressive load. The

compressive strength of group A1-A3 and B1-B3 was adopted and analyzed in average value

and standard deviation (Fig 2.5 and Fig 2.6).

The both figures indicated that the maximum compressive strength was achieved

with 1 wt% of h-BN and have slightly decreased with higher content of h-BN. Obviously,

it is not preferred to observe any degradation on the mechanical performance of concrete,

and the reason for the decrease of strength at 2 wt% h-BN can be mainly accredited to

the agglomeration of h-BN nanosheets. Fig 2.7 depicts the agglomerated h-BN nanosheets

within the concrete matrix. Since monolaypered and few-layered h-BN nanosheets is char-

acterized with a graphene-like structure and utilized as solid lubricant [52], 2-dimensional

defect slipping is highly likely to occur within or adjacent to the agglomerated zone to cause

Figure 2.5. Compressive strength of control and group A1-A3 samples
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and promote localize crystal slip within concrete matrix and eventually lead to degradation

of compressive strength under uniaxial compressive loading.

As stated above, the compressive strength of the 6 groups of sample achieve its maxi-

mum value both at 1 wt% addition of h-BN. Therefore, in consideration of cost and time, the

following test has been narrowed down to the parallel comparison of control sample, group

A4, A5, B5 and a group of concrete contains h-BN that is exfoliated by superplasticizer.

Group A6, B4, B6 was not counted due to the predictable degradation. Fig 2.8 lists the

result of compressive strength of control samples and group A1, A2, A4 and A5 samples and

the associated standard deviation. Fig 2.9 lists the compressive strength of control samples

and group B2 and B5 samples and the associated standard deviation.

A very slight decrease of compressive strength (2.1% for A1-A4 and 1.4% for A2-A5,

respectively) was discovered in the samples that treated with sodium cholate. Despite this

Figure 2.6. Compressive strength of control and group B1-B3 samples
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very minimal drawback in strength, the standard deviation of samples treated by sodium

cholate has decreased dramatically ( 21.7% for A1-A4 and 45.8% for A2-A5, respectively).

Figure 2.7. The agglomerated h-BN observed in the post-failure concrete specimen

Figure 2.8. The compressive strength of control and group A1, A4, A2, A5

samples (from left to right)
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The decrease of deviation means the minimizing of error and difference in production and

industrialization, which is strongly desired in most repeatedly produced concrete products.

Similarly, the deviation of group B5 is 65.9% lower than group B2. So the stability of con-

crete manufacture as well as the quality control can be greatly improved by the addition of

h-BN, accredited to its unified and isotropic dispersion within the concrete matrix.

To further locate and prove the presence of slipping, it is necessary to obtain the mi-

croscopic morphology of the h-BN nanoparticles and the cross section of h-BN reinforced con-

crete post compressive failure. Therefore, scanning electron microscope (SEM)(FEI Quanta

200 ESEM w/EDS) is utilized to demonstrate the microscopic morphologies and the cross-

sectional portion of the concrete matrix. For most of the concrete samples it is required to

operate under low vacuum mode to eliminate the effect of electron charging on the sample

surface [53].

Figure 2.9. The compressive strength of control and group B2, B5 samples

(from left to right)
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2.3. The Corrosive Performance of H-BN Reinforced Concrete

From the purpose of practicality and industrialization, it is necessary to estimate the

impact on strength brought by corrosion in the exposure to electrolytes and ions. Concrete is

subject to various types of damage that can effect its strength and durability [54]. This prob-

lem was first discovered in road surface health monitoring procedures, where cracking and

spalling were discovered on the road surface in the areas where de-icing salt was frequently

used in winter, specifically, with the coexistence of reinforcing steel. Therefore it becomes

necessary to study the performance of corroded concrete under a degradation-prompting

atmosphere.

2.3.1. Mechanical Behavior of Corroded Concrete Samples

As the cause of one of the largest loss of concrete structures, corrosion is always

prompted by chloride ion and solution, including sea water, rain, salt-alkaline soil, etc.

Various effects are coupled with corrosion including the alternation of cracking pattern,

weakening of inter-matrix bond between concrete matrix and reinforcement phase and the

reduction of cross section reinforcement phase [55]. Previous study on polymer concrete[56]

discovered different extends of degradation when subjecting to various corrosive solutions.

Wang et al. [57] concluded the corrosion mechanism and the reason for degradation in

mechanical performance. Fan and Hu [58] conducted a comprehensive test on the mechanical

behavior of corroded concrete to demonstrate the surface morphology, pitting evolution,

strain-stress profile and multiple mechanical parameters.

During this experiment, samples produced varied by h-BN type and percentage were

immersed in 20 wt% sodium chloride solution for 10 days. Stanish et al. [59] published

a study about the ion penetration of chloride in concrete and the factors that affect the

penetration rate. As stated by Fick’s First Law, one-dimensional diffusion in concrete can

be characterized as:

J = −Deff
dc

dx
(2)
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Where J means the flux of chloride ions, Deff denotes the effective diffusion coefficient,

C is ion concentration and x is depth of penetration. For the change rate of concentration,

which can be regarded as the penetration rate at a certain depth, it can be described with

Fick’s Second Law:

∂C

∂t
= Deff

∂2C

∂x2
(3)

For this experiment, 20 wt% NaCl is equivalent to 12.13 wt% of chloride ions, which

is about 6.25 times higher than the chloride ion in seawater. According to Eq. 3, the

penetration rate is proportional to the square of concentration gradient, so it is predictable

that in this experiment the penetration speed, in another denotation, corrosion speed, is

about 39 times faster than natural occurrence. Therefore, 10 days immersion duration is

equivalent to about 390 days in natural.

In this study, the compressive strength was tested in order to demonstrate the effect

brought by h-BN when subjecting to aggressive environment, and also the past-compression

cross-sectional morphology was obtained to better illustrate the possible difference between

samples endured different treatments. Fig 2.10 lists the compressive strength of different

samples.

2.3.2. Electrochemical Behavior of Corroded Concrete Samples

L. Amleh [60] reported an accelerated corrosion test method using electrochemical

approach to simulate the corrosion progress of concrete subject to chloride salt. The concrete

specimen was soaked in a Sodium Chloride (5wt%) solution with a continuous current being

applied to the system.

In this study, the accelerated corrosion test was conducted in a 20 %wt of NaCl

solution with a three electrode system shown in Fig. 2.11, where R, C and W means reference,

counter and working electrode, respectively. The corrosion performance characterization was

conducted using a CHI600E electrochemical workstation (CH Instruments). Samples were

tested with cyclic voltammetry method to locate the voltage where anodic peak begins to

form. The corrosion rate and polarization resistance can be determined by Stern-Geary
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relation,

Rp =
dE

dI
(4)

icr =
B

Rp

(5)

where E, I, Rp denotes voltage, current and polarization resistance, respectively. B is the

Stern-Geary constant, which equal to 26mV for active corroding [61]. Because concrete is

a non-conducting material, the electrochemical characterization is mainly considering the

embedded steel rebar within the concrete. Nanosized reinforcing particle will modify the

electrochemical performance of the bonding section around the rebar, so if the reinforcement

could provide a better corrosion resistance to the rebar, the concrete matrix is also to be

more endurable in aggressive environment. Fig 2.12 and Fig 2.13 shows the surface condition

of plain concrete and group A5 sample after 10 h electric accelerated corrosion, respectively.

While there is an observable corrode-induced hole on the surface of control sample, the

surface of A5 sample shows only minor mark of corrosion. The steel fiber embedded in the

control sample was easily extracted after corrosion due to corrode-induced weakening, but

Figure 2.10. Compressive strength of corroded concrete samples
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the on in the A5 sample was still strongly bonded with the matrix.

The next two figure shows the cyclic-voltammetry result of control sample and group

Figure 2.11. Sketch for electrochemical characterization system configuration

Figure 2.12. Surface condition of control sample after 10 h accelerated corrosion
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A5 sample. The most important data in the figures are the position and the corresponding

voltage where the anode peak starts to form, which is the direct indication for corrosion

resistance. A higher initial voltage means a larger resistance to initiate the corrosion process,

which is equivalent to a higher level of corrosive protection. The initial voltage is at 0.3 V for

control sample and is at 0.35 V for group A5 sample. This indicates that the electrochemical

resistance for initiating the corrosion process between concrete matrix and embedded steel

fiber is higher for h-BN reinforced concrete. Therefore the addition of exfoliated h-BN

nanosheets has increased the corrosion performance of concrete in high chloride environment.

Figure 2.13. Surface condition of A5 sample after 10 h accelerated corrosion
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Figure 2.14. Cyclic-voltammetry result for control sample

Figure 2.15. Cyclic-voltammetry result for A5 sample
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Fluidity of Concrete Influenced by H-BN

The superiority in fluidity enables raw concrete more flexibility in transportation via

pump, and could reduce the energy required to move per unit volume of raw concrete, as

discussed in a study by Li et al., in which stated that higher interparticle energy barriers

the raw concrete from moving freely[62]. For larger construction sites including bridge, tall

building, underground construction and large scale pavements, higher fluidity will signifi-

cantly reduce the complexity of transporting pump, pipe and configuration. Moreover, the

increased fluidity will increase the feasibility of higher building complexity and lower friction

induced energy loss.

3.2. Mechanical Behavior of Concrete Influenced by H-BN

Fig 3.1 shows the agglomerated h-BN nanosheets discovered in the concrete matrix,

and Fig. 3.2 is the exfoliated pure h-BN nanosheets. The both picture shows a high similar-

ity in structure, indicating the h-BN shows a layered stacking that can cause sliding easily.

According to the result of compressive strength, excessive addition of h-BN has caused a

reduction in the strength to the concrete matrix accredited to sliding of h-BN nanosheets,

therefore the groups with 2 wt% addition of h-BN was eliminated from consideration. Fur-

thermore, according to previous result, groups B2 shows an excessive deviation which elim-

inates its industrial application potential, while group B5 shows inferiority in strength that

limits its reinforcement effect. Therefore, all samples with 0.5 µm was eliminated from con-

sideration.

The reason that h-BN could form a reinforcement effect to the concrete matrix is

the strong adhesion between h-BN flakes and the matrix, which prevents and postpones the

origin and propagation of cracks and other failures. Fig 3.3 shows the SEM picture of a void

within concrete matrix which is usually the origin of a crack. The observable flake-like h-BN

nanosheets were penetrated into the matrix to prevent the void from expanding.

26



3.3. Corrosion Performance Influenced by H-BN

From Fig 2.10, the compressive strength was slightly decreased after corrosion for

control and A2 group, while the deviation was also degraded due to the penetration effect

of chloride ion. This indicates that chloride ion destroys the bonding between the h-BN

nanosheets, and the product stability was weakened due to corrosion.

However, for A5 group, the addition of exfoliated h-BN resulted in a higher strength

Figure 3.1. Agglomerated h-BN layer discovered in post-failure concrete matrix

Figure 3.2. Exfoliated h-BN under SEM
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of concrete. Besides the penetration effect of chloride ion brought to concrete matrix, sodium

chloride is also used as an early strength agent in the early curing stage of concrete to stabilize

and increase the strength of sample. Abalaka et al. [63] have published a study concerning

the influence of sodium chloride brought to the compressive strength of concrete. Their

study have discovered an increase in the compressive strength of concrete after treated with

5-10 wt% NaCl solution. Other study by Chinese scholars [64] also proved the strengthening

effect in early stage. One possible reason for the higher compressive strength of corroded A5

sample is that the addition of sodium cholate has resulted in a postponed hydration process.

Once hydration, the main hardening mechanism of concrete, was postponed, the duration of

hardening will be elongated to increase the strength of concrete.

The higher corrosive resistance enables the concrete matrix to perform better in

circumstances that contain high chloride ion concentration, like saline-alkaline soil, coastal

Figure 3.3. SEM picture showing flake-like structure in concrete matrix
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area, submarine construction, etc. Moreover, the better protection to the embedded rebar

will significantly expand the application of h-BN reinforced concrete to more aggressive

environments.
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CHAPTER 4

SUMMARY

Concrete reinforcement using h-BN nanosheets were studied in fluidity, mechanical

performance and electrochemical performance, and the results from different configuration

were compared. The main advancement obtained from the addition of proper amount of h-

BN nanosheet with surfactant exfoliation is an improvement in fluidity of 19.31%, compres-

sive strength with tolerable deviation up to 53.9275 MPa, a modified cracking patter within

concrete matrix, a higher bonding between concrete matrix and rebars after corrosion and

a greater corrosion resistance towards chloride ion. Among all the different configurations,

concrete with addition of 1 wt% sodium cholate exfoliated h-BN nanosheets shows overall

best reinforcement result in compressive strength and product stability, and have effectively

reduced the bond weakening effect between concrete matrix and rebar after chloride ion

penetration corrosion.

As a pre-treatment, uniformly dispersion of h-BN nanosheets is indispensable accord-

ing to the test results obtained from this study. Sodium cholate displays a higher suspension

stability after being applied into h-BN nanosheets in compare with superplasticizer with no

observable settlement after up to 1 day, with no observable drawback introduced to the other

performance of concrete matrix.
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