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Abstract 
 

Renewable source of energy is the best form of consumable energy that can be harnessed from the earth‘s available resources in a sus-

tainable manner. Nuclear energy obtained from nuclear fission reactions from the nuclear reactors is an example of such kind of energy, 

but deeply requires caution in the handling of operations. Leakage of fast moving high energy neutrons creates harm to both the envi-

ronment and mankind and hence should be shielded from all available means. One such effort to shield this high energy radiation is by 

using boron carbide infused cement mortar that can be used for plastering and other similar applications in the construction of nuclear 

reactors. The strength and performance based characteristics of such type of mortar are studied and improved by adding super-plasticiser 

and pozzolanic materials like microsilica and metakaolin. Also durability studies like alkalinity, water absorption etc are done to analyse 

the lifetime of the design mix. EDS and SEM analysis were also performed extensively to study the microstructure of the casted speci-

men and to analyse the elemental composition cum distribution (by EDS mapping) for the calculation of the neutron attenuation of the 

specimen mix. Based on these an optimum combination is arrived at for practical applications that has a desirable strength, performance, 

durability and neutron shielding property. 

 
Keywords: Boron Carbide; Compressive Strength; EDS; Masterglenium SKY 8233; Metakaolin; Micro Silica; mortar; Neutron attenuation; removal 

cross section; SEM. 

 

1. Introduction 

Neutron radiation is a type of ionisation radiation that is easily 

penetrable to objects like human body, walls of structure etc and 

can cause serious effects to both environment and humanity. This 

high energy radiation in the field of nuclear research industry is 

generally shielded using thick lead blocks and heavy water. 

Concrete with water content of 7% is more than enough to slow 

down the neutrons having intermediate energy, this shows that 

water in itself is one of the most cheap and efficient mode for 

shielding the neutrons, but the incoming neutrons after colliding 

with water molecules may first get slowed down and act as an 

initiator for the emission of secondary gamma radiation [1]. It has 

been experimentally verified by many that high density concretes 

have considerable neutron shielding property and thus can be sim-

ultaneously employed for this cause [8]. Concrete containing ele-

ments like hydrogen, iron can make the concrete dense and thus 

can effectively shield fast moving neutrons [20]. 

Boron comes fifth in the periodic table and boron carbide is de-

noted as B4C. It is the hardest known material after diamond and 

cubic boron nitride. These are crystalline in nature and insoluble 

in water. Boron and its compounds have their application in nu-

clear industry [7] because of high neutron absorption cross section 
[15]. Experimental investigations on mechanical, physical and 

structural properties of concrete containing boron carbide are con-

ducted. It showed that when boron carbide is used in concrete as 

an absorbing material for neutrons in nuclear reactors, the concrete 

density decreases as the percentage of boron carbide increases and 

also a higher content of boron carbide in concrete resulted in re-

duction of strength [17]. Contrastingly the results also show that as 

and when thickness of the sample and percentage of boron carbide 

increase, the neutron attenuation values also increase [18]. The 

isotope of boron, 10B has a capture cross section that is high and 

can easily capture the thermal neutrons [20]. Similar to boron car-

bide, ferro-boron also possesses radiation shielding characteristics, 

and therefore an optimum combination of both is thus definitely 

enhancing the shielding effect [21]. Many naturally available ore 

resources like colemanite (abundantly found in turkey) can also be 

added to concrete for same reasons [20].  

The neutron attenuating property of a material can be experimen-

tally determined by testing in the sophisticated nuclear radiation 

setup in radioactive research centers[15]. These observations can 

also be mathematically calculated using some verified hand calcu-

lation methods with the help of standard available microscopic 

cross section value database for element [19], compound and other 

materials or by software based calculation analysis like Monte 

Carlo analysis etc., and hence determining the comprehensive 

macroscopic cross section values of the sample [11].  

The present paper reports the work done using B4C in cement 

mortar to enhance its neutron shielding capacity which is analysed 

by removal cross section study. It also addresses the changes in 

fresh and hardened properties of cement mortar due to addition of 

B4C. As the previous researchers reported a reduction in strength 

due to addition of B4C in concrete, a study using admixture like 

microsilica and metakaolin is also carried out. The objective of the 
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project is to find out the change in compressive strength, worka-

bility along with durability and neutron shielding ability of the 

mortar mixes taken for consideration. The shielding capacity of 

B4C is inferred by removal cross section study. Durability tests 

like water absorption, sorptivity test, alkalinity tests on all speci-

mens were performed. 

2. Methodology 

1:2 mortar mix is taken as the control specimen. Boron carbide is 

added in different quantities as specified in Table 2 and character-

istics like compressive strength, alkalinity and workability were 

noted. Based on the results the best B4C mix is taken and various 

proportions of metakaolin and microsilica are added to it and all 

parameters are evaluated. The best of all combination of mixes is 

suggested based on the performance and durability parameters. 

3. Material selection 

The present investigation focused on analysing the changes occur-

ring in the neutron shielding ability, compressive strength, worka-

bility, durability of 1 : 2 (cement : sand) mortar mix when infused 

with varying amount of boron carbide (D50 size 15 micron) con-

forming to IS 15850 : 2009 having specific gravity 2.52. Fly-ash 

based Portland Pozzolana cement manufactured by Chettinad 

Cements Ltd., river sand passing through 1.18 mm IS Sieve with 

specific gravity of 2.57 and masterglenium sky 8233 manufac-

tured by BASF Construction Chemicals was used. 

4. Mix design Selection  

The details of test specimen and quantity of materials for mixes 

are presented in Table 1 and Table 2. 

 
Table 1: Description of test specimen 

DESCRIPTION 
SPECIMEN 

NAME 

1:2 mortar mix (Control Mix) A 

15% cement weight of fine aggregate replaced by boron 

carbide 
B 

20% cement weight of fine aggregate replaced by boron 

carbide 
C 

25% cement weight of fine aggregate replaced by boron 

carbide 
D 

15% cement weight of fine aggregate  replaced by boron 

carbide and 5% of cement  replaced by silica fumes 
E 

15% cement weight of fine aggregate  replaced by boron 

carbide and 10% of cement  replaced by silica fumes 
F 

15% cement weight of fine aggregate  replaced by boron 

carbide and 15% of cement  replaced by silica fumes 
G 

15% cement weight of fine aggregate replaced by boron 

carbide and 5% of cement  replaced by   metakaolin 
H 

15% cement weight of fine aggregate replaced by boron 

carbide and 10% of cement  replaced by metakaolin 
I 

15% cement weight of fine aggregate replaced by boron 

carbide and 15% of cement  replaced by metakaolin 
J 

 

Therefore a total of 30 specimens (3 cubes in each combination) 

were prepared and tested.  
 

Table 2: Quantity of materials for mixes 
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A 0.275 0.550 0.137 - 2 - - 

B 0.275 0.508 0.137 0.041 2 - - 

C 0.275 0.495 0.137 0.054 2 - - 

D 0.275 0.481 0.137 0.068 2 - - 

E 0.253 0.508 0.137 0.041 2 0.011 - 

F 0.240 0.508 0.137 0.041 2 0.022 - 

G 0.227 0.508 0.137 0.041 2 0.033 - 

H 0.253 0.508 0.137 0.041 2 - 0.013 

I 0.240 0.508 0.137 0.041 2 - 0.027 

J 0.227 0.508 0.137 0.041 2 - 0.040 

5. Experimental Investigations 

All specimens were made to a size of 70 mm size cubes and cured 

to a period of 28 days. Fresh state and hardened properties on all 

specimens were conducted. In addition to this, study on density, 

alkalinity, absorption and sorptivity tests were also carried out on 

all hardened specimen. 

6. Results and DISCUSSIONS  

6.1. Compressive Strength 

6.1.1 Replacement of Fine Aggregate with B4C 

Figure 1 reports the compressive strength of test specimen A, B, C 

and D to get the optimum value of boron carbide in terms of 

strength. From Figure 1 it is observed that addition of B4C in place 

of fine aggregate shows improvement in strength. Cement mortar 

with 15% sand replacement with boron carbide was found to have 

the maximum compressive strength as it contains larger volume of 

fine aggregate than specimen A and lesser volume of B4C as com-

pared to other specimen. 

  

 
Fig 1: Compressive strength for Specimen A, B, C and D 

Figure 1 also shows that replacement of fine aggregate with B4C 

does not influence much on the strength property as a mere 5.35% 

improvement was achieved for 15% replacement.  

Hence all the remaining specimens were casted with 15% B4C as 

fixed amount and by adding various proportions of micro silica 

and metakaolin as a replacement for cement to enhance its 

strength properties. 

6.1.2 Replacement of Cement with Pozzolanic Materials 

Calcium hydroxide (lime) accounts for up to a quarter of the total 

hydrated Portland cement, and lime does not contribute to the 

strength or durability. Pozzolans like microsilica and metakaolin 

that are used as a cement replacement reacts with lime to produce 

a cementitious gel which further hardens with time and thus leads 

to the formation of additional calcium silicate hydrate, which is 

responsible for strength characteristics of the specimen. The value 

of compressive strength of the specimen will also depend upon the 

individual strength of aggregates, amount of compaction and cur-

ing temperature. 
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Fig 2: Compressive strength for Specimen B, E, F, G, H, I& J 

Figure 2 shows the graphical representation of values for com-

pressive strength for specimen B with other pozzolanic added 

mortar specimen.   

On addition of metakaolin, the compressive strength of the speci-

men increases on the whole compared to micro silica but there is a 

reduction in strength proportionally with increase in percentages 

of metakaolin. This shows that the formation of pozzolanic ce-

mentitious gel is more in metakaolin than micro silica. 

As the percentage of boron carbide (as a fine aggregate) in the 

specimen increases, the strength of the specimen is found to de-

crease [17]. The use of pozzolans as cement replacement was found 

to be efficient on strength and cost basis as the value of specimen 

E,F,G,H,I and J either closely resembles or have a higher value 

when compared to the control specimen A in most of the cases. 

The 15% B4C containing mortar cube with 5% metakaolin as ce-

ment replacement ―H‖ was found to possess maximum compres-

sive strength. 

6.2. Flowability 

The flow table test is done to find out the flowability of the fresh 

mortar which indicates the workability of the mix. Glenium super-

plasticiser of 2ml was added in all specimen mixes to improve the 

workability. 

6.2.1 Replacement of Fine Aggregate with B4C 

As the figure 3 shows the flowability values for the specimen B, C, 

D and A, it is observed that as the percentage of B4C in the mix 

increases, the mortar becomes more stiff and non-workable, there-

fore the specimen B with maximum flowability is chosen to be 

best among B,C ,D and A. The increase in workability from A to 

B and then reduction in values further shows that the addition of 

specific amount of boron carbide to the mix results into a product 

with higher workability. The reason behind such an observation 

might be due to the very fine particle size of boron carbide that 

possesses a different physical property than its conventional nature. 

Further the physio-chemical reaction between fine boron carbide 

particles and the rest of the matrix in specimen B makes the entire 

product highly workable. Thus it can be inferred that the fineness 

and amount of boron carbide in the mortar plays a crucial role in 

the workability of the resultant mix.  

 
Fig 3: Flow percentage for specimen A, B, C and D   

6.2.2 Replacement of Cement with pozzolanic 

materials 

Flowability tests for specimen containing pozzolanic materials 

like microsilica and metakaolin are also conducted and the obser-

vations are represented in figure 4.  

 

 
Fig 4: Flow percentage for specimen B, E, F, G, H, I and J 

The increasing flow percentage in specimen E, .F and G denotes 

that the net surface area of the components of the mortar mix has 

increased due to addition of microsilica. This shows that on add-

ing microsilica, the product formed has a larger surface area which 

is opposite in case of specimen H, I and J where cement was re-

placed with metakaolin. Thus it can be inferred that to improve the 

workability of a mortar mix metakaolin is the best pozzolana. 

A mortar which possesses maximum flowability percentage with-

out any segregation is chosen to be best for all practical purposes. 

Therefore specimen H possessing highest flowability among all 

others is chosen and thus suggested. 

6.3. Density 

The ratio of weight to volume of the motor cube gives the bulk 

density of that specimen.  The density of all specimens is present-

ed in figure 5. 

 

 
Fig 5: Density for specimen A, B, C and D 

 

Fig 6: Density for specimen B, E, F, G, H, I and J 
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It is observed that highest density is recorded for the control spec-

imen A, yet the specimen B having lower density compared to 

control it gave the best compressive strength, workability and 

flowability. From this it can be inferred that boron carbide has a 

considerable influence over the bondage of particles in mortar mix. 

It becomes clear that boron carbide in cement mortar is not just a 

filler material. The bulk density of specimen, upon addition of 

pozzolanic content, was found to be lesser than that of the control 

specimen. This may be due to the fact that microsilica and me-

takaolin due to their fineness and other material properties give a 

less dense specimen than A whereas the density of specimen E, F, 

G and H, I, J found to be individually increasing. This may be due 

to the fact that the weight of the hydration product formed after 

the pozzolaonic reaction is found to be increasing as the pozzo-

laonic content increases. The graphical representation of the above 

observation is shown in figure 6. 

Though 15 micron size B4C may not react with many compounds 

in cement, it alters the physical properties of the mortar. There is a 

probability for the boron carbide to react with silica and form 

silicon boride and silicon carbide.  

6.4. Sorptivity Test 

If a mortar or concrete surface is exposed to wetting by water then 

the cumulative water absorption is proportional, during the initial 

absorption period, to the square root of elapsed wetting time‗t‘. 

Both water absorption and capillary suction depend on porosity. 

Any non-uniformity in porosity could lead to different sorptivity 

values in the same sample. Hence all the materials under test must 

be homogenous and consistent. Sorptivity is calculated using the 

following formula 

                                                                                       (1) 

Where S is the sorptivity in metre per  

i is the cumulative infiltration in metre 

t is the time period in hour 

The weight of water absorbed and the corresponding sorptivity 

values of all specimens are graphically presented in figure 7, 8 and 

9. 

 
Fig 7: Sorptivity Vs time for specimen A, B, C, and D 

 
Fig 8: Sorptivity Vs time for specimen A, E, F, and G 

Fig 9: Sorptivity Vs time for specimen A, H, I, J 

It can generally be seen that the control specimen or specimen A 

shows greater resistance to water absorption by capillary suction 

than specimen containing boron carbide and pozzolanic materials 

like microsilica and metakaolin. 

From Fig 7 it is seen that due to addition of boron carbide the 

sorptivity values increases. From fig 8 and fig.9 it is seen that, the 

sorptivity values decreases with increasing percentage of microsil-

ica compared to control.  

This observation is due to the fact that the capillary rise increases 

as the pore size decreases. Addition of metakaolin to the cement 

mortar mix reduces the void size by filling the void spaces present 

due to entrapped air. 

6.5. Alkalinity 

Alkalinity has a great influence on resistance to corrosion of steel 

in concrete and to the agents that induce corrosion, spallation 

and/or disintegration of concrete.  

 

 
Fig 10: pH for specimen (A-D) 

Fig 11: pH for specimen (B, E-J) 

A reduction in pH is seen in specimen B, C and D when compared 

to control specimen A. But specimen B gave high workability and 

compressive strength. It is inferred that due to addition of boron 

carbide a slight reduction is seen in pH of cement mortar, may be 

due to porous nature. 
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With addition of pozzolanic materials in different proportions 

there was an improvement in pH when compared to specimen B. 

B has the least pH while specimen G has the highest. H is the 

specimen of interest as it had the highest compressive strength. 

But the pH of H is slightly lesser than the specimen G which may 

be due to the porous nature of the specimen H.  

Since the specimens are mortar based which in practical will be 

used for only plastering purposes, will hardly come in contact with 

any reinforcement, hence the slight reduction in pH of the speci-

men H can be accepted as it also resembles to the pH value of the 

control specimen too. 

6.6. Absorption 

The cement paste consists of voids in the form of C-S-H gel pores 

and water filled or empty capillary cavities. The gel pores are 

extremely small and do not contribute to any permeability. Large 

capillary cavities which do not get filled by hydration products are 

the primary reason for permeability and hence water absorption in 

mortar. 

 

F

fig 12: Absorption values for specimen A, B, C and D 

Fig 13: Absorption values for specimen B, E, F, G, H, I and J 

An increase in absorption is seen due to addition of boron carbide. 

Control specimen A had a lesser absorption value when compared 

with specimen B, C and D. At this point it should be noted that the 

coefficient of permeability of cement paste is very low (5 x 10-11 

m/s) and is not directly responsible for the water absorption. The 

main reason behind water absorption is the development of micro 

cracks in the transition zone of the specimen that can be seen in 

FE-SEM study (Fig.14). 

 

Specimen H has an absorption value lesser than specimen B. This 

may be due to addition of pozzolanic materials that may fill up the 

pores and hence reduces the absorption percentage. 

In the experiment carried out, the absorption capacity of specimen 

H closely resembles to that of control specimen A. The water ab-

sorption of specimen H is slightly higher than that of specimen A. 

This may be due to the pozzolanic reaction between cement and 

metakaolin forming compounds that may alters the absorption 

value of the specimen as a whole. 

6.7. FE-SEM AND EDS Analysis 

SEM imaging and EDS mapping were done to understand the 

material characterisation of the specimen.  Elemental composi-

tions of all the specimens were obtained from EDS which was 

used to calculate the removal cross section value of the speci-

men.The EDS spectrum and scanning electron microscope study 

was carried out for all specimens to study the microstructure of the 

specimen and are represented in fig 14. 
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Fig 14: SEM and EDS for all specimens 

In all the specimen (B-J) tested for FE-SEM analysis as shown in 

figure 14, boron carbide crystals are clearly distinguishable from 

the surrounding hydration products and sand. Also the microstruc-

ture of the specimen shows the crack propagation and width of the 

gap between the B4C crystals and the cement matrix. Hence it can 

be safely inferred that boron carbide, in either proportion, does not 

participate in any reaction with cement and remains separate 

throughout the composition at normal temperature. This justifies 

the reason for the decreased strength due to addition of B4C alone 

in concrete. 

6.8. Removal Cross Section Analysis 

The macroscopic removal cross section value as a whole for a 

specimen is calculated by the programme [11].To calculate this, the 

individual elemental composition is obtained by EDS analysis. 

The values obtained from this test is taken at a constant magnifica-

tion for all specimen, and also the non-uniform distribution of 15 

micron size boron carbide crystal and other components of the mix 

significantly varies the macroscopic removal cross section of the 

specimen in whole. Therefore macroscopic removal cross section 

calculation for all specimens with the EDS data gives an indica-

tion about the removal cross section of the test specimen. 
The macroscopic cross-section represents the effective target area 

of all of the nuclei contained in the volume of the material. The 

calculation of removal cross section analysis can be carried out in 

cases where the specimen cannot be experimentally tested in the 

nuclear facility [11, 19]. It is observed that there is a 10% deviation 

in the values when calculated using the empirical formula than 

with experimentally found out results. Consider a chemical com-

pound C having, for instance, the chemical formula XiYjZk, where 

X, Y and Z are the chemical symbols of its elements and i, j and k 

are their fixed proportions by mass, then the compound molar 

mass (MC) is given by:  

MC = MXi + MYj + MZk (g/mol)                  (2) 

Where MX, MY and MZ are the atomic masses, of the elements X, 

Y and Z respectively. Hence the mass removal cross-section of the 

compound C, in cm2 g-1, can be calculated by the following equa-

tion- 

(∑R/ρ)C = {(MXi (∑R/ρ)X + MYj (∑R/ρ)Y + MZk (∑R/ρ)Z )} / MC (3) 

(∑R/ρ)C = RX(∑R/ρ)X + RY(∑R/ρ)Y + RZ(∑R/ρ)Z                          (4) 

Where Re = Me /MC is the mass fraction of the element e in the 

compound C. Generally, the mass removal cross-section of the 

compound C which contains n elements is found from 

(∑R/ρ)C  =                                                     (5) 

A macroscopic cross-section is derived from microscopic cross-

section and the atomic number density. Figure 15 shows the re-

moval cross section values calculated using the hand calculation 

method. 

 

 
Fig 15: Removal cross section for all specimens 

The removal cross section values for all specimens from A to J are 

shown in figure 15. The increase in the macroscopic removal cross 

section values from specimen B to D shows that boron carbide has 

neutron attenuating property and the neutron attenuation nature of 

a sample increases with increase in boron carbide content. 

The decrease in the removal cross section values on addition of 

pozzolans in specimen E and H when compared with specimen B 

shows that the microscopic removal cross section of the compo-

nents of the pozzolanic material like microsilica and metakaolin is 

actually lesser than the microscopic cross section values of the 

components present in the Portland pozzolana cement which is 

being replaced. 

Considering all the performance and strength based parameters 

that ensure the suitability of the mortar for practical applications, 

the specimen H is suggested. Therefore to study the distribution of 

various elements present in specimen H, EDS mapping is done for 

all major elements present and are represented in figure 16. 
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Fig 11: EDS mapping for specimen H 

7. Conclusion 

Neutron radiation is harmful to human kind. When there is neu-

tron leakage in a place, water is stored around it so that it can stop 

the spread of the radiation to a great extent. Boron Carbide and 

Concrete have the capacity to attenuate neutrons. A cement mortar 

mixed with Boron Carbide and Glenium super-plasticizer can be 

lined in the nuclear plants for secondary shielding purpose. 1 : 2 

(cement : sand) mortar mix is taken as the controlled specimen 

and 15%, 20% and 25% of cement weight of sand is replaced with 

Boron Carbide. Further, 1:2 mortar containing Boron Carbide of 

15% cement weight is taken and 5%, 10% and 15% of cement is 

replaced with micro silica and metakaoline separately to improve 

the strength values. Three 70.6 mm size cubes were casted in each 

combination. Totally 30 cubes of size 70.6 mm containing various 

proportions of cement, sand, Boron Carbide, Micro silica and 

metakaoline were casted and tested for compression, workability, 

alkalinity, absorption and sorptivity. Microstructure of all the 

specimens were studied under SEM. Elemental composition of all 

the specimen were found using EDS and removal cross sectional 

values were calculated.   

Hence it is observed that mere addition of boron carbide alone will 

proportionally increase the removal cross section value of the 

specimen as a whole as every other element present in the speci-

men possess neutron attenuating property to a certain degree. 

Therefore change in elemental composition of cement and water 

affects the total removal cross section value of the mortar mix. 

Secondly the size of the boron carbide and the way it gets distrib-

uted within the mortar mix will also affect the EDS spectrum dis-

tribution and hence the removal cross section value. Therefore the 

calculated values are approximate and are close to real. Results 

suggest that a mortar mix containing 15% Boron Carbide and 5% 

of metakaoline is found to have 26.54% more compressive 

strength, difference between flow percentage of this combination 

and the control specimen was found to be 30, alkalinity and ab-

sorption values too were similar to the control specimen; so this 

mix is suggested for practical use.   
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