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ABSTRACT 
 

This dissertation work focuses on the processability improvement of B4C, 

especially the compaction and sintering improvement of B4C by applying a Ni-B 

nanolayer coating on individual B4C particles. 

A modified electroless coating procedure was proposed and employed to coat 

nanometer Ni-B layer onto micron-sized B4C particles. The thickness was able to be 

tuned and controlled below 100 nm. Key parameters, including the amount of nickel 

source, the amount of the surface activation agent (PdCl2), the amount of the complexing 

agent (C2H8N2), and the addition rate of the reducing agent (NaBH4) were studied. When 

the targeted thickness was 5 nm, a continuous and uniform nanolayer coating was 

obtained with the optimal condition of individual parameter combined. 

Reduction of the as-coated B4C powder in a H2-Ar atmosphere was studied 

between 400-900ºC to reduce the surface oxides—Ni2O3 and B2O3. Reduction at 800ºC 

in hydrogen atmosphere was found to be the most effective condition to remove oxygen 

in the coating layer, with Ni2B as the reduction product. 

Compaction of the as-received, separated and uncoated, and separated with Ni-B 

coating B4C powders using uniaxial die compaction and combustion driven compaction 

(CDC) techniques was studied. CDC technique showed the advantage over the traditional 

uniaxial die compaction by yielding much higher green density and green strength (73% 
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vs. 53.8% green density for the Ni-B coated B4C). Among compacts obtained from the 

same technique, Ni-B coated B4C compact yielded the densest packing with crack-free 

compact surface and the highest strength, demonstrating more bonding between B4C 

particles provided by Ni-B surface coating.  

Sintering of the Ni-B coated B4C in an Ar atmosphere between 1150 - 1600ºC 

with soaking time of 2 hrs and 10 hrs was studied. Liquid phase was found to form during 

the sintering process. Density measurement showed that the liquid phase Ni-B formed 

greatly facilitated B4C densification. Considerable density increase and inter-granular 

connection was achieved when sintered at 1600ºC for 10 hrs. The density enhancement 

by Ni-B coating was supported by transmission electron microscopy-energy dispersive 

spectroscopy (TEM-EDS) examination which showed that there was B4C species 

diffusion into liquid Ni-B phase. This liquid phase enhanced the diffusion of B4C species 

and formed strong bonding between B4C grains by dissolving small B4C particles and 

sharp edge and corners of B4C particles. Strength test demonstrated that the Ni-B coating 

dramatically improved the strength of B4C compacts by yielding a much higher strength 

of the Ni-B coated samples than the uncoated samples (13.97 vs. 1.79 MPa for the 

uinaxial die compacted samples, 27.03 vs. 2.21 MPa for the CDC samples). Electrical 

conductivity Ni-B coated B4C samples was also shown to be improved with the electrical 

resistivity being reduced from infinite for pure B4C samples to 1.8×10-3 Ω·m for the Ni-B 

coated samples. 

This research work has shown that with the Ni-B coating, B4C densification can 

start at a temperature as low as 1600ºC via a liquid phase sintering process. 
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CHAPTER ONE 

INTRODUCTION 
 

B4C is the third hardest material known (Vickers hardness 2900-3900 kg/mm2), 

ranking after diamond (8000-8500 kg/mm2) and cubic boron nitride (4500-4600 kg/mm2) 

[1]. B4C also has very high melting point. The high hardness and melting point of B4C are 

attributed to the highly covalent bonds existing as the material structure. Boron carbide is 

composed of twelve-atom icosahedral clusters that are linked by direct covalent bonds. 

These clusters are located at the corners of a rhombohedral unit cell [2]. Besides the 

hardness, its unique properties, such as good chemical resistance, low density (2.52 g/cm3), 

and neutron absorption properties make B4C an important material in different applications. 

B4C can be used for dressing diamond tools, hot-pressed sand-blasting nozzles, and 

ceramic tooling dies because of its excellent abrasion resistance. Because of its hardness 

and light weight, B4C is used in armor material to protect military personnel and vehicles 

from ballistic attack. B4C is also used as an absorbent for neutron radiation in nuclear 

power plants in the form of shielding, control rod, and shut down pellets [3].  

In spite of these very attractive properties, achieving high density B4C components 

has been challenging. B4C particles are extremely hard and do not deform under typical 

compaction pressure. Especially, if the surface of the particles is not smooth and the 

particles are not regular in shape, it will be fairly hard for the particles to move with 

respect to each other and rearrange under the compacting condition. Also, because of the 

high melting point (2450°C) and the low boron and carbon diffusion mobility resulting 

from the covalent bonding, it is difficult to sinter B4C. It has been a challenge to achieve 

near-theoretical density. Pure B4C cannot be sintered to densities higher than 75-80% of 
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the theoretical density even at temperature higher than 2300°C. Current techniques used to 

produce B4C components include hot pressing, hot isostatic pressing, and most of the time 

pressureless sintering after conventional uniaxial compaction. 

All these special features make B4C processing low efficiency and high cost. In 

order to produce a density closer to the theoretical density, additives such as TiB2 [4, 5], 

TiO2 [6] etc. have been added into B4C matrix in the pressureless sintering of B4C. 

However, it was found that the second phase formed always degrades the mechanical 

performance. So far B4C has been studied mainly as a structural material based on its 

mechanical and physical properties. Its novel properties presenting in functional material is 

still under discovery and development.  

In this context, if a thin metallic layer can be incorporated into the B4C particle 

surfaces, it should greatly facilitate the rearrangement of the B4C particles during 

compaction and the B4C species diffusion during sintering. When the amount of the 

metallic layer is controlled at a very low amount and distributed homogeneously in the 

B4C matrix, it should introduce new functionalities such as electrical conductivity and 

magnetism without considerable performance degradation, thus making B4C suitable for 

more applications. Nickel is one of the metals that have been studied and used extensively 

in coatings because of its unique deposit properties such as good ductility, lubricity, 

excellent corrosion and wear resistance, and excellent electrical and magnetic properties. If 

metal nickel can be incorporated into B4C uniformly in the form of a thin layer, it will not 

only improve the processability of B4C, but also bring more functionalities. 

In this research work a uniform Ni-B nanolayer was applied onto the surface of 

micron sized B4C particles using electroless coating technique. Key variables were 
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adjusted and the effects on the coating layer were studied with the purpose of obtaining a 

uniform and thin coating. Heat treatment in hydrogen was carried out to reduce the surface 

oxides produced during electoless coating. Compaction and sintering of pure B4C and 

coated B4C treated in a reducing atmosphere were carried out. The compaction and 

sintering behavior of both pure B4C and Ni-B coated B4C were examined. The ultimate 

goal of this research is to investigate the effectiveness of the proposed electroless coating 

procedure to apply a nano-thickness Ni-B layer on individual B4C particles, to probe the 

effect of the Ni-B on the compaction and sintering behavior of B4C, and further to evaluate 

the processability enhancement with the proposed treatments. Finally, a mechanism 

describing Ni-B coated B4C sintering is to be studied. 

1.1. Electroless coating 

1.1.1. Background of electroless coating 

Electroless coating metal onto non-conductive materials, also known as electroless 

metallization, is attractive because of its various electronic applications such as fabrication 

of conductive path and lithographic masks. At the same time, this technique can produce a 

uniform thin metal layer, regardless of size, shape, and the nature of the substrate as long 

as the surface to be coated is properly treated. Unlike electroplating, electroless coating 

technique is used to coat not only flat surface, but also particles. Since no current is used, 

the reaction speed can be controlled and adjusted more easily. Among different electroless 

metal coatings, nickel has proved to have promising application significance due to the 

excellent corrosion and wear resistance of the coating formed. The autocatalytic electroless 

nickel coating was discovered by Brener and Riddel in 1946 [7]. Since then, electroless 
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nickel coating has been widely studied and used because of its unique deposit properties 

such as good ductility, lubricity, wear resistance, excellent electrical properties and high 

hardness. Wen et al. carried out electroless Ni coating onto yttria stabilized 60 µm zirconia 

powders (YSZ) and stated that the coating temperature strongly affects the coating 

microstructure [8]. Using electroless Ni coating technique, Pratihar et al. coated a uniform 

Ni layer onto YSZ powders that was used as anode material in solid oxide fuel cells [9]. 

With the same technique, Kim coated a uniform Ni-P layer onto amorphous Ni-Zr-Ti-Si-

Sn powders with particle size smaller than 75 µm to inhibit the high temperature oxidation 

of Ni-Zr-Ti-Si-Sn [10]. 

1.1.2. Reducing agents containing P or B 

Based on different reducing agents used, the deposited layer normally consists of 

Ni-P, Ni-B or pure Ni. Electroless nickel coating containing P has seen its commercial 

success because of the low cost of the phosphorus-containing reducing agent—

hypophosphite. Chen et al. coated Ni on silicon carbide nanoparticles using electroless 

coating technique and found that pre-treatment (including oxidation, hydrophilic treatment 

and sensitization) plays an important role in the electroless Ni coating [11]. Li et al. studied 

coating a Ni-P layer on carbon nanotubes [12]. They found that nickel coating has a 

tendency to form nanoparticles on the coated surface, and high density active sites and low 

deposition rate are critical to better coating. However, transmission electron microscopy 

still shows a discontinuous nickel layer. Zeng et al. coated Ni-P layer onto fluorinated 

single walled carbon nanotubes (SWNT) [13]. The authors concluded that high surface 

density of Pd-Sn catalytic nuclei is necessary to high quality coatings. Besides carbon 

nanotubes, optical fibers (silica glass, 125 µm outer diameter) as the substrate was studied 
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by Shiue, and the dependence of the thickness (from 35-565 nm) of the Ni layer on the 

coating time was demonstrated [14]. Further, they studied the effect of coating thickness 

and roughness on the mechanical strength and thermally induced stress voids. They found 

that the roughness does not change when the coating thickness is less than 65 nm and 

increases with coating thickness when the coating thickness is greater than 65 nm. There is 

a minimum value for surface roughness and coating thickness to increase the tensile 

strength of the coated optical fiber. 

Although hypophosphite (NaH2PO2·H2O) has received wide acceptance, attention 

has shifted towards borohydride-reduced nickel deposits in recent years. Apart from the 

uniformity, electroless nickel-boron coating can produce extremely hard deposition of 

nickel boride, which in turn provides incredible wear and abrasion resistance. High 

hardness of nickel boron deposits makes it extremely attractive to use boron containing 

reducing agent for electroless nickel coating [15]. Sodium borohydride (NaBH4) is one of 

the most powerful reducing agents for electroless nickel-boron coating. The coatings 

obtained from this reducing agent demonstrates excellent hardness, wear resistance and 

lubricity and show more consistent physical properties compared to deposits obtained by 

using other boron compounds. Therefore, it is more often used as the reducing agent in 

electroless Ni coating. So far borohydride-reduced Ni coating has been used mainly on 

sheet-like substrates [16, 17, 18]. Mondal coated Ni-B on p-silicon with the purpose of 

improving crystalline silicon solar cells [19]. The optimization of different parameters such 

as coating time, temperature, and borohydride concentration was carried out. Rather than 

coating at elevated temperatures, Baskaran et al. did electroless nickel coating onto copper 

and stainless steel substrates, and studied the effect of borohydride concentration on the 
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coating rate and on the Ni/B ratio in the coating at low operating temperature (45ºC) [20]. 

They found that boron content in the bath affects the structure of the coating and the 

magnetic properties: the more the boron content the greater the amorphous structure of the 

coating; and the less the saturation magnetization. Narayanan et al. formed Ni-B deposits 

onto medium carbon steel, copper and stainless steel substrates [21]. By studying the 

influence of different parameters on the resultant coating they found that the deposition 

rate of Ni-B coating is a function of bath temperature and molar ratio of complexing agent 

(ethylenediamine) to Ni. Also the X-ray diffraction (XRD) pattern in their work shows that 

the as-plated Ni-B is amorphous unless being heat treated. Giampaolo et al. coated Ni-B 

on sintered metal carbide particle substrates (WC and VC powders, raw material has a 

particle size of <40 µm) using an alkaline and acidic boron-containing bath [22]. They 

found that both methods produced continuous films with uniform thickness, with the acidic 

bath yielding higher coating rate. XRD shows that all coatings formed are amorphous. 

1.1.3. Different coating substrates 

According to the literature, electroless Ni coating has been used on substrates with 

different geometries. Initially Ni was coated on plate substrates [7]. Besides plate 

substrates such as steel, carbon steel, stainless steel, copper, mild steel, powders including 

zirconia powder [8, 9], Ni-Zr-Ti-Si-Sn amorphous powder [10], silicon carbide 

nanoparticles [11], and metal carbides [22] have been employed as substrates for Ni 

coating as well. At the same time, one-dimensional nanostructures such as nanofibers [23], 

nanotubes [12, 13, 24] have also been coated by Ni. 
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1.1.4. Mechanisms of electroless nickel coating 

First, electroless Ni deposition will not happen until the to-be-coated surface is 

treated prior to the coating. According to the literature, a two-step treatment is most widely 

used. The first step is called sensitization in which tin chloride (SnCl2) in hydrochloric acid 

is used. Then palladium chloride (PdCl2) in hydrochloric acid is used in the second step 

called activation treatment. Brandow et al. studied the effect of colloidal Pd (II) on the 

surface morphology of electroless Ni deposition and on the particle size of the Ni deposit 

[25]. They found that catalyst surface coverage as low as 20% is enough to initiate 

complete and homogenous metallization. However, key parameters need to be further 

quantified and the mechanism of catalysis needs to be more clearly understood. There are 

only a few papers published about the mechanism of Ni deposition using boronhydride as 

the reducing agent. Borohydride is a powerful reducing agent but hydrolysis happens 

rapidly in acid and neutral solutions. Therefore nickel reduction by borohydride should be 

carried out in an alkali environment. The possible mechanism that describes electroless 

nickel coating has not been well defined. Different mechanisms involving reactions 

between nickel and borohydride are: 

↑+++→++ −−−+
2224

2 22242 HOHBONiOHBHNi   (1-1) [17] 

OHBONiOHBHNi 224
2 6484 ++→++ −−−+    (1-2) [15] 

↑+→+ −−
2424 )(4 HOHBOHBH      (1-3) [15] 

Although based on the above equations, the stoichiometry between nickel and borohydride 

is two, it has been found in some experiment that one mole of borohydride reduces 

approximately one mole of nickel. 
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1.1.5. Electroless coating Ni-B layer onto B4C particles 

 According to the literature, little has been done regarding electroless Ni coating 

onto B4C powder. In the cases of particle subtrates, the particle size is normally in several 

tens of microns. Regarding the coating thickness, little work has been done to control the 

coating thickness within nanometer range. Also, the particle shape that has been coated is 

generally spherical. In this work B4C powder with the average particle size of 2 µm in 

irregular shape will be coated using electroless Ni coating technique. NaBH4 will be used 

as the reducing agent. We expect that boron introduced by sodium borohydride will form 

Ni-B composite layer, react with the excessive carbon in B4C, and improve B4C sintering 

behavior. The purpose of this work is to produce Ni layer in nanometer thickness, and to 

control the thickness of the Ni layer by adjusting different parameters. By introducing Ni 

layer onto the B4C surfaces, the compaction and sintering of B4C powder are expected to 

be improved. Also, more functionalities is expected to be brought into the original B4C 

system with the introduction of Ni. Not only the thickness of Ni-B layer will be controlled, 

but also an optimal thickness and the corresponding parameters that can produce this 

thickness will be studied. 

 After the optimal thickness is determined, the amount of surface activation agent, 

the amount of complexing agent, and the reducing agent adding rate will be adjusted and 

the effects on the coating will be examined so that a coating with desired morphology can 

be obtained. 
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1.2. Compaction 

1.2.1. Compaction—overall  

Compaction transforms loose powders into designed shapes with a certain density. 

It is the type of consolidation technique that is suitable for dry powders which have <2 

wt% water content. Also it provides shape definition and dimentional control. 

In order to make loose powders into final dense product in a desired shape, pressure 

needs to be applied to the powder in a compaction process. Green body with certain 

density that is called green density will form after compaction. The compaction step in this 

research work is to serve the sintering step, producing B4C compacts for later sintering 

behavior investigation. Therefore it will not be addressed in much detail. 

During compaction, force is applied to powders in different ways according to the 

nature of the specific technique (for example, either in uniaxial way or in isostatic way), 

resulting in certain compact with designed shape. A major issue during the compaction 

step is the friction under the applied force between particles and between the particle and 

the die wall. The die-wall friction will cause density gradient in the green body. The region 

with lower density will undergo more dimensional change during sintering. 

During ejection, the pressure will be released and expansion in the compact is 

expected due to springback effect. Again friction between the compact and the die wall 

will resist the ejection of the sample. Both the springback and the friction can cause defects 

upon ejection, which is highly undesirable and might lead to cracking during sintering. 

For compaction of ceramics, especially hard materials such as B4C particles, the 

compaction step normally shows two stages. In the first stage, particles will fill large 

interparticle pores from loose powder. Rearrangement and sliding will happen as pressure 
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increases. Since particles are loosely packed initially, the density increases fast with the 

applied pressure. When the pressure reaches certain point, particles cannot move as easily 

as before. The densification is dominated by particle fracturing at sharp corners and edges 

contacting with other particles or other contacting points or faces. Further pore filling by 

the fracture fragments happens under pressure, accompanied by more rearrangement. Due 

to the hard nature of most ceramics, the increase in density in this stage is slower than the 

first stage. Further increase of the pressure will not cause much densification. 

A typical compaction curve of is shown in Fig. 1-1. Fernandes et al. studied the 

pressing behavior of tungsten carbide (WC) powder sputter-coated with stainless steel [26]. 

The compaction behavior of the coated powder was examined under pressure between 60 

and 250 MPa. A maximum relative density was obtained when pressure reached 190 MPa 

or above, with values of 57-58%. As can be seen in Fig. 1-1, for the non-coated WC 

powder mixed with paraffin wax, the density increases rapidly initially, followed by a 

plateau; while for the coated WC that has no binder, the density increases fast first, 

followed by a gradual increase. By comparison, the latter one shows a density comparable 

to the uncoated powder. This behavior is a demonstration of hard non-metallic material in 

which the increase in density with pressure is largely caused by rearrangement rather than 

plastic deformation. 
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Fig. 1-1. Variation of the relative green density as a function of the pressing pressure [after ref. 26]  

 Green density and green strength are two parameters that are important to describe 

the compaction outcome. Green density is the density of the compact. It is normally 

expressed as a percentage with respect to the theoretical density of the same material. 

Green density has significant effect on sintering. Higher green density means less 

shrinkage during sintering and less porosity at the end of sintering. Weak contacts between 

particles result in weak green strength which will cause cracking, delamination and 

handling problems. The harder the material, the lower the green strength. Sometimes 

additives are used to increase the green strength because they can provide more particle-

particle contact. However this will introduce impurities into the system and is not desirable. 

There are several factors that influence the compact quality and the green density: 

1) Particle size and distribution 

2) Particle shape 

3) Particle hardness 

Particle size affects the compaction in a complex manner. In the early stage of 

compaction, friction between particles inhibits particle sliding with respect to each other 

under pressure. Surface area is one of the factors that dominate the friction—the friction in 

the powder increases with surface area, which means for the same material, smaller 
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particles experience more friction between themselves. Meanwhile, a rough surface can 

increase the friction too. Particles with a wide size distribution will rearrange more easily 

since small particles can fill large voids and densify the powder faster in the early stage. In 

most cases of ceramic fabrication, particle size distribution is continuous within a range. 

Although a wider particle size distribution might yield a higher packing density, when 

balance with packing uniformity is considered, more uniform sized particles show more 

homogeneous packing.  

Beside particle size, particle shape also affects compact quality. Spherical shape is 

commonly desired since it helps particles slide if the particle surface is smooth. Packing 

density decreases for more irregular particles. However, when rounded particles with 

irregular shape are pressed to high green densities, the resulting interlock will lead to 

higher green strength.  

Another important factor is particle hardness. Compared to soft particles, hard 

particles deform less or do not deform. Soft powders such as lead and aluminum are 

expected to reach nearly full densities under high enough pressures. For hard powders, the 

particles will resist the densification due to the hardness of material being pressed. 

Fragmentation will occur when the applied pressure reaches certain point. It needs to be 

mentioned that even though soft particles are easier to deform, under high pressures they 

will gradually become harder and resist further densification. For particles with extreme 

hardness such as some carbides and nitrides, deformation in compaction will not happen or 

happen to very little extent. In this case, compaction pressure needs to be carefully chosen 

so that the powder can be effectively compressed while the delamination caused by over-

pressing can be avoided.  
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Whether the compaction is satisfying or not can be judged by a few criteria: 

1) How much density does the compact reach?  

2) How is the uniformity of the compact?  

3) Whether the compact is crack free? 

Green density is the first important criterion evaluating the quality of a compact. A 

low green density will cause exacerbation in grain growth. A high green density is 

desirable since due to the high particle coordination numbers, grain coarsening will be 

effectively hindered, and sintering time will be shortened. Also a high green density will 

exclude the need of pressure during sintering since less sintering densification will be 

required. In addition, a high green density will cause less shrinkage and dimensional 

change during sintering. If cracks are detected in the green body, the compaction is 

considered to be a failed one since cracks will not disappear in the following sintering step, 

and the finished product will have inherent defect, which actually makes the product 

mechanically functionless. The uniformity of the green body mainly refers to the 

uniformity of density and has crucial impact on sintering. For example, if the density in the 

green body is not uniform, the sintered product will have heterogeneities and the 

mechanical properties will be jeopardized. Therefore, much care should be taken to 

produce crack-free uniform compact with green density as high as possible so that the 

following sintering process can have a good starting point. The variation of the density 

inside the green body will cause different shrinkage throughout the sample during 

sintering—loose compacted region will shrink more, and thus the product will warp. 

Hence, minimum density gradient is desirable for both uniform properties and uniform 

structure. 
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1.2.2. Different compaction techniques 

Static compaction 

a. Uniaxial die compaction (static compaction) 

Uniaxial pressing in a die is commonly used for dry powders and is also called dry 

compaction. This is one of the earliest and simplest compaction techniques and has been 

widely employed in ceramics industry to form ceramics powders into green compacts. In 

uniaxial compaction, the compaction and shaping of the powder occur simultaneously in a 

die. It forms green body in a quick way with accurate dimensions of relatively simple 

shape, which makes it a cost-effective manufacturing process. It is also capable of yielding 

high volume production. The pressing die is the tooling that experiences pressure along 

just one direction via the movement of the upper and/or the lower punches.  

In the compaction step there are three modes considering the relative motion of the 

die and the punches. In single-action mode, the upper punch moves while the lower punch 

and the die keep still. In double-action mode, both punches move but the die is fixed. In 

the floating die mode both the upper punch and the die move while the lower punch stay 

stationary. Among these three modes double-action mode is capable of transmitting 

pressure from both upper and lower directions, therefore producing more uniform compact. 

On the contrary, the single-action mode will provide less uniformity. 

A main issue in die compaction is the friction between the die wall and the powder. 

It will result in nonuniform pressure transmission and therefore generate density gradient. 

Since the dimensional change during sintering will be inversely proportional to the green 

density—low density region will change more, the nonuniform density in the green body 

will cause severe warpage during sintering. 
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As mentioned earlier, because of the extreme hardness, the compaction of B4C will 

inevitably encounter difficulties in the compaction stages without any aid. Especially, 

when the shape of particles is less regular than spherical, upon pressing significant friction 

will be generated between the particles and the die wall. If the powder material has 

extreme hardness such as B4C, particle deformation will be impossible and compaction can 

be very challenging. 

Uniaxial compaction was employed by Lee and Speyer on B4C powder in a steel 

die at a pressure of 200 MPa to prepare disc samples with dimensions of 5 mm in height 

and 6.4 mm in diameter [27]. Green densities in a range of 67-68% of theoretical density 

were obtained for undoped powder. For powder doped with 3 wt% of carbon, a green 

density of ~70% was obtained. Roy et al. studied pressureless sintering of B4C with 

median diameter of 0.5~2 µm [28]. B4C powder is mixed with 1~3 wt% C, 5 wt% ZrO2, 

and 5 wt% TiB2 respectively as sintering aids. The mixtures are compacted under a 

pressure of 280 MPa forming pelletes of 10 mm diameter and 10 mm height. The green 

density of ~65% of theoretical density is obtained.  

b. High pressure compaction 

In high pressure compaction, a pressure much higher than that in the conventional 

compaction will be used. The pressure normally is higher than 1 GPa and could reach 

several GPa if static mode is employed. In the case where pressure is generated in special 

ways such as in some dynamic compaction techniques that will be discussed shortly, the 

pressure can be up to tens of GPa. 

High pressure compaction is attractive mainly in the following situation. When the 

particle size goes down to nanometer, high pressure will be required since system 
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containing nanosized particles has much more friction between nanoparticles. Meanwhile, 

as discussed earlier, when the particles have high hardness, high pressure is necessary 

since the particles are so hard that they do not deform even at elevated pressures. The 

extremely high pressure can overcome the friction between the particles and between the 

particles and the die wall, forcing particles to pack denser. In the case where high pressure 

is used, lubricant cannot be brought into powder system since it will take too much space. 

Only die-wall lubricant can be used.  

The shortcoming of this method is the possible cracking resulted from the 

springback effect. Due to the over-high pressure, upon pressure release, there will be 

considerable residual strain. Therefore, the release of pressure must be done in such a way 

that the springback can be kept at the lowest possible level. As mentioned earlier, the 

tooling for high pressure compaction needs to be specially designed. It should be able to 

constantly generate a high pressure and stand for it.  

Dynamic compaction 

The feature that distinguishes dynamic compaction from static compaction is the 

way a pressure is applied during compaction. In dynamic compaction, pressure is applied 

for a very short period of time so that the consolidation can be finished within seconds. 

The dynamic compaction increases the particle moving rate to 10-100 m/s which is much 

higher compared to that in static compaction that is normally 10-3 to 10-4 m/s. Therefore 

dynamic compaction is chosen mostly for the compaction of nanosized powders. Green 

density of ~85% of the theoretical density can be achieved for some reported nanopowders.  

a Shock-wave compaction 
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In shock-wave compaction, a high velocity compressive wave is applied to the 

powder. Normally the compaction is performed using a projectile and some flyer plate 

possibly made of stainless steel accelerated in a gas gun that can release compressed gas 

and achieve projectile velocities as high as 900 m/s [29]. The peak compressive pressure 

can reach several giga Pascal. Due to the high dynamic energy rate shock-wave 

compaction has been employed in consolidation of nano-crystalline powders and materials 

that have plastic behavior. Because of the high pressure involved in the processing, the 

expense of the experimental fixture is not negligible. Shock compaction was employed by 

Stuivinga et al. on B4C compaction with a double explosive layer configuration [30]. A 

homogeneous B4C compact that is 20 mm in diameter and with 87% density was obtained.  

b Explosive compaction 

Explosive compaction is also referred to as shock compaction due to the pressure 

shock from the explosion. In explosive compaction, powder is kept in a metallic container 

that has a wall thickness around 2 mm. The two ends of the container are closed with 

metallic plugs. The powder container will be placed in another container, which is filled 

with explosive material such as TNT, and the detonation velocity can reach about 3.2 km/s. 

On top of the outside container there is a detonator that will be electrically ignited to 

initiate the explosion. Compaction time can be as short as 0.28 µs [31].  

c Electro-discharge compaction 

In electro-discharge compaction, a chamber made of insulating material will be 

filled with to-be-compacted powder. A d.c. current will be passed through the powder for 

an extremely short period of time, in the order of a few hundred milliseconds. During this 

time, the temperature will increase because of the inherent electrical resistance of every 



CHAPTER ONE 

 - 18 - 

material when electricity is imposed. According to the literature an initial pressure up to 

several hundred mega Pascals is necessary before applying electricity [32]. The discharge 

voltage up to 400 V has been used. Since electrical current is involved in the technique, 

electro-discharge compaction is suitable for conductive material, mainly metal powders. 

d Magnetic pulsed compaction 

In magnetic pulsed compaction, powder shaping is conducted under intensive 

magnetic pulsed pressure for a fraction of one second (normally a few microseconds). The 

pulsed pressure can go over 1 GPa. An important feature of the pulsed compaction is 

adiabatic process resulting in pulsed heating of the powder to hundreds of degree Celsius.  

Hong et al. investigated the densification of nanocrystalline Fe-Si powder using 

magnetic pulsed compaction and uniaxial compaction [33]. A density higher than 82% was 

achieved by magnetic pulsed compaction, compared to less than 62% by uniaxial 

compaction, leading to a higher magnetic permeability.  

e Plasma compaction method 

Klotz et al. densified B4C using a method called plasma pressure compaction (P2C) 

[ 34 ]. This technique is actually a powder consolidation technique that can fulfill 

compaction and sintering simultaneously. It provides rapid powder consolidation by Joule 

heating of the powder bed. During compaction, the powder is subjected to a pulsed DC 

voltage while under light pressure. The pulsed voltage will generate interparticle plasma 

that is believed to be able to break down contaminant layers such as oxide coatings on 

particle surfaces. Only 32 MPa was used and maintained throughout the consolidation run. 

To achieve similar densities, conventional hot pressing needs to be carried out at 
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temperatures between 2000ºC and 2100ºC for 45 min, while the plasma pressure 

compaction only needs 1650ºC for 5 min. 

f Combustion driven compaction 

Combustion driven compaction (CDC) is a unique technique developed by Utron, 

Inc.[35, 36]. Combustion driven compaction presses powders by high pressure generated 

by a combustion gas mixture with a simple set-up not requiring specific field. A schematic 

of CDC set-up is shown in Fig. 1-2. During the compaction cycle, the chamber is filled 

with a mixture of natural gas and air. As the chamber is being filled the ram is able to 

move down, pre-compressing the powder and removing entrapped air. This is considered 

as the first stage during combustion-driven compaction and is called pre-load stage. Then 

in the compaction stage when the sealed gas mixture is ignited, the pressure in the chamber 

will rise dramatically in a very short period of time which is normally in the order of 

milliseconds. At the same time, the ram will be pushed down to the powder at an 

extremely high speed, realizing the compaction. In CDC, chemical energy is directly 

converted to kinetic energy within a second. The highest pressure this technique can reach 

is several GPa [35].  

 

Fig. 1-2. Schematic of combustion driven compaction [after ref. 35] 
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The advantages of CDC include high green density, high productivity, net shaping 

ability, improved material properties, little or no post-maching, and reduced sintering 

shrinkage. Also because of these unique features, CDC is suitable for micron and nano 

powders and hard powders. Compared to other dynamic compaction techniques, CDC 

imposes loading at a gradual rate during its unique two-stage load cycle, making CDC very 

attractive for brittle, crack-sensitive materials. Fig. 1-3 shows a typical CDC load cycle.  

During this cycle, a high pressure of >3 GPa can be achieved during a very short period of 

time (around 120 ms). Also, from Fig. 1-3 it is apparent that the pressure release is 

relatively slow, which will effectively reduce localized stress and the resulting defects. 
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Fig.1-3. Typical CDC compaction load cycle [after ref. 35] 

Sachan and Majetich prepared Sm-Co and Fe mixture nanostructured magnets 

using CDC technique [37]. CDC shows promise over conventional hot isostatic pressing 

and plasma pressure compaction. Utron has done extensive work using CDC [36]. In their 

work, different green parts with complex shapes including rings, dogbones, cylinders, and 

gears were prepared using CDC in which a maximum load of 2 GPa was used. In their 
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most recent work, 1000 ton CDC press was applied to form compacts with different 

geometries [36]. By scaling up, CDC is able to fabricate parts with larger surface areas. 

1.2.3. Compaction of B4C 

After green body is obtained, green properties needs to be evaluated. Adjustment 

on the operation parameters should be done if necessary. Prediction of the compact 

properties is possible. Characterizations such as green density, porosity, and microstructure 

etc. will be discussed in detail in the future work part. 

So far in the literature, uniaxial compaction [27], shock wave compaction [30], and 

plasma compaction [34] have all been employed to press either pure B4C [27, 30, 34], or 

B4C with additives in order to obtain B4C with higher density [27, 34]. The additives were 

either mechanically mixed with B4C particles or mixed in a liquid environment followed 

by drying. Although the additives have been proved to be able to increase the final density 

of B4C, the amount of the additives can be as high as 25 wt%. This will degrade the 

desired properties possessed by B4C. On the other hand, the ways that the additives and 

B4C are brought into one system do not provide a strong adhesion between the two species, 

which means the additive particles will not be able to uniformly cover the B4C particle 

surfaces and might even leave considerable surface area not being covered. This will 

compromise the benefit of adding a second species. As a result, the amount of the additive 

will have to be increased to maintain the density. Therefore, introducing a uniform metal 

layer encapsulating B4C particles is expected to effectively facilitate compaction by 

applying a ductile layer. There is no literature report on applying a uniform metal layer 

onto B4C particles so far. The compaction of such coated B4C particles has therefore not 

been reported either.  
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Based on the literature, the compaction of B4C particles coated with nickel-boron 

has never been done. Studying the compaction of such system has the potential to improve 

the compressibility of B4C  to a higher level. Therefore compacting nickel-boron coated 

B4C particles will be carried out in this work. The feasibility of improving the 

compressibility of nickel coated B4C particles will be investigated. 

1.3. Sintering  

Sintering is a processing technique used to form dense components by applying 

thermal energy. It happens through mass diffusion, resulting in bonding and neck growth 

as well as shrinkage. During sintering the contacting particles will bond together at high 

temperatures. As the sintering proceeds the contacts will grow and form neck which will 

further grow accompanied by pore elimination and overall volume reduction. Generally the 

aim of sintering is to make reproducible parts with desired microstructure such as grain 

size, sintered density, and with desired properties such as certain strength and hardness by 

controlling sintering variables.  

When an external pressure is applied during sintering, it is called pressure sintering. 

Otherwise, it is called pressureless sintering. Although pressure sintering can achieve full 

densification, the process is expensive, slow, and is not very flexible in design. 

Pressureless sintering requires no external pressure, and the sintering equipment is simpler. 

Therefore it has more flexibility in processing and is more desired in manufacturing 

process: 

There are two big categories of pressureless sintering. 

1) Solid state sintering, and 

2) Liquid phase sintering. 
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When the to-be-sintered part is densified in solid state at the sintering temperature, 

it is called solid-state sintering. When a liquid phase is involved, it is called liquid phase 

sintering. Liquid phase sintering is realized by adding a second minor phase that has lower 

melting point than the major phase to be sintered. Liquid phase sintering happens via the 

solid dissolving in the liquid, which increases the diffusion rate many times than that in 

solid state diffusion. 

1.3.1. Solid state sintering 

1.3.1.1. Driving force and mechanisms 

Driving forces, sintering mechanisms, and sintering stages are three aspects 

describing a sintering process. In practice, the evolution of the microstructure (grain size, 

pore size etc.) is of interest to sintering process for a specific system. As temperature 

increases, particles start to bond with each other, and the contacts enlarge and merge as 

sintering progresses, forming necks. The driving force of sintering is the reduction of total 

interfacial energy.  

The change of total interfacial energy can be expressed as equation 1-4 [38]: 

AAA Δ+Δ=Δ γγγ )(       (1-4) 

where γ is the specific interfacial energy, A is the total interfacial area. Fig. 1-4 

schematically shows the densification and coarsening effects which are the two competing 

processes during solid state sintering. 



CHAPTER ONE 

 - 24 - 

 

Fig. 1-4. Densification and coarsening during sintering under the driving force [after ref. 38] 

Assumeing spherical particles with the same size, Fig. 1-5 shows the schematic of 

the commonly used two-particle model describing solid state sintering. Six sintering 

mechanisms describing solid state sintering are listed as following: 

1) lattice diffusion from the surface to the neck,  

2) surface diffusion,  

3) vapor transport, including evaporation/condensation and gas diffusion,  

4) grain boundary diffusion,  

5) lattice diffusion from the grain boundary to the pores, and  

6) viscous flow,  

Among them, 1 to 3 contribute to neck growth without densification. 4 and 5 are 

mechanisms contributing to densification. They lead to neck growth as well. 6 contributes 

to both neck growth and densification but is more common in the case of metal powder 

sintering. Although mechanisms 1-3 do not contribute to densification, they reduce the 

driving force for densification by reducing the neck surface curvature. Typically, the 

activation energy for surface diffusion is lower than the activation energy of grain 

boundary diffusion which is lower than that of the lattice diffusion. Therefore, surface 
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diffusion is generally more active than lattice diffusion. Since solid state sintering is better 

understood and is not the interest of study in this research work, detailed discussion on 

solid state sintering theory will not be presented. 

 

Fig. 1-5. Schematic of two-particle model sintering [after ref. 38]  

In reality, multiple mechanisms will happen simultaneously, with the dominant 

mechanism shifting at different stage of sintering. For ceramics like B4C, sintering is 

surface diffusion controlled [38], and it will need dopant to induce densification. During 

bulk transport, vacancies migrate from pores through grain boundary diffusion and lattice 

diffusion, which is identical to mass flowing into the pores. Densification is realized when 

vacancies are annihilated at grain boundaries and interfaces. 

1.3.1.2. Sintering stages  

Our discussion in this section assumes that particles that will undergo sintering are 

undeformed and in point contact. In this sense, solid state sintering is usually considered to 

have three overlapping stages—initial, intermediate and final stage, as shown in Fig. 1-6. 

For a compact, the first stage might be absent. 
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Fig. 1-6. Schematic showing the densification curve of a powder compact  

and the three sintering stages [after ref. 38] 

In the initial stage, interparticle neck forms and grows rapidly. About 3% 

densification can be achieved. The intermediate stage is the most important stage for 

densification and for the final properties of the sintered compact. Pore rounding, grain 

growth, and densification occur simultaneously. In this stage, the pores first reach their 

equilibrium states and pore phase is still continuous. Densification occurs through pore 

shrinkage and reduction of their cross section. The pores are assumed to be tube-shaped 

and located on the grain edges. The grains grow and the size is larger than the initial 

particle size. The grain shape is a tetrakaidecahedron with cylindrical pores as the grain 

edges. As shown in Fig. 1-6, intermediate stage is the major part of sintering, and a relative 

density between 70 and 92% can be achieved by the end of this stage. Along with sintering 

time increase, pores eventually become isolated, indicating the beginning of the final stage. 

In the intermediate stage, grain coarsening becomes important. In the final stage tube-

shaped pores will close to spherical pores and be isolated at grain corners. They will keep 

shrinking until reaching final density. Grain size increases extensively and the original 
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particles will not be visible any more in the microstructure. The relative density is higher 

than 92%. This stage is a slow process compared to the first two stages. 

In B4C system, the rigid covalent bond determines that the diffusion will be 

extremely low. Since surface diffusion has the lowest activation energy, it will dominate 

during the sintering process [38]. Sintering of B4C in the literature will be presented 

shortly in a separate section. In this work, a Ni-B layer thickness of 5 nm is going to be the 

targeted value. In this case, the theoretical density of the 5 nm Ni-B coated B4C can be 

calculated and gives a value of 3.01 g/cm3.  

1.3.1.3. Densification versus coarsening 

Densification and coarsening are two concurrent processes during sintering, with 

the coarsening impeding the densification. Grain growth generates from the neck formation 

and happens during sintering at sufficiently high temperatures. More specifically, some 

larger grains grow at the cost of smaller grains. For example, when atoms transport from 

surface sites to surface sites by surface diffusion or vapor transportation, sinter bonds will 

form between particles without densification. Although there is no dimension change, the 

decrease in surface area, increase in grain size can be considerable, resulting in coarsening 

and the accompanying pore size and shape change. Typically coarsening becomes 

prominent in the late intermediate and final stages of sintering.  Sintering without 

densification is common in systems such as B, SiC, B4C, BN, and Si [39]. Coarsening also 

consumes surface energy that is the driving force for densification, while leave the pore 

space unreduced. The empirical equation describing the grain growth with time is shown in 

equation 1-5: 

KtGG += 3
0

3      (1-5) 



CHAPTER ONE 

 - 28 - 

G0 is the initial grain size, K is a thermally activated parameter and similar to factor 

B as used in equation 1-6, but includes a pore drag effect. Density estimation as a function 

of sintering time is possible using the following equation, where ρ is the density at time t, 

ρ0 is the density at initial time t0, m is a temperature-dependent constant. 

)ln(
0

0 t
tm+= ρρ     (1-6) 

In addition to what is discussed above, most properties are generally enhanced by 

small grain size. Increase in grain size makes the diffusion distance larger, resulting in 

lower rate of densification. Thus control of grain growth is necessary in order to achieve 

desired properties and high density.  

One way to facilitate densification while hindering grain growth is to add a second 

phase to reduce grain boundary mobility while enhancing grain boundary diffusion for 

densification. It is called activated sintering. This can be realized by incorporating a dopant 

or liquid phase to tune the sintering kinetics. Especially for carbides and nitride that are 

usually difficult to sinter, a liquid phase has been introduced during sintering to suppress 

grain growth of the major phase. The benefit of bringing a liquid phase during sintering is 

not limited to slowing down the grain growth, more importantly, the diffusion can be 

enhanced, and thus the densification can be accelerated. Since diffusion is highly 

temperature dependent, therefore the high-melting-temperature material in the system will 

require a high sintering temperature to induce significant densification. If a species with 

low melting point is added into the high melting point system, and the high-melting-point 

material is soluble in the low-melting-point phase, a short-circuit diffusion path will form 

in because of the inherent faster diffusion rate of the species with low melting point. 
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1.3.2. Liquid phase sintering 

1.3.2.1. Introduction and driving force 

Compared to solid state sintering, there are not as much theoretical studies on 

liquid phase sintering. One reason rises from the rapid and unquantifiable nature upon the 

formation of liquid phase. When liquid forms the system consists at least three phases-

solid, liquid, and vapor. Liquid-phase sintering is especially effective for ceramics such as 

nitride and carbide since it dramatically enhances the kinetics and mass transport with the 

existence of liquid phase. The main advantage of liquid phase sintering is the faster atomic 

diffusion through the liquid phase. Also, the capillary attractive force due to the wetting of 

liquid can realize rapid densification without an external pressure. The existence of a liquid 

phase significantly reduces the inter-particle friction, enhancing the sliding and 

rearrangement of solid particles as well. In addition, the dissolution of the sharp edges and 

corners of solid particles in liquid phase will lead to more efficient packing. 

Sintering can be enhanced because it can provide a fast diffusion path for 

densification. A key difference between solid phase and liquid phase sintering is the 

wetting—liquid must spread over solid grains. In this case, diffusion rate is expected to be 

many times higher than that in solid state. Also, due to the liquid bridge formed between 

particles, the friction is largely reduced resulting in easier rearrangement under the 

capillary stress acting by the liquid. Besides these, compared to solid phase sintering, 

liquid phase sintering allows easy control of the microstructure. The processing cost will 

also be lowered. 

Commonly liquid amount during sintering is as small as no more than a few 

volume percent. More liquid (25~30 vol%) will be present in traditional clay-based 
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ceramics and in cemented carbides. Since liquid will cover the solid surfaces, the solid-

vapor interface will not exist anymore and pores will form in the liquid. Therefore the 

reduction of liquid-vapor interfacial area will be the driving force during densification. 

Assuming a spherical pore exists in the liquid phase, the pressure different between inside 

and outside the pore is expressed by Young and Laplace equation: 

r
p lvγ2

−=Δ      (1-7) 

where lvγ is the specific surface energy of liquid-vapor interface; r is the radius of the pore. 

A compressive capillary stress act on the particles through the liquid because the pressure 

in the pore is higher than that in the liquid. This stress generated from pores existing in the 

liquid phase is equivalent to applying an external hydrostatic pressure to the solid particles 

and thus provides considerable driving force for sintering. When the liquid phase wets the 

solid particles, each interparticle space becomes a capillary where a substantial capillary 

pressure is developed. 

There are two types of liquid phase sintering depending on the state of the liquid 

phase at the end of sintering: persistent liquid-phase sintering and transient liquid-phase 

sintering. In persistent liquid-phase sintering, the liquid forms a glassy phase along grain 

boundary. In the transient liquid-phase sintering, the liquid may either disappears via 

forming solid solution with the solid phase or crystallization, or the liquid phase may 

evaporate, resulting in liquid phase disappearance prior to the completion of sintering. The 

existence of intergranular glassy phase may cause degradation of high temperature 

mechanical properties. Therefore, transient liquid-phase sintering has been studied for 

ceramic systems that have mechanical engineering applications at high temperatures. 
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However, the microstructure control becomes difficult due to the enhanced sensitivity of 

the system to the process variables in this case. 

1.3.2.2. Sintering stages and mechanisms 

There are three stages in liquid phase sintering [39]. In the first stage, liquid 

redistribution and particle rearrangement will happen. Solid state sintering may occur 

while the temperature is raised before the formation of the liquid phase.  When the liquid 

forms, assuming good wetting between liquid and solid particles, capillary pressure 

gradients will make liquid flow from regions with large pores to regions with smaller pores, 

resulting in liquid redistribution and the facilitated particle rearrangement. Solid particles 

will shrink through dissolution in the liquid phase and rearrange rapidly to reach a higher 

packing density. Due to the existence of the liquid phase, particle rearrangement can 

happen as fast as in a few minutes. The rearrangement of particles is so significant in liquid 

phase sintering that if the liquid content is high enough (>36 vol%), rearrangement alone 

can reach full densification.  

In the second stage, with liquid formation, rearrangement becomes less important 

and solution-precipitation mechanism becomes dominant due to the capillary force 

exerted on the solid particles by the liquid. In this stage, densification is realized through 

contact flattening and Ostwald ripening. The solid dissolves at the solid-liquid interfaces 

with a higher chemical potential, diffuses through the liquid, and precipitates on the 

particle surface that has a lower chemical potential. One type of solid dissolution site is the 

wetted contact area between particles where capillary force exerts by the liquid leads to a 

higher chemical potential at the contact region. Liquid phase acts as carrier for solid atoms 

from the contacts, resulting in center-to-center approach and the formation of a flat contact 
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zone. For systems with wide particle size distribution, solubility of a grain in its 

surrounding liquid varies inversely with the grain size—small grains have higher energy 

and solubility than larger ones. Thus smaller particles will dissolve into the liquid, diffuse 

through the liquid, and finally precipitate on the larger ones. This process is known as 

Ostwald ripening. In other words, densification will happen through coarsening, sometimes 

accompanied by grain shape accommodation if the liquid amount is small. Densification 

during the second stage is affected by factors including grain size, solid solubility in the 

liquid, temperature etc. The occurrence of grain shape accommodation is favored when 

liquid amount is small, which also contributes to the densification during this stage of 

sintering.  

In the last stage of liquid phase sintering densification rate significantly decreases 

while microstructural coarsening continues due to the large diffusion distance in the 

coarsened structure. Ostwald ripening dominates the process. A typical feature indicating 

the onset of this final stage is the considerable grain growth within the compact. It is also 

referred to as solid state controlled sintering. A rigid solid skeleton of contacting solid 

grains formed will inhibit further rearrangement. In spite of this, solution precipitation 

continues, leading to grain growth, grain shape accommodation, and pore removal. 

Generally, properties of most liquid-phase sintered materials are degraded by prolonged 

final-stage sintering. Therefore, long sintering time is preferred in practice. A schematic of 

stages in liquid phase sintering mixed powders is shown in Fig. 1-7. 
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Fig. 1-7. Schematic of liquid phase sintering stages of mixed powders 

As mentioned earlier, the main advantage of liquid phase sintering is the fast 

processing by providing media where diffusion happens much faster compared to solid 

phase sintering. The capillary stress from the wetting liquid allows rapid densification 

without the need of external pressure. Particle rearrangement can be greatly aided because 

of the friction reduction with the existence of a liquid phase. In addition, the dissolution of 

sharp particle edges and corners of liquid phase can realize more efficient grain packing.  

1.3.2.3. Factors influencing liquid phase sintering 

Liquid phase sintering is a more complex process than solid state sintering. 

Different factors have effects on liquid phase sintering via effects on the kinetics and 

thermodynamics. 

First, because of the special function of liquid phase, good wetting of the solid by 

the liquid is a prerequisite for liquid phase sintering. When there is good wetting, liquid 

will spread well over the particle surfaces, which will be important in the rearrangement 

soon after the liquid forms. 
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The penetration of liquid into the grain boundary is another important factor, and it 

is determined by the dihedral angle that is a function of grain boundary interfacial tension 

and solid-liquid interfacial tension. If the dihedral angle is zero, the liquid will completely 

penetrate the grain boundary, and will thus effectively function. 

The solid solubility in the liquid and the liquid solubility in the solid are two 

solubilities that need to be considered. Good solid solubility in the liquid benefits 

densification via dissolving the sharp corners and edges and helping rearrangement and 

therefore is desired. On the other hand, if the liquid has good solubility in the solid, the 

liquid may incorporate into the solid phase. In this case, the transient liquid phase will 

disappear prior to the completion of sintering, resulting in swelling of the compact. 

Solubility increases with the decrease of particle size. Specifically, for B4C-Ni/B that is the 

focus in this work, good solubility of B4C in liquid Ni-B is desirable since a good 

solubility will enhance the dissolution of sharp corners and edges of B4C particles into 

liquid Ni-B phase, facilitating the rearrangement and the solution-precipitation. On the 

other hand, little solubility of Ni-B in B4C is desired since otherwise, compact swelling 

will happen.  

In case of liquid phase sintering of composites, since the high melting point 

component is also the harder phase, the sintering process can produce composites with 

ductile behavior with the existence of large amount of hard phase. The disadvantages of 

liquid phase sintering include compact slumping or shape distortion when there is too 

much liquid formed during sintering (more than several tens of volume percent). There are 

at lease three states co-existing in the compact when liquid first forms: solid, vapor, and 

liquid phases. Consequently, there are different interfacial phenomena and energies 
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associated with these phases, resulting in different solubility, diffusivity and viscosity 

coupled in the same system, which adds more complexity into the effort of trying to treat 

the system simply as liquid phase sintering.  

1.3.3. Sintering of B4C 

Sintering enhancement has attracted much interest with the purpose to reduce 

sintering time, sintering temperature, and/or improve the degree of sintering, especially for 

systems that have high degree of covalent bonding and therefore require high sintering 

temperature. 

Pressureless sintering of B4C has been conducted with or without additives. 

Densities of 75-80% of theoretical density are considered to be the highest achievable 

using pressureless sintering of B4C, even at temperature as high as 2300ºC. More Often in 

recent study, B4C has been sintered by pressureless sintering with dopant or sintering 

additives with the purpose to achieve full densification. In Spreyer and Lee’s work, the 

coarsening processes during pressureless sintering of B4C were studied [40, 41]. It was 

found that H2 gas treatment at 1350ºC is effective to remove B2O3 coating that otherwise 

will stall the onset of B4C densification. Carbon as the additive was believed to react with 

B2O3 coating and allow the sintering to initiate at a lower temperature. A sintering 

temperature of 2230º was found to minimize the time for coarsening.  A sintered density of 

90% can be achieved. Due to the difficulty of sintering pure B4C to high density, additives 

have been employed as sintering aids in pressureless sintering of B4C. Carbon, aluminum, 

ZrO2, TiB2, and TiO2 have all been used to facilitate B4C sintering [4, 5, 6, 27, 28, 42, 43]. 

The amount of sintering aid ranges from a few weight percent to a few tens of weight 

percent. The maximum density that was achieved is 98.65% of the theoretical density [27]. 
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Roy et al. studied pressurelss sintering of boron carbide with additives. It was found that 

when the sintering temperature is below 2300ºC, a less than 85% of theoretical density was 

obtained for particles with sizes ranging between 0.5~2.0 µm, while a highest density of 

~90% was obtained when the sintering temperature was 2375ºC [28]. The addition of TiB2 

was not helpful in sintering, while ZrO2 was found to be very effective in reducing the 

sintering temperature—a 93% density could be achieved with ZrO2 additive at a relatively 

lower temperature 2275ºC. Carbon additive helped to lower the sintering temperature to 

2325ºC with achieving 90-91% density. The addition of ZrO2 was found to facilitate B4C 

sintering because it was believed that ZrO2 reacted with B4C, forming borides and 

consuming free carbon in the original B4C. TiO2 facilitates B4C sintering in a similar way 

by reacting with B4C, forming TiB2 and substoichiometric boron carbide [6]. Departures 

from the stoichiometry were believed to induce changes either by altering crystal structure 

or by introducing structural defects that promote mass transport. 

The conventional techniques listed above all fall into the category of solid state 

sintering and require extremely high sintering temperatures, which makes it a process not 

easy to realize. Lee and Speyer studied sintering behavior of carbon doped B4C with 22.6 

wt% carbon [27]. It was found in their study that B4C-C eutectic liquid formed at 2245ºC. 

Rapid heating to liquid-phase sintering temperature was believed to initiate the 

densification at a lower temperature than the undoped sample, shorten the time period of 

coarsening, and improve the sintered density to 92.76%. Besides B4C, electroless Ni-B 

coated WC and VC powders were studied as precursors for liquid phase sintering in Velez 

et al.’s work [44]. Sintering was carried out in a temperature range of 1035-1200ºC where 

a eutectic liquid phase is expected in the Ni-B system. When sintering VC the segregation 
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of the Ni-B matrix from the core particles occurred and adversely affected the densification. 

When sintering WC, the same effect was observed at relatively high temperatures (1150-

1200ºC), while at lower temperatures (1035-1100ºC), 91 and 93% density was obtained. 

The sintering behavior of B4C coated with Ni-B has not been studied yet. High 

degree of covalent bonding in B4C makes it difficult to sinter pure B4C to near-theoretical 

density by solid state sintering even at very high sintering temperatures. The coating layer 

introduced by the electroless coating technique in this study actually contains both Ni and 

B. Hence, the sintering behavior of such coated B4C can be expected to be the combination 

of liquid phase sintering and activated sintering. The reason that the sintering process 

undergoes liquid phase sintering is that a liquid eutectic phase is expected to form as the 

temperature rises to the melting temperature of Ni-B compound that is below 1200ºC and 

is much lower than the melting point of B4C. If the liquid wets the B4C particles well, the 

solid-liquid surface energy will be lower than the solid-vapor surface energy, leading to 

system energy decrease, and a liquid layer surrounding the B4C particles. As mentioned 

previously, the difficulty in sintering B4C partially comes from the slow diffusion mobility 

of boron and carbon in an environment of high covalent bond. Because of the existence of 

this liquid phase, B4C diffusion is expected to be enhanced greatly at the same temperature 

compared to solid state sintering. The formation of the liquid phase will provide a short-

circuit diffusion path for B4C, leading to a faster mass transport compared to that originally 

in solid state B4C, assuming B4C dissolves in the liquid phase. Even at the same 

temperature, the diffusion coefficient of the same material in a solid is much lower than 

that in a liquid. In another word, the sintering temperature is expected to be lowered 

largely due to the existence of a melting Ni-B phase in between B4C particles. Since the 
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amount of liquid (based on Ni amount) is designed to be nanoscale thick in this work, the 

diffusion distance through the liquid phase will only be nanometer long, which means the 

B4C grain growth can be hindered and grain shape accommodation can be facilitated by the 

liquid phase [45]. Also because of the low amount of liquid phase, solution-precipitation 

that involves mass transport through liquid will control the densification. Therefore, the 

solubility of B4C in liquid Ni-B will be the dominant parameter. And liquid Ni-B plays an 

important role in B4C diffusion, shape accommodation, and possible new B4C formation. If 

B4C is well soluble in liquid Ni, Ostwald ripening will be facilitated. Ni in the coating will 

fasten the grain growth. However, under controlled conditions, if the grain boundary 

migration can be suppressed while the grain boundary diffusion is kept active, the 

densification will be realized without substantial grain growth [45]. The reason that the 

sintering is classified as activated sintering is that the B in the nanometer coating is 

expected to react with the excessive C in the original B4C, forming new B4C and 

generating heat. This can also enhance the sintering. If these are the cases, the cost of the 

processing of B4C will be considerably reduced, and the energy consumed will be 

significantly reduced. More importantly, due to the special properties of nickel (ductile, 

soft), no binder and other additives will be needed in order to fulfill the sintering. At the 

same time, new founctionalities will be imparted into the sintered part by introducing 

nickel. Thus the sintering of B4C coated with Ni-B in this work can be classified as 

reaction-induced-activated sintering. 

1.4. Objectives and motivation 

The objectives and motivation of this research are as following: 
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1. To fabricate Ni-containing nanolayer coated individual micron-sized B4C particle 

system using electroless coating procedure designed specifically to meet the 

requirement of this research. 

2. To characterize and study operation parameters in electroless nickel coating 

procedure so that the Ni-containing nanolayer can be as thin and uniform as 

possible. 

3. To use hydrogen reduction procedure post-treating the Ni-containing nanolayer 

coated B4C powder so that the surface oxides can be reduced and thus a desired 

starting material for compaction and sintering can be obtained. 

4. To compress the Ni-containing nanolayer coated B4C powder into green compact 

with regular shape, using uniaxial die compaction technique and combustion driven 

compaction technique, and to examine the effects of nanolayer coating on the 

compressibility of B4C powder. 

5. To sinter the compacts obtained from the above steps at various sintering 

conditions. To evaluate the effect of Ni-containing nanolayer on the sinterability of 

B4C powder compacts at different sintering conditions and understand the sintering 

behavior of B4C-Ni-B system. 

6. To understand the sintering mechanism of B4C-Ni-B system. To establish the 

sintering theory of Ni nanolayer coated B4C particles. 

1.5. Dissertation structure 

This dissertation is formatted in the following way:  

1. The first chapter is an introduction chapter giving the readers background 

information related to this dissertation work. 
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2. Chapter two and chapter three deal with electroless nickel coating of B4C particles, 

mechanism understanding, operating process control, optimization, and product 

evaluation. Each one of these chapters has been published as journal papers.  

3. Chapter four addresses the hydrogen reduction of the as-coated B4C powder, phase 

and morphology change accompanying the reduction are studied. 

4. Compaction of the treated Ni-B coated B4C powder is presented in chapter five. 

Two compaction techniques are included. The effects of Ni-B coating on the 

compressibility of B4C powder are investigated. 

5. Chapter six focuses on the sintering of the above treated Ni-B coated B4C powder 

compacts. The sintering behavior at different sintering conditions is examined and 

discussed. Effects of Ni-B on the sinterability of B4C are studied. Sintering 

mechanism of the Ni-B coated B4C powder compacts is proposed.  

6. Chapter seven is the conclusion and summary chapter. 

Certain contents might be repeated in different chapters. For easy indexing and locating, 

references are presented at the end of each chapter. 
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CHAPTER TWO 

COATING DIFFERENT THICKNESS NICKEL-BORON 
NANOLAYERS ONTO BORON CARBIDE PARTICLES 

Abstract 
This chapter is focused on electroless coating of nickel-boron (Ni-B) onto boron 

carbide (B4C) particles. Using NiSO4 as the Ni2+ source, SnCl2 as the sensitizing agent, 

PdCl2
 as the activation agent, and NaBH4 as the reducing agent, Ni-B nanolayers of 

different thicknesses have been successfully coated onto the B4C particles. The B4C 

particles are around 2 µm in size and the Ni-B coating thickness can be adjusted by 

changing the Ni2+ to B4C ratio. For the targeted 1 nm Ni-B thickness, the layer is 

discontinuous. When the targeted Ni-B layer increases to 5 nm, the coating layer becomes 

continuous and completely covers the B4C particle surfaces. When the targeted Ni-B 

coating thickness increases to 10 nm or higher, Ni-B nodes start to form with the mesh-like 

structures between the Ni-B nodes. The Ni-B node size increases with the Ni-B layer 

thickness increase. Energy dispersive spectroscopy (EDS) results show the presence of 

oxygen in the Ni-B coating; oxygen content decreases as the Ni-B coating thickness 

increases. X-ray photoelectron spectroscopy (XPS) confirms that B2O3 forms on the 

surface of the coating and the Ni to B ratio decreases with Ni-B layer thickness increase. 

Fundamental Ni-B coating processes and morphological changes on the B4C particle 

surfaces with different Ni-B coating thickness are analyzed. 

2.1. Introduction 

B4C is the third hardest material known (hardness 2900-3900 kg/mm2), ranking after 

diamond (8000-8500 kg/mm2) and cubic boron nitride (4500-4600 kg/mm2). Besides the 



CHAPTER TWO 

 - 47 - 

hardness, its unique properties, such as good chemical resistance, low density (2.52 g/cm3), 

and neutron absorption properties make B4C an important material in different applications. 

B4C can be used for dressing diamond tools, hot-pressed shot blast nozzles, ceramic 

tooling dies, and armors. B4C is also used as an absorbent for neutron radiation in nuclear 

power plants in the form of shielding, control rod, and shut down pellets. In spite of these 

very attractive properties, achieving high density B4C components has been a challenge. 

B4C particles are extremely hard and do not deform under typical compaction pressure. 

Also, B4C is difficult to sinter because of the low boron and carbon diffusion mobility 

resulting from the covalent bonding. If a metallic layer can be incorporated into the B4C 

system, it should greatly facilitate the rearrangement of the B4C particles during 

compaction and the B4C species diffusion during sintering. When the amount of the 

metallic layer is controlled at a very low amount and distributed homogeneously in the 

B4C matrix, it should avoid performance degradation while introducing new functionalities 

such as electrical conductivity and magnetism.  

Electroless coating is a very promising technique to provide such a metallic layer 

on B4C particle surfaces. Nickel electroless coating has been widely studied because of its 

unique properties such as good ductility, lubricity, and excellent electrical properties. 

Based on different reducing agents used, the coating layer normally consists of Ni-P, Ni-B 

or pure nickel. Wen et al. carried out electroless nickel coating onto yttria stabilized 

zirconia and found that coating temperature strongly affects the microstructure of the 

nickel layer [1]. A denser nickel layer was formed at lower temperature. Chen et al. 

electroless coated nickel onto silicon carbide nanoparticles. They found that pre-treatments 

(including oxidation, hydrophilic treatment, and sensitization) play an important role for 
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nickel to be effectively coated [2]. Li et al. studied coating a nickel layer on carbon 

nanotubes. They found that nickel coating has a tendency to form nanoparticles on the 

surface of carbon nanotubes; high density active sites and low deposition rate are critical 

for a good coating [ 3 ]. However, transmission electron microscopy still shows a 

discontinuous nickel layer.  

Even though hypophosphate has been widely studied as a reducing agent, inclusion 

of phosphorus in the nickel coating is not very attractive; boron containing reducing agent 

is much preferred. Sodium borohydride (NaBH4) is one of the most powerful reducing 

agents for electroless Ni-B coating. The coatings obtained from this reducing agent 

demonstrate excellent lubricity and have more consistent physical properties compared to 

the coatings obtained using other boron compounds. Mondal et al. coated Ni-B on 

p-silicon [4]. The study showed that coating temperature is critical for obtaining maximum 

thickness of Ni-B layer. Low coating temperature results in thinner Ni-B layer while 

higher temperature results in Ni-B precipitates. Narayanan et al. formed Ni-B deposits 

onto medium carbon steel, copper, and stainless steel substrates [5]. They found that the 

rate of deposition of Ni-B is a function of bath temperature and molar ratio of complexing 

agent (ethylenediamine) to nickel. X-ray diffraction (XRD) shows that the as-coated Ni-B 

is amorphous unless being heat treated. Giampaolo et al. coated Ni-B on sintered metal 

carbide substrates using alkaline and acidic boron-containing baths [6]. Both methods 

produced continuous films with uniform thickness, with the acidic bath yielding higher 

coating rate. XRD again showed that all coatings formed are amorphous.  

So far, no work has been reported regarding electroless Ni-B coating onto B4C 

particles. In this study, the intent is to electroless coat B4C particles with different 
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thickness Ni-B nanolayers and study the Ni-B layer morphology and forming mechanism. 

Reducing agent NaBH4 is purposely chosen to incorporate boron into the coating, which is 

highly desired for further optimization of B4C composition.  

2.2. Experimental procedure 

The B4C particles used (H. C. Starck, Inc., Newton, MA) have 8.3 m2/g specific 

surface area (Quantachrome ASIC VP7 Surface Area Analyzer, Boynton Beach, FL). 

However, the particle size demonstrates a bimodal distribution, with two peaks at 0.34 µm 

and 2.27 µm, respectively (Horiba, LA-950, Irvine, CA). To obtain a monomodal B4C 

particle size distribution, centrifugal experiments were carried out to remove very large 

and very small particles. Fig. 2-1 shows the size distribution of the B4C particles used in all 

the experiments reported. The average particle size is about 2.27 µm. 
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Fig. 2-1. Size distribution of B4C particles used in this study 

The flow chart in Fig. 2-2 shows the electroless coating steps. Before the 

electroless coating, the B4C particles were sensitized using SnCl2 and activated using 

PdCl2. The surface sensitization was carried out by adding B4C particles into SnCl2·2H2O 
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(> 98%, Fisher Scientific, Fair Lawn, NJ) and HCl (36~38%, EMD, Gibbstown, NJ) 

solution (0.07 M SnCl2·2H2O, 40 ml/L HCl). The suspension was sonicated for 10 min at 

room temperature. The Sn2+ sensitized B4C particles were thoroughly washed and 

transferred to a PdCl2 (> 99%, Fisher Scientific, Fair Lawn, NJ) and HCl solution (0.0042 

M PdCl2, 40 ml/L HCl) for activation. After stirring at room temperature for another 10 

min in the activating solution, the activated B4C particles were again thoroughly washed 

with de-ionized water and then introduced into the electroless coating bath. NiSO4·6H2O 

(99.0%, Fisher Scientific, Fair Lawn, NJ) was used as the Ni2+ source. The complexing 

agent used in this work was ethylenediamine (C2H8N2, Fisher Scientific, Fair Lawn, NJ). 

 

Fig. 2-2. Flow chart of the electroless coating process 

The electroless coating temperature was kept at 85±2°C. The pH value of the 

coating bath was adjusted between 12 and 14 with sodium hydroxide (Fisher Scientific, 

Fair Lawn, NJ). The electroless coating was then carried out by adding the reducing agent, 
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NaBH4 (Fisher Scientific, Fair Lawn, NJ), into the coating bath drop-wise. The chemical 

compositions of the electroless coating bath are listed in Table 2-1.  

Table 2-1. Chemical compositions of electroless coating bath-I 

Bath composition (molar ratio) 

B4C:Sn2+  B4C:Pd2+ Ni:C2H8N2 Ni:NaBH4 Targeted Ni-B nanolayer thickness* Ni:B4C 

1 nm 0.0671 

5 nm 0.3354 

10 nm 0.6707 

20 nm 1.3414 

1:0.7 1:0.04 1:9 1:1 

50 nm 3.3536 

* Targeted Ni-B nanolayer thickness was calculated based on the NiSO4·6H2O: B4C ratio. 

Actual thickness is somehow larger than the stated value due to the incorporation of boron 

and oxidation of nickel and boron as to be discussed later. 

A field emission scanning electron microscopy (SEM) equipped with an EDS (LEO 

1550, Carl Zeiss MicroImaging, Inc, Thornwood, NY) was used to characterize the surface 

morphology and elemental composition of the original and Ni-B coated B4C particles. XPS 

(Perkin Elmer 5400, Minneapolis, MN) was employed to characterize the surface 

composition of the B4C particles treated with Sn2+ and Pd2+ and the Ni-B coated B4C 

particles. 

2.3. Results and discussion 

2.3.1. Ni-B nanolayer morphology  

Fig. 2-3 shows the SEM images of the B4C particles coated with varying Ni-B 

thickness at low magnification. Fig. 2-3 (a) indicates that when the targeted Ni-B 
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nanolayer thickness is 1 nm, the sharp edges of the B4C particles can be observed clearly. 

Fig. 2-3 (b) indicates that when the targeted Ni-B nanolayer thickness is 5 nm, the sharp 

edge of the B4C particles can still be observed; but the coating layer almost fully covers the 

B4C particle surfaces. When the targeted Ni-B nanolayer thickness is 10 nm, the edges of 

B4C particles cannot be observed and rough morphology appears on the B4C particles (Fig. 

2-3(c)). With the targeted Ni-B nanolayer thickness increase to 20 and 50 nm, the original 

B4C morphology completely disappears and small nodes appear on the B4C particles (Fig. 

2-3 (d) and (e)). 

  

(a)                                     (b) 

  

(c)                                     (d) 
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                   (e) 

Fig. 2-3. SEM images of B4C particles coated with varying Ni-B thickness at low magnification: (a) 

1 nm thickness, (b) 5 nm thickness, (c) 10 nm thickness, (d) 20 nm thickness, (e) 50 nm thickness 

Fig. 2-4 shows the SEM images of the B4C particles coated with varying Ni-B 

thickness at high magnification. Fig. 2-4(a) indicates that when the targeted Ni-B 

nanolayer thickness is 1 nm, the coating layer formed on the B4C particle surface is not 

continuous. The sharp edges of B4C particles and the nanometer thin Ni-B coating can be 

observed. Fig. 2-4 (b) − (e) indicate that when the targeted Ni-B nanolayer thickness is ≥ 5 

nm, the coating layer is continuous and completely covers the B4C particle surface. It can 

be also observed that with the nanolayer thickness increase, a mesh-like structure starts to 

appear while the sharp edges of B4C particles disappear. More specifically, B4C particles 

are covered by the Ni-B coating and lose the original morphology. Also, Ni-B nodes 

appear in the nanoscale mesh structures and grow on the B4C particle surfaces with the 

nanolayer thickness increase. Fig. 2-4 (b) shows that the thin mesh-like layer covers the 

B4C particle surfaces when the targeted Ni-B layer thickness is 5 nm, with some node-like 

appearance. When the targeted Ni-B layer thickness is 10 nm, the Ni-B node size increases 

to ~50 nm (Fig. 2-4 (c)). When the targeted Ni-B layer thickness is 20 nm, the Ni-B node 

size is about 100 nm (Fig. 2-4 (d)). When the targeted Ni-B thickness is 50 nm, the Ni-B 
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node size is as large as 200 nm (Fig. 2-4 (e)). However, these nodes are not discrete. They 

are imbedded in the Ni-B mesh structures and cause uneven surfaces for B4C particles.  

Comparing Fig. 2-4 (a) to (e), it seems that 5 nm Ni-B thickness offers the most 

desirable Ni-B nanolayer morphology on the B4C particle surfaces. If the nickel amount is 

too high, the Ni-B layer tends to lose its conformal attachment on the B4C particles. Also, 

the desired B4C properties can be compromised in applications. However, there are 

additional factors to study in improving the Ni-B nanolayer morphologies, including the 

reducing agent NaBH4 addition rate and the level of Ni2+ complexing with ethylenediamine 

(C2H8N2). When these factors are optimized in concert, smooth Ni-B nanolayer coating can 

be expected.  

  

(a)      (b) 

  

(c)      (d) 
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                 (e) 

Fig. 2-4. SEM images of the B4C particles with varying Ni-B nanolayer thickness at high 

magnification: (a) 1 nm thickness, (b) 5 nm thickness, (c) 10 nm thickness, (d) 20 nm thickness, 

and (e) 50 nm thickness 

Fig. 2-5 shows the SEM cross section images of the B4C particles coated with 

varying Ni-B thickness. The 1 nm Ni-B layer thickness condition was not examined since 

the coating layer is not continuous as shown in Fig. 2-4(a). Fig. 2-5(a) is the 5 nm Ni-B 

coating thickness sample and Fig. 2-5(b) is the 50 nm Ni-B coating thickness sample; these 

two samples cover the two ends of the continuous Ni-B nanolayer spectrum. As Fig. 2-5 

shows, the bright Ni-B nanolayers distribute all around the B4C particle surfaces and the 

Ni-B layer thicknesses are <100 nm. This means Ni-B coverage on the B4C particles is 

complete. As the targeted Ni-B nanolayer thickness increases, the actual Ni-B nanolayer 

thickness increases correspondingly. When the targeted Ni-B thickness is 5 nm, the cross 

section thickness is ~43 nm (Fig. 2-5 (a)); when the targeted Ni-B thickness is 50 nm, the 

cross section thickness is ~90 nm (Fig. 2-5(b)). Generally the Ni-B layer thickness is 

higher than the targeted thickness. Several factors might have contributed to this 

discrepancy. The first is that the targeted nanolayer thickness is based on pure nickel 

content calculation. However, nickel oxidizes during the electroless coating and boron is 
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incorporated into the coating in B2O3 format. These oxides increase the Ni-B coating 

thickness. The second is that the Ni-B layer is soft in comparison to the B4C core particles. 

During the SEM sample polishing, the Ni-B layer deforms and sometime ‘smears” over the 

B4C particle surfaces, giving seemingly higher thickness, evident in the lower left corner of 

Fig. 2-5(b). The third is that the Ni-B layer cross section may not be at the smallest layer 

thickness orientation. A tilt direction can give thicker layers around the B4C particles. 

  

(a) (b) 

Fig. 2-5. SEM cross section images of B4C particles coated with varying Ni-B thickness: (a) 5 nm 

thickness, and (b) 50 nm thickness (The bright ring is the Ni-B coating, and the dark region 

surrounded by the bright ring is the B4C particle) 

2.3.2. Ni-B nanolayer composition analysis 

a) EDS analysis 

For the Ni-B nanolayer composition analysis, energy dispersive spectroscopy (EDS) 

was carried out for the 10 and 50 nm targeted Ni-B nanolayer thickness samples (Fig. 2-6). 

The lateral and depth resolutions are ~ 1 µm and the detection limit is 1,000 ppm. During 

the EDS test, X-ray penetrates deeper than the Ni-B nanolayer thickness; but it cannot 

detect light elements such as boron and carbon, which serves as an advantage in obtaining 
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the nickel to oxygen elemental ratio. As shown in Fig. 2-6, there is substantial oxygen in 

the Ni-B coating. As the Ni-B coating thickness increases, nickel content increases. This is 

likely because nickel has less time to be in contact with the aqueous suspension and get 

oxidized as the electroless coating process continues. This effectively reduces the oxidation 

of the thicker Ni-B nanolayer. Based on the standard deviation of the Ni:O ratio shown in 

Fig. 2-6, there is inhomogeneity in the coating composition, especially for the thicker Ni-B 

nanolayers.  

 

 

Fig. 2-6. Ni:O ratio from EDS for the 10 and 50 nm targeted Ni-B nanolayer thicknesses 

b) XPS analysis 

XPS can detect elements with atomic number from 3 to 103 and only penetrates 

1-10 nm depth into the sample surface because of the low energy of the X-ray source. 

Because of these advantages, XPS is able to provide very useful data for the Ni-B 

nanolayers. For the 1 nm Ni-B coating thickness sample, about 0.3 atm% of Sn was 

detected by XPS analysis. This means some Sn2+ ions remain on the B4C particle surface 

and are not fully replaced by the Pd2+ ions during the B4C surface activation step. 
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Detection of Sn2+ also means that the Ni-B nanolayer is too thin to completely cover the 

B4C particle surfaces, which is consistent with the SEM image in Fig. 2-4(a). 

Fig. 2-7 shows the XPS spectra of the same samples shown in Fig. 2-4. The XPS 

spectra are overlapped in order to compare the binding energy peak positions. The peak 

binding energy of 187.0 eV is the B-C bond, which is contributed by the B4C particles. The 

peak binding energy of 191.7 eV is the B-O bond, which is contributed by B2O3. Since 

there is no B-O bond peak for the original B4C particles, the peak at 191.7 eV must be 

from boron oxidation in the Ni-B nanolayer. When the Ni-B nanolayer thickness increases 

to 10 nm, the relative intensity of the B-C bond decreases and eventually disappears and 

the relative intensity of the B-O bond increases. These means the Ni-B nanolayer has 

completely covered the B4C particle surfaces and the B-C bond is not detectable by XPS. 

Also, the continuing existence of the 191.7 eV peak confirms that the B2O3 is from the 

boron in the Ni-B coating. Elemental boron is not detected from the Ni-B nanolayer 

because of boron oxidation to B2O3. The overall Ni:B atomic ratio in the Ni-B nanolayer 

(B as in B-O peak) can be calculated based on the binding energy peak normalization 

across the XPS spectra (0-1100 eV). The results are shown in Fig. 2-8. The Ni:B ratio 

quickly decreases with the thickness of the Ni-B nanolayer. This is due to the better 

controlled nickel release from the complexing agent ethylenediamine (C2H8N2) while 

boron is readily available as more reducing agent NaBH4 is added: in case of thick Ni-B 

nanolayer, Ni2+ has a higher concentration, which will result in a slower release upon the 

addition of the reducing agent. Accordingly, the Ni-B nanolayer composition can be 

adjusted by the reducing agent NaBH4 addition rate and the extent of nickel ions being 

complexed. The results related to these two aspects will be reported separately. 
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Fig. 2-7. XPS spectra of the Ni-B coated samples shown in Fig. 2-4 

 

Fig. 2-8. Ni:B ratio as a function of the targeted Ni-B nanolayer thickness on B4C particles 
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2.3.3. Ni-B nanolayer formation mechanism 

With the SEM, EDS, and XPS analyses, the processes of the Ni-B electroless 

coating onto the B4C particles can be further understood. Based on the flow chart, it can be 

divided into four steps: sensitization, activation, complexing, and reduction.  

During the sensitization step, Sn2+ ions migrate away from the solution and 

preferentially attach onto the B4C particle surfaces. Based on the atomic radius of Sn2+ and 

the specific surface area of B4C particles, each Sn2+ will cover 6.6 × 10-20 m2 surface area 

of the B4C particles. For a monolayer Sn2+ surface coverage of B4C particles, this 

corresponds to 1:0.011 molar ratio of B4C:Sn2+. However, dense Sn2+ packing on the B4C 

particle surface is unlikely. Also, excessive Sn2+ concentration should be beneficial for 

more extensive sensitization. In this study, B4C to Sn2+ ratio of 1:0.7 is used. From the 

XPS analysis, this ratio seems to be too high. However, the Ni-B nanolayer growth is not 

dependent on the Sn2+ distribution on the B4C particle surface since Pd2+ activation is 

needed for the surface to be active. 

During the activation step, Pd2+ oxidizes Sn2+ to Sn4+ and coverts itself into Pd0 as 

the reducing product on the activated B4C surfaces. This Pd0 acts as a catalytic center in 

the initial stage of the electroless coating of the Ni-B nanolayer. The Ni0 formed then acts 

as the autocatalytic center for further Ni2+ reduction. Based on the surface coverage 

calculation again, B4C:Pd2+ molar ratio of 1:0.01 is required for monolayer B4C surface 

coverage by Pd2+. Brandow et al. studied the effect of Pd2+ content on the surface 

morphology of nickel deposition and on the particle size of nickel deposit [7]. They 

concluded that catalyst surface coverage as low as 20% is enough to initiate complete and 

homogenous coating. In this study, excessive amount of Pd2+ is used, at B4C:Pd2+ ratio of 
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1:0.04. However, no Pd is detected in the XPS analysis, which means there is no excessive 

Pd0 on the B4C particle surfaces. When the activated B4C particles were washed before the 

electroless coating, dark brown sediment has been observed. This could indicate that some 

Pb0 has been washed off and never plays a role in the Ni-B nanolayer growth process.  

Even though NaBH4 is a very desirable B-containing reducing agent, it hydrolyzes 

rapidly in acid and neutral solutions. Because of the instability of NaBH4, Ni2+ reduction 

by NaBH4 has to be carried out under a highly alkaline condition. However, when 

NiSO4·6H2O is dissolved directly into highly alkaline aqueous solution, Ni2+ will be 

released from its water complexed state and form nickel hydroxide sediment, which is 

impossible for the electroless coating to happen. To avoid nickel hydroxide formation, Ni2+ 

must be complexed with a strong complexing agent before the system is adjusted to high 

pH condition. In this case, the complexing agent is C2H8N2. Each water-complexed Ni2+ 

can react with one, two, or three C2H8N2 molecules, forming different complexes [8]. The 

extent of complexing can be observed from the color change from blue to bright purple 

when C2H8N2 is added. As shown in the structural equation 2-1, two of the six water 

molecules initially complexed with Ni2+ are replaced by one C2H8N2 molecule, forming 

type I nickel complex. Likewise, there will be two and three C2H8N2 molecules complexed 

with Ni2+ when four or six water molecules are replaced, forming type II and type III 

nickel complexes. Apparently the most stable complex product is type III nickel complex 

and the theoretical molar ratio of Ni2+ to C2H8N2 is 1:3. However, to maintain the stability 

of the complexed Ni2+ ions, more C2H8N2 than the above ratio is necessary. Ni2+ to C2H8N2 

ratio of 1:3, 1:4.5, 1:6, and 1:9 have been studied and the effect of complexing agent will 
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be discussed separately. For the present work, the Ni2+ to C2H8N2 complex ratio used is 1:9 

in order to ensure the stability of Ni2+ ions before reduction. 

 

The exact nickel reducing mechanism has been debated in the literature [9,10] The 

key difference is whether boron is incorporated into the Ni-B layer. Based on the XPS 

analysis, boron exists not only in the Ni-B nanolayers but also clearly in the form of B2O3. 

The processes between Ni2+ and NaBH4 must occur as: 

    ↑+→+ −−
2424 )(4 HOHBOHBH              (2-2)  

             OHBONiOHBHNi 224
2 6484 ++→++ −−−+                 (2-3) 

This also explains why there is no detectable elemental boron in the nanolayers 

during the XPS analysis. H2 gas is always observed during the electroless coating process 

and has been used as an indication of the onset and completion of the electroless coating 

process. At the end of the electroless coating process, the color of the coating bath changes 

from the original bright purple to clear, indicating the complete release and consumption of 

Ni2+. Even though the stoichiometry of Ni2+ to NaBH4 is 2:1, as indicated by combining 

reactions 2-2 and 2-3—two moles of Ni2+ are reduced by one mole of NaBH4, a 1:1 

Ni2+:NaBH4
 molar ratio has been used in the experiment in order to completely reduce Ni2+. 

This might facilitate the incorporation of the boron species into the nanolayer coating. 

Ni2

H2O 

H2O 

H2O 

H2O NH2 

NH2

CH2 

CH2

Ni(H2O)4(C2H8N2)2+
(2-1)
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Fig. 2-9 schematically shows the evolution of the B4C particle surfaces with 

varying Ni-B coating thickness. Combining the experimental results and theoretical 

understanding, the Ni-B nanolayer growth mechanism can be briefly described as follows: 

Sn2+ first attaches to and sensitizes the surface of B4C particles. Pd2+ is then reduced to Pd 

by Sn2+ on the particle surfaces to act as the catalyst for the Ni2+to Ni conversion. When 

the amount of added Ni2+ is low, discontinuous and very thin nanolayer is formed. With 

the amount of Ni2+ increase, a mesh-like continuous coating is created. Ni-B nodes appear 

with the mesh-like Ni-B layer when the amount of Ni2+ is further increased. The Ni-B 

nodes grow when more and more Ni2+ is added. However, boron is always incorporated 

into the nanolayer at oxidized state.  

 

 

 

 

 

 

 

Fig. 2-9. Schematic drawing of Ni-B nanolayers growing onto B4C particles in varying thickness 

2.4. Conclusions  

Ni-B nanolayers in varying thickness are coated onto B4C particles by electroless 

coating method. SEM shows that when the targeted Ni-B nanolayer thickness is ≥ 5 nm, 

the coating layer is continuous and completely covers the B4C particle surfaces. When the 

targeted Ni-B nanolayer thickness is ≥ 10 nm, Ni-B nodes appear in the mesh-like Ni-B 

+Sn2+ +Pd2+

+Ni2+

Sn2+ Pd0 B4C 

Ni 

1 nm 5 nm 20 nm 50 nm 
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nanolayer. The Ni-B node size increases with the Ni-B nanolayer thickness. The 

cross-section of the Ni-B nanolayers shows good B4C surface coverage. EDS analysis 

shows the presence of oxygen in the Ni-B coating; thicker Ni-B coating has lower oxygen 

content. XPS confirms that B2O3 is formed in the Ni-B nanolayer. The Ni:B ratio decreases 

with the Ni-B nanolayer thickness. Combining the experimental results with the theoretical 

analysis, the fundamental process of the Ni-B nanolayer formation onto B4C particles is 

proposed. 
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CHAPTER THREE 

MORPHOLOGY AND COMPOSITION OF NICKEL-BORON 
NANOLAYER COATING ON B4C PARTICLES 

Abstract 
This work is focused on electroless coating of Ni-B nanolayer on B4C particle 

surfaces. The B4C particles used are 2 µm in average size. Effects of activation agent PdCl2, 

complexing agent C2H8N2, and reducing agent NaBH4 addition rate are studied. The solids 

loading of B4C is 0.625 g/L and the concentration of Ni2+ ions is 0.004 mol/L in the 

electroless coating solution. Scanning electron microscopy (SEM) shows that when 

B4C:Pd2+ molar ratio is 1:0.005, a Ni-B nanolayer with the smallest Ni-B nodule size 

covers the B4C particle surfaces. Complexing agent C2H8N2 decreases Ni2+ ion release rate. 

Ni:C2H8N2 ratio of 1:6 is the preferred complexing agent amount for continuous Ni-B 

nanolayer. The Ni-B nanolayer formation is also strongly dependent on the rate that Ni2+ 

ions are reduced. Slow Ni2+ reduction leads to increased Ni content in the Ni-B nanolayer. 

When the above three factors are combined at the optimal values for the electroless coating 

process, well defined Ni-B nanolayer is obtained. SEM cross section analysis shows the 

Ni-B nanolayer is uniform with less than 55 nm thickness. 

3.1. Introduction 

B4C is the third hardest material known (hardness 2900-3900 kg/mm2), ranking 

after diamond (8000-8500 kg/mm2) and cubic boron nitride (4500-4600 kg/mm2) [1]. 

Besides the hardness, its unique properties, such as good chemical resistance, low density 

(2.52 g/cm3), and neutron absorption properties, make B4C an important material in 

different applications. B4C can be used for dressing diamond tools, hot-pressed shot blast 
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nozzles, ceramic tooling dies, and armors [2, 3]. B4C is also used as an absorbent for 

neutron radiation in nuclear power plants in the form of shielding, control rod, and shut 

down pellets [4]. In spite of these very attractive properties, achieving high density B4C 

components has been a challenge. B4C particles are extremely hard and do not deform 

under typical compaction pressure. Also, B4C is difficult to sinter because of the low boron 

and carbon diffusion mobility resulting from covalent bonding. If a metallic layer can be 

incorporated into the B4C system, it should greatly facilitate the rearrangement of the B4C 

particles during compaction and the B4C species diffusion during sintering. When the 

metallic layer is controlled at a very low amount and distributed homogeneously in the 

B4C matrix, it should avoid performance degradation while introducing new functionalities 

such as electrical conductivity and magnetism.  

Several methods have been used to produce surface shell on particles, such as 

solution coating [5, 6], micelle-assisted coating [7], and heterocoagulation coating [8, 9]. 

However, these methods are exclusively developed for oxide or semi-conductor type shells. 

Electroless coating presents as one of the few options coating thin metallic layer onto 

particles. The method is an autocatalytic reduction process of metallic ions onto surfaces in 

aqueous solutions with no electric current or voltage requirement. It has the advantage of 

coating the metallic layer uniformly on the surface of particles instead of producing a 

simple mixture of the two compositions. An electroless coating bath typically contains 

metal salt, reducing agent, complexing agent, and stabilizer. Since no current is used, the 

reaction rate can be controlled and adjusted more easily. The process is traditionally used 

to coat metallic layers onto substrates [10, 11, 12, 13, 14]. In recent years, it is being 

increasingly used to coat metallic layers onto particles, fibers, or even tubes. For example, 
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nickel has been coated onto carbon fibers; but the coating was thick and rough and the 

process substantially increased carbon fiber diameters [15]. Palladium was coated onto 

carbon nanotubes but was in particle format to ‘decorate’ the carbon nanotubes [16]. For 

nickel-phosphorous electroless coating onto carbon nanotubes, similar nanoparticle 

morphology was observed [ 17 ]. Nickel has also been coated onto SiC particles by 

electroless coating, but the coating morphology was not discussed [18]. When Ni-B layer 

was coated onto WC and VC powders [19], dense and continuous Ni-rich layer was 

obtained, but the coated particles severely agglomerated. 

With the continuing interest in designing and modifying particle surfaces for 

processing and performance improvement, electroless coating process needs to be re-

examined, especially on the coating morphology and compositions. In our prior work [20], 

electroless coating of Ni-B nanolayer onto B4C particles was studied. Using NiSO4 as Ni2+ 

source, SnCl2 as sensitizing agent, PdCl2
 as activation agent, and NaBH4 as reducing agent, 

Ni-B nanolayers of different thicknesses were successfully coated onto B4C particles. The 

Ni-B coating thickness can be adjusted by Ni2+:B4C molar ratio. With the Ni-B coating 

thickness increase, Ni-B nodules appear in-between the mesh-like Ni-B nanolayer 

structures and the size grows with the thickness. Energy dispersive spectroscopy and X-ray 

photoelectron spectroscopy (XPS) results show the presence of oxygen in the Ni-B 

nanolayers as NiO and B2O3. Ni:B ratio in the Ni-B nanolayer decreases with the layer 

thickness. Fundamental Ni-B electroless coating processes and morphological changes on 

the B4C particle surfaces with different layer thickness have also been analyzed. 

Based on the knowledge obtained from the previous study, this work is focused on 

understanding the effects of activation agent PdCl2, complexing agent C2H8N2, and 
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reducing agent NaBH4 addition rate on the Ni-B nanolayer morphology and composition. 

The optimal condition for each factor is evaluated in order to obtain uniform and 

continuous Ni-B nanolayer. Under the optimal electroless coating conditions for all the 

three factors, SEM cross-section analysis reveals uniform and continuous Ni-B nanolayer 

with less than 55 nm thickness. 

3.2. Experimental procedure 

The size distribution of the B4C particles used is shown in Fig. 2-1 (H. C. Starck, 

Inc., Newton, MA). The particles have 8.3 m2/g specific surface area (Quantachrome ASIC 

VP7 Surface Area Analyzer, Boynton Beach, FL) and 2.27 µm average particle size 

(Horiba, LA-950, Irvine, CA). The particle size distribution is volume based. D10, D50, and 

D90 are 0.92, 2.15, and 4.67 µm respectively. Fig. 3-1 is the SEM images of the B4C 

particles used in this study.  

       

(a)                         (b) 

Fig.  3-1. SEM images of B4C particles used in this study:  

a) at low magnification, b) at high magnification 

Before the electroless coating process was carried out, the B4C particles were 

sensitized using SnCl2 and activated using PdCl2. The surface sensitization was carried out 

by adding B4C particles into SnCl2·2H2O (> 98%, Fisher Scientific, Fair Lawn, NJ) and 
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HCl (36~38%, EMD, Gibbstown, NJ) solution (0.07 M SnCl2·2H2O, 40 ml/L HCl). The 

suspension was sonicated for 10 min at room temperature. The Sn2+ sensitized B4C 

particles were thoroughly washed and transferred to a PdCl2 (> 99%, Fisher Scientific, Fair 

Lawn, NJ) and HCl solution (0.0042 M PdCl2, 40 ml/L HCl) for activation. After 

sonication for another 10 min in the activating solution, the activated B4C particles were 

again thoroughly washed with de-ionized water and then introduced into the electroless 

coating bath. NiSO4·6H2O (99.0%, Fisher Scientific, Fair Lawn, NJ) was used as the Ni2+ 

source. Ni2+ was complexed to avoid Ni(OH)2 formation and the complexing agent used in 

this work was ethylenediamine (C2H8N2, Fisher Scientific, Fair Lawn, NJ). The reducing 

agent NaBH4 (Fisher Scientific, Fair Lawn, NJ) was introduced into the complexed Ni2+ 

solution. The electroless coating was carried out at 85±2°C. The electroless coating time 

was 30 min and mechanical stirring was provided by plastic stirring blades. The pH value 

of the coating bath was adjusted with NaOH (Fisher Scientific, Fair Lawn, NJ) to 12-14. 

The electroless coating was then carried out by adding NaBH4 into the electroless coating 

bath. Since the reduction time was short and NaBH4 decomposition was not a problem, no 

stabilizer was used in this study. The chemical compositions and the electroless coating 

conditions are listed in Table 3-1.   

Table 3-1. Chemical compositions of electroless coating bath-II 

Ni:B4C 

(molar 

ratio) 

B4C:Sn2+ 

(molar 

ratio) 

Ni:NaBH4 

(molar 

ratio) 

B4C:Pd2+ 

(molar ratio) 

Ni:C2H8N2 

(molar ratio)

NaBH4 addition 

rate 

0.3354 1:0.7 1:1 
1:0.04 

1:0.01 

1:4.5 

1:6 

All in one time 

10 drops/min 
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1:0.005 

1:0.001 

1:9 1 drop/min 

For the Ni:B4C molar ratio of 0.3354 used in this study, the Ni-B nanolayer 

thickness is less than 55 nm as measured from scanning electron microscope (SEM), partly 

due to the incorporation of B and the oxidation to be discussed later. In this study, we will 

refer the thus-obtained layer as Ni-B nanolayer to be consistent. A field emission SEM 

equipped with an EDS (LEO 1550, Carl Zeiss MicroImaging, Inc, Thornwood, NY) was 

used to characterize the surface morphology of the Ni-B nanolayers. XPS (Perkin Elmer 

5400, Minneapolis, MN) was employed to characterize the composition of the Ni-B 

nanolayers. A dual beam focused ion beam microscope (Helios NanoLab, FEI Co., 

Hillsboro, OR) was used to cross section the Ni-B coated B4C particles for the nanolayer 

thickness and morphology analyses. 

3.3. Results and discussion 

3.3.1. Activation agent effect 

According to the mechanism analysis of the Ni-B nanolayer formation in our prior 

work [16], Pd2+ oxidizes Sn2+ to Sn4+ and coverts itself into Pd0 on the B4C surfaces during 

the activation step. Pd0 atoms act as catalytic centers in the initial stage of the electroless 

coating of the B4C particle surfaces. The reduced Ni species then acts as the autocatalytic 

centers for further Ni2+ reduction. Based on the atomic radius of Pd0 and the specific 

surface area of B4C particles, each Pd0 will cover about 10-19 m2 surface area of B4C 

particles. For a monolayer Pd0 surface coverage on B4C particles, this corresponds to 

B4C:Pd2+ molar ratio of 1:0.01. Our prior work of 1:0.04 B4C:Pd2+ ratio indicated that Pd2+ 
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is excessive, consistent with the study by Brandow et al [21]. To evaluate the B4C:Pd2+ 

ratio effect on the Ni-B nanolayer morphology, B4C:Pd2+ molar ratios of 1:0.04, 1:0.01, 

1:0.005, and 1:0.001 were studied at Ni:C2H8N2 ratio of 1:6 and NaHB4 addition rate of 10 

drops/min.  

Fig. 3-2 shows the SEM images of the B4C particles coated with different Ni-B 

nanolayers using different amount of PdCl2 for B4C particle surface activation. When the 

B4C:Pd2+ molar ratio is 1:0.04 (4 times of Pd0 needed for monolayer coverage on the B4C 

surfaces), rough coating layer with large Ni-B nodules (bright spots) is observed. When the 

B4C:Pd2+ ratio is decreased to 1:0.01 (Pd0 monolayer coverage on the B4C surfaces), the 

coating roughness remains almost the same. The mesh-like nanostructures among the Ni-B 

nodules can be easily seen. This means high PdCl2 amount can over-activate the B4C 

particle surfaces and cause the Ni-B nanolayer to grow too fast. Since ideal monolayer Pd0 

packing on the B4C surfaces is unlikely and some Pd0 atoms may exist as clusters at certain 

locations. As a result, the Ni-B nodules quickly form at the concentrated Pd0 locations and 

act as the initiation sites for larger nodule formation. When the electroless coating process 

continues under such condition, particles will form on the to-be-coated surfaces, as seen in 

other studies [15, 16, 17, 18]. When the B4C:Pd2+ molar ratio is decreased to 1:0.005, Ni-B 

coating with much smaller Ni-B nodules is obtained. This means fewer activation sites on 

the B4C particles are more conducive for the Ni-B nanolayer formation while suppressing 

excessive Ni-B nodule growth. For the studied B4C particles, the Pd0 concentration on the 

particles should be half of the Pd0 monolayer surface coverage. With further B4C:Pd2+ 

molar ratio decrease to 1:0.001, the Ni-B nanolayer becomes rough again and the size of 

the Ni-B nodules increases, even though much smaller than those of the first two B4C:Pd2+ 
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ratios. This surface roughening is likely because the Pd0 activated sites are too far apart 

(under-activated), the diffusion distances needed for the newly reduced Ni and B species to 

reach the growing nanolayer edge are too long. When the newly reduced Ni and B species 

continuously deposit at the proximate locations, Ni-B nodules form but in a different 

morphology from the nodules formed under over-activated conditions. As shown in Fig. 3-

2(d), the under-activated B4C particle surface shows rough but more homogenous Ni-B 

nanolayer. For uniform and dense Ni-B nanolayer coating, B4C:Pd2+ ratio of 1:0.005 shows 

to be the optimal activation condition.  

      

(a)                                                           (b) 

        

(c)                                                           (d) 
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Fig.  3-2. SEM images of the Ni-B nanolayers on B4C particles obtained with different molar ratio 

of B4C:Pd2+: (a) 1:0.04, (b) 1:0.01, (c) 1:0.005, and (d) 1:0.001 (The bright particles are the Ni-B 

nodules. The dark substrate is the B4C particle surface) 

The observation from the Ni-B nanolayer morphologies of different PdCl2 amount 

shows that there is an optimal Pd0 surface concentration in order to achieve desired 

nanolayer and avoid particle formation on the coating surface. Pd0 concentration affects the 

Ni-B growth initiation sites, the Ni-B deposition rate, and subsequently the Ni-B nanolayer 

morphology. When too much PdCl2 is used for B4C surface activation, Ni and B species 

attach to the B4C surfaces at a high rate. However, the nanolayer growth mode requires 

that the Ni and B species diffuse to the growing layer edge. Since some Ni and B species 

will not have enough time to diffuse long distance and attach to the growing layer edge 

before the arrival of more reduced species, these newly reduced species will deposit on top 

of the prior Ni-B deposit layer. This leads to island-like nodule growth. When too little 

PdCl2 is used for B4C particle surface activation, the diffusion distance to the growing 

nanolayer edge is too long and the reduced species will deposit ‘middle-way’, again 

forming rough Ni-B nanolayers, as seen in Fig. 3-2. 

It should be pointed out that Fig. 3-2 only reveals the Ni-B nanolayer morphology. 

The Ni-B nanolayer composition serves as another important aspect in evaluating the effect 

of the activation agent PdCl2 amount. Fig. 3-3 shows the XPS spectra of the original B4C 

particles and the Ni-B nanolayer coated B4C particles obtained with different amount of 

activation agent PdCl2. Under all B4C:Pd2+ molar ratios, B-O bond peak dominates the 

XPS spectra. As discussed before [20], B2O3 forms during the Ni-B nanolayer formation 

process. The existence of the B-O bond peak means that the B4C particles are mostly 

covered with Ni-B nanolayers. The difference among the spectra is mainly on B-C bond 
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peak. When the B4C:Pd2+ ratio is 1:0.005, the intensity of the B-C bond peak is the lowest. 

Very weak B-C bond peak from the B4C particle surfaces is detected. This means 1:0.005 

B4C:Pd2+ ratio offers the best Ni-B nanolayer surface coverage of the B4C particles. At the 

other three B4C:Pd2+ ratios, the Ni-B layer surface coverage of B4C is less defined. The B-

C bond peak can be easily detected, likely due to the uneven Ni-B nanolayer on the B4C 

particle surfaces, with some locations being thinner and some locations being thicker than 

the X-ray penetration depth. This again confirms that B4C:Pd2+ ratio of 1:0.005 is the 

optimal PdCl2 content for the B4C particle surface activation.  
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Fig.  3-3. XPS spectra of the as-is B4C particles and B4C particles coated with Ni-B nanolayers 

from different molar ratio of B4C:Pd2+ 

3.3.2. Complexing agent effect 

Ni2+ ions in aqueous solution do not stay as free ions. Instead, they are bound to a 

specific number of water molecules in the form of [Ni(H2O)x]2+ (x= 1-6). To avoid 
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Ni(OH)2 formation under alkaline condition, Ni2+ must be complexed with a stronger 

complexing agent than water before being exposed to high pH conditions during the 

electroless coating process. In this study, the complexing agent is C2H8N2 and it plays 

three functions: preventing the pH of the solution from decreasing too fast, preventing the 

precipitation of Ni(OH)2, and reducing the concentration of free Ni2+ ions. As shown in the 

structural equation 3-1, two of the six water molecules initially complexed with Ni2+ can 

be replaced by one C2H8N2 molecule, forming type I nickel complex. Likewise, there can 

be two or three C2H8N2 molecules complexed with Ni2+ when four or six water molecules 

are replaced, forming type II and type III nickel complexes. The extent of complexing can 

be observed from the solution color change from blue to bright purple when C2H8N2 is 

added. Apparently the most stable complex product is type III nickel complex and the 

theoretical molar ratio of Ni2+:C2H8N2 is 1:3. However, our experiments have shown that 

Ni2+:C2H8N2 ratio of 1:3 cannot maintain complexed Ni2+ stability. Ni(OH)2 precipitate 

forms at pH 12-14 conditions. More C2H8N2 than the above ratio is needed. In this work, 

Ni2+:C2H8N2 molar ratios of 1:4.5, 1:6, and 1:9 are studied in order to evaluate the effect of 

the complexing agent C2H8N2. The B4C:Pd2+ ratio is 0.04 and the NaBH4 addition rate is 

10 drops/min. 

 

 

Ni2+ 

H2O 

H2O 

H2O 

H2O 

H2O 

+ C2H8N2
2H2O+ 

H2O 

Ni2+

H2O 

H2O

H2O
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CH2 

CH2 
(3-1)
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As shown in Fig. 3-4, when Ni2+:C2H8N2 ratio is 1:4.5, mesh-like layer covers the 

B4C particle surfaces and Ni-B nodules can be observed (brighter spots). When 

Ni2+:C2H8N2 ratio is 1:6, the mesh-like morphology of the Ni-B nanolayer on the B4C 

particle surfaces diminishes to more even surface, still with Ni-B nodules. When 

Ni2+:C2H8N2 ratio is 1:9, the B4C particle surface is smooth and the sharp edges of the B4C 

particles can be observed. This means increased Ni2+ stability and gradual Ni2+ release due 

to stronger complexing from C2H8N2 are beneficial for more uniform Ni-B nanolayer 

growth. However, when Ni2+ is complexed too strongly to C2H8N2, Ni2+ release into the 

electroless coating bath can be substantially hindered and the Ni-B nanolayer formation 

rate becomes very slow (Fig. 3-4(c)), even though the chemical ratios of the electroless 

coating reactions remain the same.  

     

(a)                                                           (b) 
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(c) 

Fig.  3-4. SEM images of the B4C particles coated with Ni-B nanolayers from different Ni:C2H8N2 

ratio: (a) 1:4.5, (b) 1:6, and (c) 1:9 

Fig. 3-5 shows the XPS spectra of the Ni-B coated B4C particles with different 

Ni:C2H8N2 ratios. When Ni2+:C2H8N2 ratio is 1:4.5, Ni-Ni, Ni-O, B-O, and B-C bond 

peaks are all observed. This means the Ni-B nanolayer is present but may not be uniform 

on the B4C particle surfaces. Some areas have thin Ni-B nanolayer thickness and are 

penetrated by the X-ray during the XPS analysis. When Ni2+:C2H8N2 ratio is 1:6, all the 

peaks are still present but the B-C bond peak is very low. This means the Ni-B nanolayer 

coverage on the B4C particles is much improved. When Ni2+:C2H8N2 ratio is 1:9, however, 

the strong B-C bond peak re-appears, similar to that of pure B4C, while the Ni-Ni and Ni-O 

bond peaks are less defined. Combined with Fig. 3-4, this means the Ni-B coating is too 

thin at Ni2+:C2H8N2 ratio of 1:9 and the XPS analysis detects the B-C bonds from the B4C 

particles. Overall, modest Ni2+:C2H8N2 ratio facilitates the formation of Ni-B coating on 

the B4C particle surfaces. Very high Ni2+:C2H8N2 ratio (excessive complexing agent) 

lowers the Ni2+ release rate to the electroless coating bath and results in very thin Ni-B 

nanolayer. Even though it is difficult to form stable Ni2+ complexes with too little 

complexing agent, too much complexing agent is also undesirable since it adversely affects 

Ni2+ availability for the Ni-B nanolayer formation. A balance needs to be achieved 

between the Ni-B nanolayer morphology and thickness. Ni2+:C2H8N2 ratio of 1:6 is 

preferred in this work when both SEM and XPS results are considered. 
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Fig.  3-5. XPS spectra of the original and Ni-B coated B4C particles with different C2H8N2 amount 

3.3.3. Reduction rate effect 

During the electroless coating process, reducing agent NaBH4 reduces Ni2+ ions in 

Ni(C2H8N2)x
2+ to Ni. The Ni-B nanolayer formation is strongly dependent on the rate that 

Ni2+ can be reduced. Fig. 3-6 shows the SEM images of the Ni-B coated B4C particles with 

different NaBH4 addition rate. The B4C:Pd2+ ratio is 1:0.04 and the Ni:C2H8N2 ratio is 1:6. 

When NaBH4 is added into the electroless coating bath at one time, the Ni-B layer forms at 

a fast rate and acts as a ‘glue’ to agglomerate the B4C particles (Fig. 3-6 (a)). Multiple B4C 

particles are encapsulated into a flaky cluster but some of the B4C particle surfaces inside 

the cluster are not coated with the Ni-B nanolayer [22]. When the NaBH4 addition rate is 

decreased to 10 drops/min (Fig. 3-6(b)), better defined Ni-B layer forms on the B4C 

particle surfaces and the glue-like morphology disappears. When the NaBH4 addition rate 
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is further reduced to 1 drop/min (Fig. 3-6(c)), thin and uniform Ni-B layer with some 

bright nodule-like spots can be observed.  

  

(a)                                                           (b) 

 

(c) 

Fig.  3-6. SEM images of the Ni-B nanolayers with different NaBH4 addition rate: (a) all at one 

time, (b) 10 drops/min, and (c) 1 drop/min 

Fig. 3-7 shows the XPS spectra of the Ni-B coated B4C particles with different 

NaBH4 addition rate. When NaBH4 is added at one time, the B-O bond peak dominates the 

XPS spectrum with a small B-C bond peak. This means the B4C particle surfaces are 

mostly covered with the Ni-B nanolayer but some locations might have a very thin Ni-B 

layer. Also, the B-C bond peak might come from the uncoated but exposed B4C surfaces. 

When NaBH4 is added at 10 drops/min, the intensity of the B-O bond peak increases and 
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the B-C bond peak becomes lower. This means slower NaBH4 addition rate is beneficial 

for improved Ni-B nanolayer surface coverage; more Ni and B are reduced and deposited 

on the B4C particle surfaces. When NaBH4 is added at 1 drop/min, the B-O bond peak is 

still present but the B-C bond peak dominates the XPS spectra. This is likely because the 

Ni-B nanolayer is too thin and X-ray penetrates through the nanolayer easily, as reflected 

by the smooth surface shown in Fig. 3-6(c).  
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Fig.  3-7. XPS spectra of the as-is B4C particles and Ni-B nanolayer coated B4C particles with 

different NaBH4 addition rate 

The effect of NaBH4 addition rate can be further understood from the fundamentals 

of the electroless coating process. During the electroless coating, the following reactions 

occur [23]: 

OHBONiOHBHNi 224
2 6484 ++→++ −−−+                 (3-2) 

↑+→+ −−
2424 4)(4 HOHBOHBH                                         (3-3) 
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When the reducing agent NaBH4 is added at a fast rate, BH4
- is temporarily 

excessive. In addition to reaction with Ni2+, BH4
- can be oxidized to B(OH)4

-, which can 

convert to B2O3 according to the following reactions: 

−− +→ OHOHBOHB 34 )()(                                                 (3-4) 

OHOBOHB 2323 3)(2 +→                                                            (3-5) 

If this is the case, then the Ni-B nanolayer composition should change with the 

NaBH4 addition rate, which directly influences the availability of BH4
- on the B4C particle 

surfaces. With faster NaBH4 addition rate, BH4
- species can be converted to B2O3 and the 

Ni content in the nanolayer should be low. To confirm such prediction, quantitative 

analysis of apparent B:Ni ratio in the Ni-B nanolayer was conducted. The percent of the 

peak area for a given bond in a given XPS spectra can be calculated based on: 

100

1

×=

∑
=

n

i ii

i

xx

x

TS
I

TS
I

X         (3-6) 

n—number of XPS bond peaks examined, which is decided by the number and type of 

interested species. Si—sensitivity factor, which is a constant for each chosen species. Ti—

acquisition time per data point for given species. Ii—XPS bond peak intensity of species i, 

which is calculated based on the peak area after the background is subtraction. The 

background is determined is determined by drawing a straight line between the two 

endpoints of the XPS bond peak to be analyzed. At each data point the value of the 

background curve is subtracted from the value of the XPS spectrum curve. By comparing 

the percentage X of different interested species, a relative atomic ratio is obtained. 
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The results in Fig. 3-8 from quantitative XPS analysis indicate that this is indeed 

the case. When NaBH4 is added at one time, the B:Ni ratio (only the B in the Ni-B 

nanolayer) is 0.314. When NaBH4 is added at 10 drops/min, the B:Ni ratio is 0.240. When 

NaBH4 is added at 1 drop/min, the B:Ni ratio is 0.237. To obtain uniform and continuous 

Ni-B nanolayer on the B4C particles, NaBH4 addition rate needs to be optimized with the 

consideration of the B:Ni ratio in the Ni-B nanolayer. In this study, very slow NaBH4 

addition rate (1 drop/min) does not affect the B-Ni ratio in the Ni-B nanolayer to an 

observable degree in comparison to NaBH4 addition rate of 10 drops/min as shown in Fig. 

3-8. This means 10 drops/min NaBH4 addition rate does not create excessive BH4
- ions. 

Also, 1 drop/min NaBH4 addition rate may not be practical. In this and future studies, 

NaBH4 addition rate of 10 drops/min is used. 

 

Fig. 3-8. Effect of NaBH4 addition rate on the B:Ni atomic ratio in the Ni-B nanolayer 
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3.3.4. Optimized Ni-B nanolayer 

Based on the results observed from activation agent PdCl2, complexing agent 

C2H8N2, and reducing agent NaBH4 addition rate, the respective optimal condition for each 

factor is: B4C:Pd2+ molar ratio at 1:0.005, Ni:C2H8N2 ratio at 1:6, and NaBH4 addition rate 

at 10 drops/min. As a combinational step of obtaining the optimal Ni-B nanolayer on B4C 

particle surfaces, electroless coating process is carried out under the conditions optimized 

individually for each factor. Fig. 3-10 shows the Ni-B nanolayer images obtained at low 

and high magnifications. In comparison to the preferred nanolayer morphology under 

separate conditions (Figs. 3-2 (c), 3-4 (b), and 3-6 (b)), Fig. 3-9 shows the full Ni-B 

nanolayer coverage on every B4C particles and the nanolayer has the fewest number of Ni-

B nodules and the least obvious mesh structures.  
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Fig.  3-9. SEM micrograph of the Ni-B nanolayer on the B4C particles with all three conditions at 

the optimal values: (a) low magnification, (b) high magnification 

Fig. 3-11 shows the cross section SEM image of the B4C particles with optimized 

Ni-B nanolayer coating. The bright Ni-B nanolayers uniformly distribute around all the 

B4C particle surfaces as shown at the bottom half the image. The top half of the image 

shows a single B4C particle with uniform Ni-B nanolayer. The Ni-B nanolayer thickness is 

less than 55 nm as measured by the field emission electron beam from the focused ion 

beam microscope. The thicker locations are believed to originate from the Ni-B nodules in 

the Ni-B nanolayer. The thin locations are likely contributed by the porous locations of the 

nanolayer. As seen in Fig. 3-10, some locations might be as thin as single nanometer. This 

explains why B4C particles can be detected during the XPS study. 
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Fig.  3-10. Cross section SEM micrograph of the Ni-B nanolayer coated B4C particles under the 

preferred conditions for the three factors studied 

 From these observations, it shows that the critical aspect in obtaining uniform and 

well defined Ni-B nanolayer is controlling the nanolayer formation kinetics. For the 

studied B4C particles, the surface is not atomically smooth but shows drastic improvement 

in comparison to the particle morphology reported in many studies. Also, the less than 55 

nm thickness Ni-B coating is a substantial improvement from the much thicker coating that 

has been reported extensively [24, 25]. The small B4C particles attached onto the micron 

size B4C particle surfaces (Fig. 3-1) could also have contributed to the less than ideal 

nanolayer morphology. This new particle surface modification capability is expected to 

make important contributions to improving the processability and performances of B4C-

based materials. 
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3.4. Conclusion  

Ni-B nanolayers are coated onto the B4C particles by electroless coating with 

different amounts of activation agent PdCl2 and complexing agent C2H8N2, and different 

reducing agent NaBH4 addition rates. SEM and XPS results show that when B4C:Pd2+ ratio 

is 1:0.005, the nanolayer covers the B4C particle surfaces with the least roughness. 

Complexing agent C2H8N2 improves the Ni-B nanolayer morphology but lowers its growth 

rate. When Ni2+:C2H8N2 ratio is 1:6, continuous mesh-like nanolayer covers the B4C 

particle surfaces. The Ni-B nanolayer formation is also dependent on the rate that Ni2+ is 

reduced. Reducing agent NaBH4 addition rate affects the Ni-B nanolayer thickness and 

composition. Additional electroless coating study is carried out under the preferred 

conditions for the above three factors to demonstrate the nanolayer formation capabilities 

on the B4C particle surfaces. 
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CHAPTER FOUR 

Ni-B NANOLAYER EVOLUTION ON BORON CARBIDE PARTICLE 
SURFACES DURING THERMAL TREATMENT 

Abstract 
This study is focused on reduction of Ni2O3 and B2O3 in the Ni-B nanolayer on B4C 

particle surfaces and understanding of the nanolayer composition and morphology changes. 

Scanning electron microscopy is used to examine the Ni-B nanolayer morphology 

evolution. X-ray photoelectron spectroscopy is used to study the Ni-B nanolayer 

composition change. X-ray diffraction is used to analyze the Ni-B nanolayer phases at 

different temperatures. For the as-coated B4C particles, the nanolayer contains Ni2O3, B2O3, 

and amorphous boron. After 400°C thermal treatment in a H2-Ar atmosphere, Ni2O3 is 

reduced to nickel; the nanolayer morphology is maintained and the coated particles 

demonstrate magnetism. As the thermal treatment temperature is increased to 550°C, B2O3 

is reduced to boron, which reacts with nickel and forms Ni2B. Simultaneously, the 

nanolayer evolves into nanoparticles. Thermal treatment temperature increase to 700-

900°C only causes Ni2B particle growth but does not fundamentally change the 

composition or phase. 

4.1. Introduction 

Electroless coating is a technique developed for coating large surface area 

substrates with micron thickness metal layers. This technique has the well-recognized 

advantage of producing uniform metal layers such as silver, cobalt, and nickel on flat 

surfaces. Coating formation is realized by autocatalytic reduction of metal salt in aqueous 

solutions. In recent years, efforts have shifted to coating small size cores instead of 
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substrates. The coating layer has also evolved from micron thick to nanometer thick. A 

most noticeable trend is producing particles or nanoscale shells on particle surfaces. For 

example, nickel particles have been coated onto SiC nanoparticles [1]. Ni-P nanoparticles 

have been coated onto carbon nanotubes [2]. In our prior work, Ni-B nanolayer was coated 

onto B4C particle surfaces [ 3 , 4 ]. The Ni-B nanolayer thickness, morphology, and 

composition can be controlled by varying the electroless coating conditions.  

One resulting issue from electroless coating process is oxide formation and 

inclusion in the metallic layer. This is especially a problem when the metal layer, such as 

nickel, is not inert. For the Ni-B nanolayer coated B4C particles, X-ray photoelectron 

spectroscopy (XPS) study detected the presence of Ni2O3 and B2O3 in the Ni-B nanolayer 

[3,4]. Ni-B coating on copper substrate and Ni-Co-W-B powder synthesis by similar 

chemical reduction methods showed the same issue [5,6]. Reduction of the resulting oxides 

on the core particles is necessary before the composite particles can be processed into 

novel materials.  

NiO reduction is being actively studied. In the temperature range of 400-600°C, 

NiO reduction rate increases with temperature and hydrogen pressure without observable 

sintering. Depending on the heating rate, NiO reduction can initiate at as low as 260°C 

[7,8,9]. Hot stage X-ray diffraction (XRD) study showed that reduction of NiO and 

appearance of nickel metal cluster occur simultaneously in the temperature range of 175-

300°C [10]. However, Ni2O3 reduction has not been well studied. This is likely because 

Ni2O3 is the less common oxide format of nickel than NiO.  

Carbothermal reduction of B2O3 was employed to produce B4C powder [11,12]. 

B2O3 has also been reduced to boron by magnesium through high energy ball milling [13]. 



CHAPTER FOUR 

 - 93 - 

It has been reported that B2O3 on B4C particle surfaces can be reduced at greater than 

1350°C in a H2-He atmosphere by forming B2O2, which is gaseous at high temperature and 

can be removed [14,15,16,17]. However, no study about reduction of B2O3 to boron under 

controlled atmosphere, such as H2, has been reported, especially at low temperatures.  

In addition, all the above studies were focused on reduction of NiO or B2O3 only, 

which are different from reduction of co-existing Ni2O3 and B2O3 in the Ni-B nanolayer on 

the B4C particle surfaces. For the Ni-B nanolayer coated B4C particles, it is unknown how 

Ni2O3 and B2O3 reduction will occur and if nickel and boron will form new species or not 

after oxide reduction [18,19]. Under the driving force for surface energy reduction, the 

stability of the Ni-B nanolayer also needs to be examined.  

 This study is focused on the reduction of Ni2O3 and B2O3 contained in the Ni-B 

nanolayer on B4C particle surfaces and understanding of the corresponding nanolayer 

composition and morphology changes. Scanning electron microscopy (SEM) is used to 

examine the Ni-B nanolayer morphology evolution. XPS is used to study the Ni-B 

nanolayer composition change. XRD is used to analyze the Ni-B nanolayer phase 

evolution at different temperatures. An illustrative Ni-B nanolayer evolution model at 

different thermal treatment conditions is presented. 

4.2. Experimental procedure 

Method of producing Ni-B nanolayer onto B4C particles by electroless coating has 

been reported before [3,4]. In this work, a tube furnace (Rapid Temp Model 1730-20HT, 

CM Furnaces, Bloomfield, NJ) was used to reduce the Ni2O3 and B2O3 in the Ni-B 

nanolayer that exists on the B4C particle surfaces. The reducing atmosphere was a 3:5 

volume ratio mixture of H2:Ar. B4C particles coated with 40-60 nm thickness Ni-B 
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nanolayer were put on a nickel foil. The nickel foil was then put in the center of the tube 

furnace for Ni2O3 and B2O3 reduction. The tube furnace was first purged with argon for 10 

min to remove any residual air. After that, the furnace temperature was increased. When 

the thermal treatment peak temperature was lower than or at 800°C, the heating rate used 

was 200°C/hr. When the peak temperature was greater than 800°C, the heating rate used 

was 100°C/hr at temperatures higher than 800°C. The samples were kept at the targeted 

peak temperature for 2 hours. The furnace was then cooled down to room temperature with 

the same rate. Argon gas was then used to purge the furnace for 10 min to remove any 

residual hydrogen. 

A field emission SEM (LEO 1550, Carl Zeiss MicroImaging, Inc, Thornwood, NY) 

was used to characterize the morphology of the Ni-B nanolayer on the B4C particle 

surfaces. XPS (Phi Quantera SXM-03, Physical Electronics, Inc., Chanhassen, MN) was 

employed to characterize the composition change of the Ni-B nanolayers. XRD (X’Pert 

PRO diffractometer, PANalytical B.V., EA Almelo, The Netherlands) was carried out to 

identify the crystalline phases on the B4C particle surfaces at as-coated condition and after 

different thermal treatment temperatures. The XRD experiment step size was 0.05°, the 

dwell time per step was 100 s, and the scan rate was 0.063°·s-1 with CuKα radiation (λ = 

1.5406 Å) and a nickel filter.    

4.3. Results and discussion 

4.3.1. Ni-B nanolayer morphology 

In our previous work [3,4], it has been detailed that the Ni-B nanolayer on the B4C 

particle surfaces has a mesh-like structure. Ni-B nodules are randomly embedded in the 
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mesh structure (Fig. 4-1 (a)). Ni:B elemental ratio is 2.51:1 for the nanolayer. In this study, 

the Ni-B nanolayer coated B4C particle samples remain soft and non-agglomerated after 

thermal treatment at 400-900°C temperatures in the H2-Ar atmosphere. No observable 

sintering or interparticle bonding occurs. However, the thermally treated samples at all 

temperatures are shinier. This indicates that the Ni-B nanolayer has changed at 

microscopic level. Fig. 4-1 shows the SEM images of the Ni-B nanolayer coated B4C 

samples at as-coated state and after thermal treatment at different temperatures. The as-

coated sample has bright Ni-B nodules embedded in the Ni-B mesh structures as 

mentioned. The sample treated at 400°C retains the meshed nanolayer surface morphology. 

However, there is a drastic Ni-B nanolayer morphology transformation when the thermal 

treatment temperature is increased to 550°C. At 550°C thermal treatment temperature, the 

meshed nanolayer structure disappears and nanoparticles appear on the B4C particle 

surfaces. The initial nanoparticles are very small and barely visible. As the thermal 

treatment temperature further increases to 700°C, 800°C, and 900°C, the nanoparticle sizes 

grow. Based on the size measurement of 50 particles on the B4C particle surfaces, the 

particle size is approximately 10.6 nm at 550°C. At 700°C, the particle size grows to 28.6 

nm. At 800°C, the particle size grows substantially to 78.1 nm. At 900°C, the particle size 

grows further to 82.6 nm. The particle size increase (in nm) is proportional to the logarithm 

of absolute thermal treatment temperature with the highest particle size growth rate at 700-

800°C. 
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           (a)                           (b) 

    

                     (c)               (d) 

       

                     (e)                (f) 

Fig. 4-1. Ni-B nanolayer coated B4C particle surface morphology evolution at different thermal 

treatment temperatures in H2-Ar atmosphere: (a) as-coated, (b) 400°C, (c) 550°C, (d) 700°C,  
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(e) 800°C, and (f) 900°C 

The morphology evolution in Fig. 4-1 indicates that the Ni-B nanolayer on the B4C 

particle surfaces is thermodynamically unstable at elevated temperatures. The surface 

nanolayer instability leads to break-up and reconstruction of the Ni-B coating in a manner 

similar to a dewetting process. This means at elevated temperatures the sum of the surface 

energy from the Ni-B nanoparticles and the B4C particles is less than the surface energy of 

the Ni-B nanolayer and the interfacial energy between the Ni-B nanolayer and the B4C 

particles. Spheroidization of the Ni-B nanolayer leads to total surface energy reduction and 

more stable states. The formation of Ni-B related nanoparticles and their growth and 

coalescence are strongly dependent on the thermal treatment temperatures. This Ni-B 

nanolayer evolution finally leads to a set of Ni-B nanoparticles on the core B4C particles. 

Since the original B4C particles are not ideally smooth and some smaller B4C particles are 

attached to the large B4C particle surfaces [3], the Ni-B nanolayer can spheroidize on the 

large host B4C particle surfaces or on/around the attached, small B4C particle surfaces, 

both through heterogeneous nucleation process. When the Ni-B particle formation is on the 

large host B4C particle surfaces, nucleation occurs at randomly distributed sites, leading to 

the formation of the smaller Ni-B particles. When the Ni-B particle formation is on/around 

the attached, small B4C particle surfaces, these small B4C particles provide nucleation 

centers and lead to the formation of some much larger Ni-B particles even though the 

population of the large Ni-B particles is much smaller. The end result is a bi-modal Ni-B 

particle size distribution on the B4C particle surfaces with a very small percent of large Ni-

B particles.  
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4.3.2. Ni-B nanolayer composition 

Compositions and chemical bonding states of the Ni-B nanolayer on the B4C 

particle surfaces can be identified using XPS. Each XPS peak arises at its characteristic 

binding energy and the peak area can be used to evaluate the relative amount of the 

constituting species. In this study, the as-coated B4C sample with the Ni-B nanolayer 

coating has boron-related peaks at 187 eV and 191.6 eV, as shown in Fig. 4-2. The Ni-B 

nanolayer coated B4C samples at different thermal treatment temperatures show the boron-

related peaks at 187 eV and 192.5 eV. The slight left shift of the 192.5 eV peak at as-

coated condition is likely due to the presence of residual NaBH4 and C2H2N8 used during 

the electroless coating process [3,4]. Since the binding energies of boron in pure boron, 

B4C, and Ni-B alloy compound(s) overlap at 187 eV [20, 21,22], it is impossible to 

determine the specific boron related species from this 187 eV XPS peak. However, it can 

be determined that the 187 eV binding energy peak is related to the boron species at non-

oxidized state. The shoulder-like appearance on the right side of the 187 eV peak at higher 

thermal treatment temperatures indicates the increasing amount of boron [21]. The 192.5 

eV binding energy peak can be B2O3 or NixB100-xOy based on literature [22,23,24,25]. This 

is also the peak related to the boron species at oxidized state. 

From the relative height and area of the two boron related XPS peaks at 187 eV and 

192.5 eV, it can be concluded that there is more boron in the oxidized state than in the non-

oxidized state for the as-coated sample and the 400°C thermally treated sample. As the 

thermal treatment temperature increases to 550°C, the XPS spectrum shows that the non-

oxidized boron related peak becomes more dominant than the oxidized boron related peak. 

This shift can be attributed to two concurrent processes. One is that the oxidized boron 
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species start to be reduced by hydrogen at 550°C and higher temperatures to non-oxidized 

boron species, most likely to pure boron or Ni-B alloy compound(s). The other 

accompanying process is the Ni-B nanolayer morphology evolution. As the oxygen in 

B2O3 and possibly in NixB100-xOy is removed, the Ni-B nanolayer becomes thinner. This 

thin Ni-B nanolayer is more likely to become unstable and spheroidize, as shown in Fig. 4-

1, resulting in the exposure of the B4C surface. Such bare B4C surface exposure has been 

confirmed by the detection of residual tin and palladium species for the thermally treated 

samples from 550-900°C. For the as-coated B4C samples, tin and palladium species are not 

detected. SnCl2 was used as a sensitization agent and PdCl2 was used as an activation agent 

during the electroless coating process. Very small amount of tin and palladium species 

remains on the very surface of B4C particles. So the detection of tin and palladium species 

means that the Ni-B nanolayer is discontinuous after 550-900°C thermal treatment. Based 

on the comparison of the boron related peaks at different thermal treatment temperatures 

(Fig. 4-2), the samples treated at 700°C and 800°C give the lowest boron related peak at 

~192.5 eV (oxidized state) and thus are most desired for B2O3 reduction. As to the specific 

oxidized and non-oxidized boron species, the XPS spectra for the nickel related species 

need to be considered. Also, XRD analysis is needed in order to obtain more composition 

information from phase identification.  
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Fig. 4-2. XPS spectra showing boron related peaks of as-coated B4C sample and Ni-B nanolayer 

coated B4C samples thermally treated at different temperatures. The species in the text boxes 

indicate possible co-existing species at each characteristic peak 

For the nickel related XPS spectra, the as-coated sample shows four peaks (Fig. 4-

3). Both NiO and Ni2O3 have four nickel related peaks in their respective XPS spectra. But 

the peak positions are different from each other [22,26,27].  For the as-coated sample the 

primary nickel peak is at 856 eV, which is the nickel 2p3/2 peak. This indicates that the 

nickel related species in the Ni-B nanolayer is Ni2O3, not NiO [27,28]. For the Ni-B 

nanolayer coated B4C sample thermally treated at 400°C, magnetism is detected by placing 

the Ni-B coated B4C particles next to a permanent magnet. Also, the primary nickel 2p3/2 

peak rises at 852.5 eV, which is characteristic of nickel [27,28]. The relative intensity of 

the four XPS peaks at 400°C is also characteristic of pure nickel. These observations show 

that Ni2O3 has been reduced to pure nickel after 400°C thermal treatment. Combining with 

Fig. 4-2, it also means that the presence of NixB100-xOy in the Ni-B nanolayer is negligible. 

Otherwise, NixB100-xOy should be reduced at 400°C and such reduction should lead to a 

decrease, not an increase, of the 192.5 eV peak in the oxidized boron-related spectra. As 
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the thermal treatment temperature is further increased to 550°C and higher, the satellite 

peaks for nickel become negligible. Only the peaks at 852.5 eV and 870 eV are visible. 

Also, the peaks at these two binding energy positions become sharper and the samples 

under such thermal treatment conditions show no magnetism. This means nickel in the Ni-

B nanolayer has substantially decreased to an undetectable degree. The 852.5 eV binding 

energy peak is identified to be the primary nickel 2p3/2 peak from Ni2B. The 870 eV 

binding energy peak is the nickel 2p1/2 satellite peak from Ni2B. This means as the thermal 

treatment temperature increases, nickel reacts with boron and forms a new species, Ni2B. 

As shown in Fig. 4-4, there is no crystalline boron or B2O3 in the Ni-B nanolayer. The 

boron species that participates in the as-coated Ni2B formation should come from 

amorphous boron [20]. This is likely accompanied by B2O3 reduction to boron under the 

H2-Ar reducing atmosphere. As reported, [4] the Ni:B elemental ratio is 2.51:1 for the Ni-

B nanolayer coating. With Ni2B formation, most of the nickel will be consumed. This 

explains why the nickel peaks diminish as the thermal treatment temperature increases. 

Correlating with Fig. 4-2, this means the 187 eV binding energy peak at temperatures 

greater than 400°C are partly contributed by the formation of Ni2B.  
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Fig. 4-3. XPS spectra showing nickel-related peaks for as-coated B4C sample and Ni-B coated B4C 

samples thermally treated at different temperatures.  

The parenthesis for nickel means its amount is very low 

4.3.3. Ni-B nanolayer phases 

In addition to understanding the Ni-B nanolayer morphological evolution and 

bonding state change on the B4C particle surfaces, XRD can provide complementary data 

on the Ni-B nanolayer phase change at different thermal treatment temperatures. For the 

as-coated B4C particles, the result is shown in Fig. 4-4. Three Ni2O3 main peaks are 

identified at 2θ of 32°, 39°, and 67° respectively. The other high intensity peaks are from 

B4C core particles. This confirms that Ni2O3 are the oxidized species for nickel in the Ni-B 

nanolayer at as-coated condition. However, no B2O3 or boron XRD peaks are detected. 

These can be due to two reasons. One is that B2O3 and boron are amorphous and have no 

peak on the XRD pattern. The other is that the B2O3 and boron contents in the Ni-B 

nanolayer are too low to be detected by XRD.  
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Fig. 4-4. XRD patterns for the Ni-B nanolayer coated B4C particles with no thermal treatment. The 

peaks labeled with o indicate Ni2O3 peaks. The other peaks are from B4C core particles 

Fig. 4-5 shows the XRD patterns for the as-is B4C particles, the Ni-B nanolayer 

coated B4C particles with no thermal treatment, and the Ni-B nanolayer coated B4C 

particles at different thermal treatment conditions. The peaks from the B4C species persist 

at all conditions even though the relative intensity varies in comparison to the other peaks. 

The Ni2O3 peaks in the as-coated sample are not displayed because of the low peak 

intensity. As the thermal treatment temperature increases to 400°C, nickel peaks appear. 

This is consistent with the XPS results in Fig. 4-3. As the temperature is further increased 

to 550°C and higher, the nickel peaks diminish and the Ni2B peaks appear. This means that 

B2O3 reduction to boron occurs. With the presence of nickel, Ni2B forms by consuming 

nickel and boron. From 550°C to 900°C thermal treatment temperatures, there are no 

changes in the crystalline phases for the Ni-B coated B4C particles. Based on the 

morphological change shown in Fig. 4-1, Ni2B formation is accompanied by the 

conversion of Ni-B nanolayer into Ni2B nanoparticles.  
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Fig. 4-5. XRD patterns for the as-is B4C particles, Ni-B nanolayer coated B4C particles with no 

thermal treatment, and Ni-B nanolayer coated B4C particles  

at different thermal treatment conditions 

Based on the above analyses, the Ni-B nanolayer morphology and composition 

evolution on the B4C particle surfaces at different thermal treatment conditions can be 

illustrated as shown in Fig. 4-6. For the as-coated B4C particles, the nanolayer contains 

boron, Ni2O3, and B2O3. At 400°C thermal treatment conditions, Ni2O3 is reduced to nickel 

while the B2O3 species remains. The nanolayer morphology is maintained and the particles 

demonstrate magnetism. As the thermal treatment temperature increases to 550°C, B2O3 is 

reduced to boron. Boron reacts with nickel and forms Ni2B. Simultaneously, the Ni-B 

nanolayer evolves into nanoparticles. Further temperature increase to 700°C-900°C only 

causes Ni2B particle size growth but does not fundamentally change the composition or 

phase.  
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Fig. 4-6. Ni-B nanolayer morphology and composition evolution on the B4C particle surfaces at 

different thermal treatment temperatures 

4.4. Conclusions 

Ni-B nanolayer evolution on B4C particle surfaces under a H2-Ar reducing 

atmosphere is studied. SEM is used to examine the Ni-B nanolayer morphology evolution. 

XPS is used to study the Ni-B nanolayer composition change. XRD is used to analyze the 

Ni-B nanolayer phase evolution at different temperatures. The study shows that for the as-

coated B4C particles, the nanolayer contains Ni2O3, B2O3, and amorphous boron. At 400°C 

thermal treatment condition, Ni2O3 is reduced to nickel while the B2O3 species remains. 

The nanolayer morphology is maintained and the Ni-B nanolayer coated B4C particles 

demonstrate magnetism. As the thermal treatment temperature is increased to 550°C, B2O3 

is reduced to boron, which reacts with nickel and forms Ni2B. Also, the Ni-B nanolayer 

evolves into nanoparticles. Further temperature increase to 700-900°C only causes particle 

size growth but does not fundamentally change the nanoparticle composition or phase. 
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CHAPTER FIVE 

COMPACTION OF BORON CARBIDE POWDER USING UNIAXIAL 
DIE COMPACTION AND COMBUSTION DRIVEN COMPACTION 
TECHNIQUES 

Abstract 
Compaction of as-received B4C, centrifugal separated B4C (abbreviated as 

separated B4C from now on), and Ni-B nanolayer coated B4C after centrifugal separation 

(abbreviated as Ni-B coated B4C from now on) was studied in this chapter using uniaxial 

die compaction and combustion driven compaction (CDC) techniques. For uniaxial die 

compaction, a pressure of 180 MPa or 200 MPa was used; green densities of 53.2%, 55.3%, 

and 53.8% were obtained for the as-received B4C, separated B4C, and Ni-B coated B4C 

powder compacts respectively. For CDC, a pressure of 2.06 GPa was used; green densities 

of 65.9%, 64.9%, and 73% were obtained for the as-received B4C, separated B4C, and Ni-

B coated B4C powder compacts respectively. The CDC process yields much higher green 

density and strength than uniaxial die compaction. Among the samples obtained from the 

same compaction technique, Ni-B coated B4C compacts showed the highest strength while 

the separated B4C compacts showed the lowest strength. Optical images indicate 

microcracks on the separated B4C compacts while crack-free surface was observed for the 

Ni-B coated B4C sample. Scanning electron microscopy (SEM) shows higher porosity in 

the Ni-B coated B4C compact obtained from uniaxial die compaction than from CDC 

technique; the as-received and separated B4C compacts show higher porosity than the Ni-B 

coated B4C compact from the same technique, consistent with the green density 

measurements. Ni-B nanolayer has been proven to improve the compactability and 

strength of the B4C powder compacts. 
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5.1. Introduction 

B4C has high melting point (2450°C), high hardness (2,900-3,580 Knoop), good 

chemical resistance, and low density (2.52 g/cm3) [1]. However, the high melting point and 

high hardness make B4C very difficult to process and intrinsically brittle. Hot pressing is 

very expensive and low efficiency [2,3]. Innovative techniques are highly desired for 

flexible, low cost, and high efficiency processing.  

Boron carbide has been mostly compacted using unaxial die compaction technique. 

Uniaxial die compaction was carried out by Cho et al. to compress B4C nanopowder into 

cylindrical pellets [4]. The pressure used is 150 MPa but no specific compaction density 

was given. Incorporating additives like TiB2 and SiC showed very limited incremental 

improvement [5,6]. Uniaxial pressing was employed by Skorokhod and Krstic to compact 

B4C, TiO2, and C mixture with B4C and TiO2 at submicron particle sizes respectively [7]. 

The weight percentage of TiO2 was from 9.23 to 32.97%. The pressure used was only 10 

MPa prior to cold-isostatic compaction under a pressure of 300 MPa. The green density of 

the compacts was in a range of 67-75%. In Lee and Speyer’s work, green samples 

composed of B4C and carbon were made by uniaxial die compaction under a pressure of 

200 MPa [8]. Green densities in a range of 67-68% theoretical density were obtained for 

pure B4C powder. For B4C powder mixed with 3 wt% of carbon, a green density of ~70% 

was obtained. In Roy et al.’s work, mixtures of TiB2, ZrO2, and C with B4C were 

compacted using die compaction technique under a pressure of 280 MPa [9]. A relative 

green density of ~65% was obtained. B4C and TiO2 powder mixture was uniaxially 

compacted with no binder at 80 MPa in Levin et al.’s work [10]. No specific green 

densities were given. Klotz et al. densified B4C using plasma pressure compaction (P2C) 
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[11]. This technique carried out compaction and sintering simultaneously. Only a pressure 

of 32 MPa was used. A relative density of 81 % was achieved without any aid, and 95% 

relative density was achieved by adding Al2O3. 

Several different high pressure forming techniques have emerged in recent years 

with the aim to improve the green density of hard-to-compact materials, such as B4C, 

without requiring high amount of additives. Among these are conventional compaction by 

pushing the limit of existing presses, diamond anvil compaction, plasma pressure 

compaction, dynamic compaction, and shock wave compaction [12,13,14,15,16,17,18]. 

Most of these techniques can increase green density to the 60-75% range. However, the 

conventional compaction is difficult to achieve >1 GPa compaction pressure and is 

unlikely to fulfill the needs; the diamond anvil compaction requires special deformable 

dies and complicated compaction procedures; other techniques require either complex 

equipment or electrical/magnetic field. For example, the shock wave compaction uses high 

velocity compressive waves and almost always produces microcracks in the produced 

articles [19]. 

Combustion driven compaction (CDC) is a unique technique developed by Utron, 

Inc. [ 20 , 21 ]. The process compacts powders by high pressure generated from a 

combustion gas mixture with a simple set up and no requirement of specific field. For 

CDC set-up and the compaction cycle, please refer to chapter 1, Fig. 1-1 and Fig. 1-2. 

During the compaction cycle, the chamber is filled with a mixture of natural gas and air. 

As the chamber is being filled the ram moves down, pre-compresses the powder, and 

removes entrapped air from the powder. This is considered as the first stage during 

combustion-driven compaction and is called pre-load stage. During the compaction stage, 
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the sealed gas mixture is ignited; the pressure in the chamber rises dramatically in a very 

short period of time, typically on the order of milliseconds. At the same time, the ram is 

pushed down on the powder at an extremely high speed, realizing the compaction. In CDC, 

chemical energy is directly converted to kinetic energy within a second. The highest 

pressure that this technique can reach is a few giga Pascal. 

The advantages of CDC include high green density, less green sample cracking, 

and reduced sintering shrinkage. Because of these unique features, CDC is suitable for 

micro and nano powders and hard powders. Compared to other dynamic compaction 

techniques, CDC imposes load at a much gentler manner and controlled rate during its 

unique two-stage load cycle, making CDC very attractive for brittle, crack-sensitive 

materials. In a typical CDC load cycle shown in Fig. 1-3, a high pressure >3 GPa was 

achieved during a very short period of time (around 120 ms). Also, the pressure release is 

relatively slow, which effectively reduces localized stress and the resulting defects. 

Recently, Sachan and Majetich prepared Sm-Co and Fe nanostructured magnets 

using CDC technique [22]. CDC process significantly reduced the loss in coercivity during 

compaction. Utron has done extensive work using a 300 ton CDC press [21]. In their work, 

different green parts with complex shapes including rings, dogbones, cylinders, and gears 

were prepared under 2.02 GPa pressure [20]. Most recently, 1000 ton CDC press was 

applied to form compacts with different geometries [21].  

With the particle-based nano-design, a very small amount of second phase can be 

introduced purposefully onto the B4C particles to facilitate processing while enhancing the 

performances and introducing multifunctionalities that are non-existent today [3]. In this 

study, uniaxial die compaction and combustion driven compaction techniques are studied 



CHAPTER FIVE 

 - 113 - 

as compaction techniques in forming B4C compacts or Ni-B coated B4C compacts. Green 

densities of the compacts obtained from the two techniques are examined. Green strength 

of the compacts is tested using equibiaxial flexural strength testing set-up.  Microstructures 

of the green bodies are examined using optical microscope and SEM. The effects of Ni-B 

coating on B4C compaction behavior are evaluated. 

5.2. Experimental procedure 

The as-received B4C powder in this work (H. C. Starck, Inc., Newton, MA) had 8.3 

m2/g specific surface area (Quantachrome ASIC VP7 Surface Area Analyzer, Boynton 

Beach, FL) and bimodal size distribution, with two peaks at 0.34 µm and 2.27 µm, 

respectively (Horiba, LA-950, Irvine, CA). Centrifugal experiments were carried out to 

remove very large and very small particles, resulting in a monomodal B4C particle size 

distribution. The average particle size for the separated B4C particles was about 2.27 µm.  

In the previous two chapters, method of producing Ni-B nanolayer onto B4C 

particles by electroless coating has been reported [23, 24]. Also, the Ni-B nanolayer coated 

B4C particles have been thermally treated to remove the oxides [25]. It has been detailed 

that the Ni-B nanolayer on the B4C particle surfaces has a mesh-like structure. Ni-B 

nodules are randomly embedded in the mesh structure. Ni:B elemental ratio is 2.51:1 for 

the nanolayer. 

In this chapter, uniaxial die compaction was used to compress the as-received, 

separated, and Ni-B coated B4C powders (TMS 810 Material Test System, MTS Systems 

Corporation, Eden Prairie, MN). Fig. 5-1 is a picture of the uniaxial die compaction set-up 

and the compaction die. The compaction was carried out with a load application rate of 10 

MPa/sec and a load release rate of 2 MPa/sec. The load was held at the peak pressure for 
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120 sec. For the as-received B4C powder, the peak pressure was 200 MPa. For the 

separated B4C powder, the peak pressure was 180 MPa. For the Ni-B nanolayer coated 

B4C powder, the peak pressure was 200 MPa. The diameter of the compacts was 25.07 mm. 

Since similar amount of powder was used for die filling, the thickness of the compacts was 

around 2.25, 2.04, and 1.78 mm for the as-received, separated, and Ni-B coated B4C 

samples respectively.  

 

Fig. 5-1. Uniaxial die compaction set-up with the compaction die 

For the CDC samples, Utron 300-Ton Combustion Driven Compaction Press was 

employed (Utron Kinetics, Manassas, VA). For CDC set-up and the compaction cycle 

schematic, please refer to chapter 1, Fig. 1-2 and Fig. 1-3. The compaction was carried out 

with 2.06 GPa peak pressure. The diameter of the compacts was 25.7 mm. The thickness of 

the compacts was 1.83, 1.83, and 1.40 mm for the as-received, separated B4C, and Ni-B 

coated samples respectively, with similar amount of powder in die-filling. 

Compaction die 
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Density before and after compaction was obtained by measuring the dimension and 

weight of the samples. An optical microscope was utilized to observe the compact surfaces. 

A field emission SEM (LEO 1550, Carl Zeiss MicroImaging, Inc, Thornwood, NY) was 

used to examine the fracture surface of the compacts. 

Equibiaxial flexural strength (abbreviated as green strength) for the as-received, 

separated, and Ni-B coated B4C powder compacts was determined following ASTM C 

1499 [26]. The samples were tested using a texture analyzer test console equipped with a 5 

kN load cell (Stable Micro Systems, Surrey, UK). A schematic of the setup is shown in Fig. 

5-2. When a sample was aligned in the test fixture, caution was taken to ensure that the 

load ring and the support ring were concentric. To ensure point loading, a ball bearing was 

placed in the load fixture. The console was set to record compressive force and the 

crosshead was lowered monotonically at a speed of 0.1 mm/sec. The peak load at which 

the compact broke was recorded. The fractured sample was measured with a digital 

micrometer to determine the exact thickness at the most likely crack initiation point. The 

green strength was calculated using equation (5-1).  
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where fσ  is fracture strength in unit of MPa, F  is breaking load in unit of N, h  is 

specimen thickness in unit of mm, ν is Poisson’s ratio and was assumed to be 0.2 for the 

brittle B4C green samples, D is sample diameter in mm, SD  is the diameter of the support 

ring in mm, LD  is the diameter of the load ring in mm. 
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Fig. 5-2. Cross-section view of the equibiaxial strength test apparatus [after ref. 27] 

5.3. Results and discussion 

5.3.1. Green density 

Table 5-1 shows the green density of the samples made by uniaxial die compaction 

and CDC technique. For the uniaxial die compaction process, four data points have been 

obtained for each condition; the standard deviation is 0.03, 0.03 and 0.04 for the as-

received, separated, and Ni-B coated B4C powder compacts respectively. For the CDC 

technique, four data points have also been obtained for each condition; the standard 

deviation is 0.008, 0.006 and 0.008 for the as-received, separated, and Ni-B coated B4C 

powder compacts respectively. For the separated B4C powder, ethanol alcohol has been 

added into the powder during compaction. Otherwise, the particles cannot hold together. 

For the separated powder, 2.52 g/cm3 is taken as the theoretical density for the density 

calculation in Table 5-1. For the samples made from the Ni-B powder, 3.01 g/cm3 is used 

as the theoretical density, calculated based on our X-ray diffraction (XRD) data [25].  

Loading ring

Supporting ring
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Table 5-1. Green density of samples made by uniaxial die compaction and CDC 

 Uniaxial die compaction CDC 

Sample Density, g/cm3 Relative density, % Density, g/cm3 Relative density, % 

As-received 1.34 ± 0.02 53.2 ± 0.008 1.66 ± 0.008 65.9 ± 0.003 

S-B4C 1.39 ± 0.03 55.3 ± 0.01 1.63 ± 0.006 64.9 ± 0.002 

Ni-B4C 1.62 ± 0.04 53.8 ± 0.01 2.21 ± 0.008 73.3 ± 0.003 

*S-B4C: separated B4C powder compact; Ni-B4C: Ni-B coated B4C powder compact. 

For the uniaxial die compaction technique, it has been observed that it is very 

difficult to compact the separated B4C powders; the separated B4C samples show cracks; 

the particles cannot hold together until a few drops of ethanol are added. The Ni-B coated 

B4C powder and the as-received B4C powder could be easily compacted. The as-received 

B4C compacts and the Ni-B coated B4C compacts have a slightly lower relative density 

than the separated B4C compacts but the density difference is only about 1.5%. The 

slightly higher density of the separated B4C compact could be attributed to the ethanol 

which facilitates particle holding. For the Ni-B coated sample, an ideal layer composition 

was used in the calculation of the composite powder theoretical density, which means all 

the nickel species in the electroless coating bath is assumed to have deposited on the B4C 

particle surfaces. However, there has been weight lose during washing and filtration. This 

could result in an overestimation of the nickel amount in the Ni-B nanolayer. The lower 

density for the Ni-B coated compacts also means the Ni-B nanolayer does not play a 

significant role in the early stages of B4C powder compaction. The fundamental reason is 

that the Ni-B layer is mainly designed to facilitate B4C sliding, which occurs at high 

relative density stage of the compaction process. 
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An overall examination shows that the CDC compacts have much higher density 

compared to uniaxial die compacts, with the Ni-B coated sample showing the largest 

density difference (73.3% vs. 53.8%). This demonstrates the advantage of the CDC 

technique over the traditional uniaxial die compaction in obtaining higher green density. 

For the hard-to-compact B4C, this high relative density has not been achieved. Also, 

comparing the three samples made by the CDC technique, the density of the Ni-B coated 

powder compact is much higher than that of the un-coated powder compacts (73.3% vs. 

64.9% and 65.9%), with the separated powder compact having the lowest relative density 

(64.9%). The much higher density of the Ni-B coated B4C compacts from the CDC process 

indicates that the Ni-B coating can effectively improve the compressibility of B4C by 

allowing more particle sliding and rearrangement under the compaction pressure. The 

separated B4C powder compact has lower relative density than the as-received one because 

in the latter case the particles have a bi-modal particle size distribution. During compaction, 

small particles fill the inter-particle space between large particles, resulting in a higher 

density.  

5.3.2. Green strength 

Table 5-2 shows the green strength and the standard deviation for the as-received, 

separated, and Ni-B coated B4C powder compacts from the uniaxial die compaction and 

CDC techniques. As shown in the table, there is huge difference in the green strength 

among the three different powder compacts regardless of the compaction technique used, 

with the Ni-B coated B4C sample the strongest and the separated B4C sample the weakest. 

The enhanced green strength in the Ni-B coated sample is attributed to the surface Ni-B 

coating. During the compaction, the Ni-B coating acts as a lubricant between B4C particles, 
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resulting in less friction between B4C particles and much easier B4C particle sliding and 

rearrangement. Hence, B4C particles pack and integrate more effectively, giving a much 

higher green strength compared to bare B4C powder compacts. Comparing the samples 

made by uniaxial die compaction and CDC from the same powder, the CDC process yields 

much higher strength. The superiority of CDC samples over uniaxial die compacted 

samples in green strength originates from the nature of CDC technique. In CDC a much 

higher pressure (~ 2 GPa vs. 200 MPa) is imposed on the B4C powder. The high pressure 

squeezes more void and forces B4C particles to arrange closer to each other than in 

uniaxial die compacted sample. The strength test data demonstrate that the CDC technique 

is superior to the uniaxial die compaction technique for producing higher green strength 

samples. First of all, CDC technique has the capability to reach pressures much higher than 

uniaxial die compaction. This high pressure is especially important for hard materials like 

B4C. B4C particles do not deform and the compression is via the sliding induced 

rearrangement. An extremely high pressure can overcome the friction between B4C 

particles and force the particles to pack denser. Also, in a CDC cycle the peak pressure can 

be reached within a short period of time (less than 200 mili-seconds). The above features 

make CDC an effective technique and a better candidate compared to uniaxial die 

compaction technique for the compaction of micron-sized hard B4C studied in this work.  

Table 5-2. Green strength for the as-received, separated, and Ni-B coated B4C powder compacts 

Uniaxial die compaction CDC  

Green strength, 

fσ
, MPa 

Standard 

deviation 

Green strength,  

fσ
, MPa 

Standard 

deviation 

As-received 0.24 0.06 0.81 0.01 
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Separated 0.15 0.01 0.27 0.05 

Ni-B coated 0.99 0.02 10.90 0.30 

Besides the above advantages, compacts made by CDC were much easier to handle 

during SEM sample preparation etc., because of the much higher green density and 

strength of this group of samples. For the as-received and separated B4C powder compacts 

made by uniaxial die compaction, the disk samples could not hold together when disk 

samples were broken to prepare fracture surface samples. Instead, they fell into B4C 

particle agglomerates in which case the fracture surface could not be retained.  

5.3.3. Microstructure 

Since the as-received and separated B4C samples from the uniaxial die compaction 

have low green strength and are very fragile, no fracture surface can be successfully 

prepared for SEM analysis. Fig. 5-3 shows the SEM images of the fracture surface of Ni-B 

coated B4C compacts made by uniaxial die compaction (Fig. 5-3 (a)) and CDC technique 

(Fig. 5-3 (b)). Consistent with the green density and strength measurements, the 

microstructures of the samples from the uniaxial die compaction and CDC techniques for 

the same powder show clear difference. Particles in the compact made by CDC technique 

clearly show denser packing (Fig. 5-3 (b)), which can be explained by the ten times higher 

pressure used in the CDC process. This high compaction pressure directly translates to 

high green density, confirming the effectiveness of the CDC proposed in this study. Also it 

can be seen in Fig. 5-3 that the Ni-B nanolayer remains intact during compaction at both 

pressure conditions, which demonstrates the effectiveness of the Ni-B coating proposed. 
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(a)       (b) 

Fig. 5-3. SEM images of the fracture surface of Ni-B coated compacts made by  

(a) uniaxial die compaction, (b) CDC 

Fig. 5-4 shows the optical images of the compact surfaces obtained by the CDC 

technique from the as-received, separated, and Ni-B coated B4C powder. As can be seen, 

there are visible microcracks on the surface for the as-received and separated B4C samples 

(Fig. 5-4 (a) and (b)). There are more microcracks observed in the separated B4C sample 

than in the as-received B4C sample. These microcracks are evidence of high stress 

concentration in the B4C compacts. B4C is such a hard material that the particles do not 

deform even under a compaction pressure of 2.06 GPa. During the CDC compaction, the 

B4C particles will be compressed and forced to transfer the applied pressure to other 

adjacent particles without deformation due to the high B4C hardness or sliding with respect 

to each other due to the irregular shape. Especially for the separated B4C powder compacts, 

the powder has monomodal particle size distribution; there are not as many small particles 

to fill the interstitial space between large particles. This leads to considerable amount of 

microcracks, not only on the compact surface but also propagating into the compact body. 

On the contrary, there are hardly any microcracks seen on the Ni-B coated B4C sample 
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surface except for some scratches. This observation implies that the Ni-B nanolayer has 

enhanced the compressibility of the separated B4C particles.  

 

           

(a)       (b) 

 

(c) 

Fig. 5-4. Optical microscope pictures of compact surfaces obtained from CDC using: (a) as-

received B4C powder, (b) separated B4C powder, (c) Ni-B coated B4C powder 

In order to compare powder effect on the compaction process, the fracture surfaces 

of the compacts made by the CDC technique from the as-received, separated, and Ni-B 

coated B4C powder are shown in Fig. 5-5. As can be seen, there is no particle deformation 

even under a compaction pressure as high as 2.06 GPa in both as-received and separated 

B4C powder compacts. A closer examination on Fig. 5-5 (b) shows that in the separated 
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B4C powder compact a few particles cracked into two pieces, as indicated in the ovals. The 

as-received B4C compact clearly shows two different particle sizes (Fig. 5-5 (a)), as 

indicated by the particle size analysis. By comparison, the B4C particles show more 

uniform size after centrifugal separation, as shown in Fig. 5-5 (b). During the compaction, 

there are not as many as small sized particles to fill the space between large sized particles 

in the separated B4C powder. As a result, the effective pressure on individual B4C particles 

in Fig. 5-5 (b) is higher, which would otherwise be cancelled out slightly by smaller sized 

particles filling the inter-particle cavity as shown in Fig. 5-5 (a). This high effective 

pressure at localized regions likely has caused the cracks seen in Fig. 5-5 (b). The Ni-B 

coated B4C powder compact shows the densest packing, as seen in Fig. 5-5 (c). During 

compaction, the Ni-B layer acts as a ‘lubricant’, dramatically reduces the frictional force 

among B4C particles, facilitates the sliding and rearrangement of particles, therefore results 

in higher B4C packing and green strength. 

     

(a)       (b) 
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(c) 

Fig. 5-5. SEM images of the fracture surface of the compacts made by CDC from (a) as-received 

B4C powder, (b) separated B4C powder, (c) Ni-B coated B4C powder 

The function of the Ni-B nanolayer during and after the CDC compaction process 

can be understood as follows. First, the Ni-B nanolayer makes it easier for B4C particles to 

slide with respect to each other and reach certain extent of rearrangement under the 

pressure, which is rarely possible for the separated B4C powder. Second, this nanolayer is 

more compressible than the core B4C particles, which might improve the compressibility 

of the coated B4C powder system even though the impact could be small because of the 

nanoscale thickness of the layer. Third, the Ni-B nanolayer improves the green strength of 

the Ni-B coated B4C sample by offering more affinity between the B4C core particles and 

thus microcracks can be avoided.  

5.4. Conclusions 

In this work, compaction of as-received B4C, separated B4C, and Ni-B nanolayer 

coated B4C powder was carried out using uniaxial die compaction and combustion driven 

compaction techniques. The effects of the Ni-B nanolayer on the compactability of the 

separated B4C powder for both techniques were evaluated. The CDC process yields a much 
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higher green density for all powders than the uniaxial die compaction process. Green 

densities of 53.2%, 55% and 53.8% were obtained for the as-received, separated, and Ni-B 

coated B4C powders respectively using the uniaxial die compaction process. For 

combustion driven compaction, green densities of 65.9%, 64.9%, and 73% were obtained 

for the as-received, separated, and Ni-B coated B4C powder compacts respectively. The 

CDC compacts show much higher green strength than the uniaxial die compacts. Among 

compacts obtained from the same technique, Ni-B coated B4C compact yields the highest 

strength. The fracture surface of Ni-B coated B4C compact obtained from CDC shows 

denser particle packing than uniaxial die compacts under SEM. The Ni-B coating retains 

intact during compaction for both CDC and uniaxial die compaction. The pure B4C powder 

compact surfaces from the CDC technique have microcracks. The Ni-B coated B4C 

compact surfaces from the CDC technique are crack free, which means the B4C particles 

with the Ni-B nanolayer can provide more bonding. The fracture surface of CDC compacts 

show localized over-pressing spot in the separated B4C powder compact, while in the Ni-B 

coated sample the densest packing is achieved, indicating the lubricating effect of Ni-B 

coating. Ni-B nanolayer has been proved to improve the compactability of the separated 

B4C powder and the strength of the B4C powder compacts. 
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CHAPTER SIX 

SINTERING OF BORON CARBIDE PARTICLES COATED WITH 
NICKEL-BORON NANOLAYER  

Abstract 
Sintering of pure B4C and Ni-B nanolayer coated B4C is studied in this chapter. 

Compacts made by uniaxial die compaction and combustion driven compaction (CDC) are 

both sintered at temperatures ranging from 1150ºC to 1600ºC, with the holding time at the 

peaking temperatures being 2 hrs or 10 hrs. Pure B4C does not show much sintering at all 

conditions except for some grain shape rounding. Ni-B nanolayer coated B4C shows 

considerable density increase after sintered at 1600ºC for 10 hrs. Neck formation and 

dramatic grain shape accommodation. There is clear phase change for the Ni-B surface 

phase during sintering. The original Ni2B on the B4C particle surfaces transforms into 

Ni4B3 and NiB during sintering. High resolution compositional analysis (Transmission 

electron microscopy-energy dispersive spectroscopy, TEM-EDS) shows that B intensity 

decreases and Ni intensity increases from the B4C grain to the coating layer. Also, Ni 

shows a maximum while B shows a minimum intensity in the middle of the neck 

connecting two B4C grains. The observations imply that there is no Ni diffusion into bulk 

B4C during sintering process. However, there is B4C species diffusion into Ni-B coating 

layer, accompanied by the coating layer thickness increase. A phase evolution mechanism 

has been proposed to explain the multi-event sintering process. Strength tests show 

significant strength increase compared to the green strength for the Ni-B coated samples 

obtained from both compaction techniques. CDC samples yield higher strength than 

uniaxial die compacted samples, which is attributed to the high pressure applied by CDC. 

Compared to the infinity resistivity of pure B4C sample, Ni-B coated sample shows 
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decreased resistivity the value of which is comparable to that of carbon and silicon, 

demonstrating the effect of the introduced Ni-B coating on other properties than structural 

properties. 

6.1. Introduction 

B4C is the third hardest material known (Knoop hardness: 2800 kg/mm, 100 g load), 

ranking after diamond and cubic boron nitride [1]. In addition to the hardness, its unique 

properties, such as good chemical resistance, low density (2.52 g/cm3), and neutron 

absorption properties make B4C an important material in different applications. Because of 

its excellent abrasion resistance, B4C can be used for dressing diamond tools, hot-pressed 

shot blast nozzles, and ceramic tooling dies [2]. Because of its hardness and light weight, 

B4C is the premier material for armors and vehicle anti-ballistic protection [3]. B4C is also 

used as an absorbent for neutron radiation in nuclear power plants in the form of shielding, 

control rod, and shut down pellets [4].  

In spite of these very attractive properties, it is difficult to sinter B4C. This is 

because of the high melting point (2450°C) of B4C and the low boron and carbon diffusion 

mobility resulting from the covalent bonding. It has been a challenge to achieve near-

theoretical density. Pure B4C cannot be sintered to densities higher than 75-80% of the 

theoretical density even at temperature higher than 2300°C [5]. In order to reach a density 

closer to the theoretical density, additives such as TiB2 [6,7] and TiO2 [8] have been added 

into B4C matrix during sintering. However, it was found that the second phase formed 

always degrades the mechanical performance. Pressureless sintering of B4C with carbon 

doping was carried out [9,10,11,12]. The B2O3 coating on B4C particles stalled the onset of 

densification until the temperatures reaches 1840ºC. Rapid heating to the sintering 



CHAPTER SIX 

 - 132 - 

temperature was found to be able to minimize the time for coarsening via B4C 

volatilization. The sintering kinetic of boron and B4C was investigated [13]. The work 

confirmed the possibility of reaching higher densities from monodisperse powders. The 

B4C size distribution was found to determine the microstructure of the sintered pellet. 

Graphite-coated B4C nanopowder sintering was carried out [14]. The composition of the 

system is ~50:50 volume ratio of the two species. The sintering onset temperature was 

found to be higher than expected from a nanoscale powder. The presence of B2O3 keeps 

B4C particles separated until it volatilizes. Pressureless sintering of B4C with and without 

additives (carbon, TiB2, and ZrO2) was studied with the purpose to obtain dense pellets for 

use in neutron shielding [15]. TiB2 and ZrO2 were mechanically mixed with B4C, while 

carbon was coated onto B4C particles. The addition of ZrO2 was found to be effective in 

lowering the sintering temperature from 2375ºC to 2275ºC. TiB2 was also found to be 

helpful in sintering.  

Ni-B was deposited onto WC and VC particles by electroless coating technique 

[16]. During heating at 400-1200ºC in argon atmosphere, Ni and Ni3B phases formed. 

Sintering was carried out in a temperature range of 1035-1200ºC because a eutectic liquid 

in Ni-B system was believed to form within this range. Even though the Ni-B coated 

powders could be precursors for liquid phase sintering, the wetting behavior of the molten 

coating was different based on the characteristics of the carbide skeleton. In the case of VC 

sintering, the segregation of the Ni-B matrix from the core particles at 1035ºC adversely 

affected densification. In the case of WC sintering, similar effect was only found when the 

temperature is relatively high (1150-1200ºC). Based on the similarity between WC, VC, 

and B4C, it is conjectured that electroless coating of Ni-B nanolayer onto B4C particles 
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might have the potential to facilitate the rearrangement and diffusion of the B4C particles 

during sintering. When the amount of the Ni-B coating is controlled at a very low level and 

distributed homogeneously in the B4C matrix, it should avoid performance degradation 

while introducing new functionalities such as electrical conductivity and magnetism. 

Under such motivation, we have carried out extensive work to understand the electroless 

coating process of Ni-B nanolayer onto B4C particle surfaces and the reduction of the Ni-B 

nanolayer to reduce the corresponding oxides. The results have been reported in our prior 

work [17,18,19,20,21].  

In this work, sintering of pure B4C samples and Ni-B coated B4C samples was 

carried out. The samples were obtained either by uniaxial die compaction or combustion 

driven compaction. The effect of the Ni-B coating on the sintering behavior of B4C has 

been examined. The diffusion and phase evolution were studied using scanning electron 

microscopy (SEM), X-ray diffraction (XRD), and TEM. A phase evolution mechanism has 

been proposed to explain the multi-event sintering process. 

6.2. Experimental procedure 

The B4C powder used was provided by H. C. Starck, Inc. (Newton, MA) and had 

specific surface area of 8.3 m2/g (Quantachrome ASIC VP7 Surface Area Analyzer, 

Boynton Beach, FL). The particle size distribution demonstrated a bimodal distribution, 

with two peaks at 0.34 µm and 2.27 µm, respectively (Horiba, LA-950, Irvine, CA). 

Centrifugal experiments were carried out to separate particles and a monomodal B4C 

particle size distribution was obtained. The average particle size was about 2.27 µm [22]. 

The Ni-B coated B4C was obtained using a procedure described somewhere else [22]. The 

electroless coating solution had NiSO4 as a Ni2+ source, SnCl2 as a sensitizing agent, PdCl2
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as an activation agent, C2H8N2 as a complexing agent, and NaBH4 as a reducing agent. 

Ni2
+:B4C ratio was controlled to obtain 55 nm thickness Ni-B nanolayer on B4C surfaces. 

The coating layer was continuous and completely covered the B4C particle surfaces. 

Thermal treatment was carried out after the electroless coating in order to reduce nickel 

oxide and boron oxide [17]. The volume fraction of Ni in the compact was about 9.5 vol%. 

In this work, both the separated B4C powder and the thermally treated Ni-B coated 

B4C powder were used for sintering study. Two compaction processes were employed to 

prepare the green samples: uniaxial die compaction (TMS 810 Material Test System, MTS 

Systems Corporation, Eden Prairie, MN) and combustion driven compaction (Utron 300-

Ton Combustion Driven Compaction Press, Utron Kinetics, Manassas, VA). For uniaxial 

compaction, the load application rate was 10 MPa/sec and the load release rate was 2 

MPa/sec. The load dwell time at the peak pressure was 120 sec. For the separated B4C 

powder, the peak pressure was 180 MPa. For the Ni-B nanolayer coated B4C powder, the 

peak pressure was 200 MPa. The green densities of the compacts from two types of 

powders were ~ 53%. The dimension of the compacts was 12.7 mm in diameter and 

around 1.92 mm in thickness. For combustion driven compaction, the details of the process 

have been reported [23, 24]. In brief, the chamber inside the upper ram was first filled with 

a mixture of natural gas and air. As the chamber was being filled, the ram moved down and 

pre-compressed the powder. When the sealed gas mixture was ignited, chemical energy 

was converted to kinetic energy and the pressure in the chamber rose dramatically within a 

couple of hundred milliseconds. The ram was pushed down on the powder at an extremely 

high speed, realizing the compaction. The compaction pressure for this study was ~2.0 GPa 

[23]. The green density obtained was around 71%. The dimension of the compacts 
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obtained from CDC was 25.7 mm in diameter and 1.40 mm and 1.83 mm in thickness for 

the coated and un-coated samples respectively. 

A tube furnace (Rapid Temp Model 1730-20HT, CM Furnaces, Bloomfield, NJ) 

was used to sinter the compacts. A picture of the hydrogen furnace in this study was shown 

in Fig. 6-1. During the heating cycle the temperature first ramped to 800°C at a rate of 

200°C/hr. Above 800°C, the heating rate was changed to 100°C/hr. After the temperature 

reached the peak value, it was held for 2 hours. Then the furnace was cooled down with the 

same rate. During the whole sintering cycle, Ar was sent through the furnace with a rate of 

19.7 cm3/s.  

 

Fig. 6-1. Hydrogen furnace for B4C compact sintering 

Density before and after sintering was obtained by measuring the dimension and 

weight of the samples. The sintered samples were tested using a Texture Analyzer test 

console (Stable Micro Systems, Surrey, UK), equipped with a 5 kN load cell. A field 

emission SEM (LEO 1550, Carl Zeiss MicroImaging, Inc, Thornwood, NY) was used to 

examine the fracture surfaces. A dual beam focused ion beam microscope (FIB, Helios 
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NanoLab, FEI Co., Hillsboro, OR) was used to cut a micron thickness layer from the 

sintered sample. After that, the layer was thinned using the Ga+ ion beam to around 100 nm 

for TEM analysis. TEM (TITAN 80-300, FEI Company, Hillsboro, OR) was employed to 

analyze the thin samples. TEM-EDS was used to examine chemical composition in 

different regions such as the neck region and the free surface region. 

XRD (X’Pert PRO diffractometer, PANalytical B.V., EA Almelo, The Netherlands) 

was carried out to identify the crystalline phases in the sintered samples obtained from 

different conditions. The XRD experiment step size was 0.05°, the dwell time per step was 

100 s. The scan rate was 0.063°·s-1 with CuKα radiation (λ = 1.5406 Å) and a nickel filter 

was used. 

6.3. Results and discussion 

6.3.1. Density 

No obvious difference in appearance can be observed among sintered samples. 

However, by comparing three samples sintered at the same temperature, the pure B4C 

sample is the weakest one. The Ni-B coated samples obtained from uniaxial die 

compaction and CDC are much stronger. For the samples from the same composition and 

forming condition, sample integrity increases as the sintering temperature increases.  

Fig. 6-2 shows the densities of the pure B4C, Ni-B coated B4C samples made by 

uniaxial die compaction, and Ni-B coated B4C samples made by CDC, obtained from 

different sintering conditions. Because the Ni-B nanolayer experiences extensive phase and 

potentially morphology changes, it is impractical to estimate the theoretical density of the 

sintered Ni-B coated sample. Therefore, apparent densities instead of relative densities are 
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plotted in Fig. 6-2. All samples do not show much density change after sintering at all 

temperature conditions with 2 hr holding time. When sintered at 1600ºC sintering 

temperature for 10 hrs, the pure B4C samples made by uniaxial die compaction display 

slight density increase compared to the green state; the Ni-B coated B4C samples made by 

different compaction techniques both show much density increase compared to the green 

state, with the CDC compacted sample showing the highest sintered density. This 

observation implies that with the Ni-B coating, the B4C densification can be enhanced. 

Considerable densification can be achieved at temperature as low as 1600ºC with a longer 

sintering time. The sintered density of the samples made by CDC slightly decreases after 

sintering at lower temperatures and 1600ºC with 2 hr holding time. It also needs to be 

mentioned that besides the dimension shrinkage, there is weight loss during sintering as 

well under all sintering conditions. This is caused by the phase evolution during sintering 

and will be discussed and explained in the later part of this work where the sintering 

mechanism will be presented. For 1600ºC sintering temperature with 2 hr holding time, the 

B4C diffusion does not proceed to as large extent as 10 hr holding time at the same 

temperature. 
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Fig. 6-2. Apparent density of samples made by uniaxial die compaction and CDC after sintered at 

different conditions (S-B4C represents the separated B4C without coating and Ni-B4C represents 

B4C coated with Ni-B after particle size separation, both made by uniaxial die compaction; CDC-

Ni-B4C represents B4C coated with Ni-B after particle size separation, made by CDC) 

6.3.2. Microstructure evolution 

A comparison between the pure B4C and Ni-B nanolayer coated B4C samples made 

by uniaxial die compaction (Fig. 6-3(a) and (c)), and pure B4C and Ni-B nanolayer coated 

B4C samples by CDC (Fig. 6-3(b) and (d)) demonstrates the morphology difference after 

sintering. The sintering condition is 1600°C with a holding time of 10 hrs. As can be seen, 

no bonding is observed in the uncoated B4C compacts after sintering at 1600°C for 10 hrs 

(Fig. 6-3(a) and (b)). Only some grain rounding can be seen, which explains the slight 

density increase resulted from this sintering condition. In contrast, the Ni-B coated B4C 

compact shows neck formation and dramatic grain shape accommodation. Small grains 

disappear after being sintered at 1600°C for 10 hrs, most certainly by Ostwald ripening. 
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Based on the XRD data from our prior work, Ni2B forms after the thermal treatment of the 

Ni-B coated B4C in H2/Ar at 800ºC [17]. When the temperature reaches the melting point 

of Ni2B around 1125°C, liquid phase will form and wet B4C surfaces. With continued 

sintering, B4C will dissolve into the liquid phase. Since the solubility of solid grains 

changes inversely with the grain size, small grains will consume themselves and disappear, 

followed by re-precipitation on large grains. Meanwhile, sharp edges and corners disappear 

considerably due to their higher solubility in the liquid, resulting in smoother surfaces, as 

seen in Fig. 6-3(c) and (d). Combined with the density data, it can be concluded that the 

formation of the liquid phase does facilitate the B4C densification by enhancing the inter-

granular connection among B4C grains, as shown in Fig. 6-3(c) and (d). Another 

comparison between Fig. 6-3(c) and (d) shows that the porosity of the uniaxial die 

compacted sample is higher than that of the CDC compacted sample, which is resulted 

from the higher green density in CDC samples.  

    

(a)                                                           (b) 
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        (c)                         (d) 

Fig. 6-3. SEM images of the fracture surface of B4C compacts after being sintered at 1600ºC for 10 

hrs, (a) uncoated, made by uniaxial die compaction, (b) uncoated, made by CDC, (c) Ni-B 

nanolayer coated, by uniaxial die compaction, (d) Ni-B nanolayer coated, by CDC  

Sintering temperature effect on pure B4C and Ni-B coated B4C sample 

densification can be obtained by examining the samples sintered at different temperatures. 

Fig. 6-4 shows low magnification SEM images of the fracture surface of the compacts 

made by uniaxial die compaction from Ni-B coated B4C powder sintered under different 

sintering temperatures. The sintering time at each temperature is 2 hrs. The SEM images 

display the surface morphology evolution as the sintering temperature increases. First, 

when the sintering temperature is 1150°C (Fig. 6-4(b)), there is no significant difference 

compared to the sample without sintering (Fig. 6-4(a)). The number of small sized surface 

particles decreases and the size of the surface particles increases. As reported in our prior 

work, XRD data show that the surface particles are Ni2B phase [17]. Also there is a sign of 

liquid phase formation in Fig. 6-4 (b), although there are still substantial amount of bright 

surface particles observed. When the sintering temperature increases to 1300°C, most of 

the surface particles disappear (Fig. 6-4(c)). At the same time, B4C particle shape rounding 

is observed. When the sintering temperature is 1600°C, no small surface particles are 
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present. Substantial necking occurs and B4C grains are joined with each other (Fig. 6-4(d)). 

The disappearance of the surface particles can be explained by the melting of the Ni-B 

species at sintering temperature higher than 1300°C. Once Ni2B liquid phase forms, it wets 

the B4C surfaces. This enhances the mass transport of the B4C species and results in inter-

granular neck formation. In all cases, there is considerable porosity after the sintering.  

    

                                 (a)                                                                     (b)       

    

                                 (c)                                                                     (d)       

Fig. 6-4. SEM images of the fracture surface of Ni-B coated B4C powder compacts made by 

uniaxial die compaction, (a) green state, (b) sintered at 1150°C, (c) sintered at 1300°C,  

(d) sintered 1600°C, all for 2 hrs  

Fig. 6-5 shows high magnification SEM images of the B4C samples shown in Fig. 

6-4. Compared to the green state Ni-B coated B4C sample (Fig. 6-5(a)), Fig. 6-5(b) shows 
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that there are still many large, bright surface particles on the B4C surfaces after sintering at 

1150°C for 2 hrs. Also, a liquid phase forms during sintering, which spreads out on the 

B4C particle surfaces and results in less sharp B4C edges and corners. As discussed before, 

Ni2B exists on the B4C surface before sintering [17]. During sintering at 1150°C, Ni2B 

melts since its melting temperature is only 1125°C [17, 25]. This liquid formation induces 

large, bright particle formation. Further examination of Fig. 6-5(b) shows that, although 

some inter-particle bonding forms at 1150°C sintering temperature, necking between B4C 

particles is not as obvious. This indicates that the sintering temperature is still too low. 

However, the formation of liquid phase during sintering is more obvious under high 

magnification (Fig. 6-5(b)). When the sintering temperature increases to 1300°C (Fig. 6-

5(c)), bright particles on the B4C grain surfaces disappear and substantial necking occurs. 

B4C particle rounding happens to more extent. When the temperature is increased to 

1600°C, the particle surface looks more uniform and the second surface phase cannot be 

distinguished anymore (Fig. 6-5(d)). Substantial B4C grain growth and necking occur.  

    

                                 (a)                                                                     (b)       
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                                 (c)                                                                     (d)       

Fig. 6-5. High magnification SEM images of the fracture surface of B4C compacts made by 

uniaxial die compaction from Ni-B coated B4C powder, (a) coated compact before sintering, and 

samples sintered at (b) 1150°C, (c) 1300°C, (d) 1600°C, all for 2 hrs  

Fig. 6-6 shows the SEM images of the fracture surface of the samples made by 

CDC from Ni-B coated B4C powder, after being sintered at 1150°C, 1300°C, and 1600°C 

for 2 hrs. All the sintered samples show similar surface morphology as those by uniaxial 

die compaction (Fig. 6-5). When sintered at 1150°C (Fig. 6-6(b)), the bright surface 

particles grow to larger size compared to the sample made from the as-coated B4C powder 

(Fig. 6-6(a)). There are some regions on the surface that show a sign of liquid phase 

formation during the sintering (Fig. 6-6(b)). No neck formation is observed. As the 

sintering temperature increases to 1300°C, there are only a few bright surface particles 

present. Necks form and the surface particles show extensive shape accommodation and 

grain growth (Fig. 6-6(c)). When the compact is sintered at 1600°C for 2 hrs, the bright 

surface particles completely disappear; the grain surface is smooth; neck formation 

becomes more obvious and grain growth is extensive. Fig. 6-6(d) also shows clear surface 

faceting (layered structure) that is not present in the sample from uniaxial compaction (Fig. 

6-5(d)). This demonstrates that the much higher green density achieved by the CDC 
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technique (73% vs. 53.8% green density, shown in Chapter 5) can lead to more advanced 

sintering, confirmed also by the density data in Fig. 6-2. This phenomenon is further 

confirmed next by Fig. 6-7. 

             

                               (a)                                                  (b)                                                           

   

                                (c)                                                                      (d)  

Fig. 6-6. SEM images of the fracture surface of Ni-B coated B4C compacts made by CDC: (a) 

green state, and samples sintered at (b) 1150°C, (c) 1300°C, (d) 1600°C, all for 2 hrs  

Green sample density effect on the B4C sample sintering can be further understood 

by examining the samples sintered at higher temperatures for longer dwell time. Fig. 6-7 

shows SEM images of the fracture surface of the Ni-B coated samples made by uniaxial 

die compaction and CDC sintered at 1600°C for 2 hrs (Figs. 6-7(a) and (c)) and 10 hrs 

(Figs. 6-7(b) and (d)). Necks are present in both cases. At shorter sintering time (2 hrs), the 
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grain surface is smoother. At longer sintering time (10 hrs), faceted grain surfaces are 

observed. Also the necks become more visible. This indicates more extensive sintering and 

densification after 10 hr holding time, as demonstrated by Fig. 6-2. The surface 

morphology change could be due to the diffusion of B4C species from the bulk into the 

liquid phase and the re-precipitation along certain crystallographic direction, forming the 

most outside layer. Comparison between the fracture surfaces of the compacts made by 

uniaxial die compaction and CDC shows that porosity is lower in the CDC samples (Figs. 

6-7(a) and (c)). The lower porosity in the CDC samples is attributed to the higher green 

density resulted from a much higher pressure used in the compaction (2 GPa vs. 200 MPa). 

Also, when the sintering time is longer, the CDC sample shows more rounded shape (Figs. 

6-7(b) and (d)), which is opposite to that of the sample after 2 hr sintering time. The reason 

is that higher green density in the CDC sample enhances B4C species diffusion. This 

enhancement becomes more obvious when the sintering time is longer. 

   

                                 (a)                                                                    (b) 
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 (c)                                                                     (d)  

Fig. 6-7. SEM images of the fracture surface of compacts made by uniaxial die compaction and 

CDC from Ni-B coated powder after being sintered at 1600ºC: (a)uniaxial die compaction, 2 hrs; (b) 

uniaxial die compaction, 10 hrs; (c) CDC, 2 hrs; and (d) CDC, 10 hrs 

6.3.3. XRD analysis 

 Based on the SEM observation, the sintering process along with compositional and 

morphological changes at 1600ºC for 10 hrs can be described as follows. The surface 

particle species—Ni2B obtained from H2/Ar treatment melts as the temperature increases 

towards 1600ºC. At the same time, phase transformation and compositional change occur, 

accompanied by diffusion between the core B4C particle and the surface phase, resulting in 

the microstructure shown in Figs. 6-7 (b) and (d). This is a complicated process and needs 

to be further investigated with different techniques. 

 In order to examine the phase change during sintering, XRD was carried out. Fig. 

6-8 shows the XRD patterns of pure B4C powder and compact after being sintered at 

1600ºC for 10 hrs. The samples are made by uniaxial die compaction. As shown in Fig. 6-8, 

all the peaks from the two samples match with each other. This means that sintering of 

pure B4C in this study does not change the phase (structure or composition). 
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Fig.  6-8. XRD patterns of pure B4C and the sintered sample made from the pure B4C powder after 

being sintered at 1600ºC for 10 hrs 

Fig. 6-9 presents the XRD patterns of sintered Ni-B coated B4C samples made by 

uniaxial die compaction at different sintering conditions: 1150ºC/2 hrs, 1300ºC/2 hrs, 

1600ºC/2 hrs, and 1600ºC/10 hrs. XRD patterns of the Ni-B coated B4C sample at green 

state made by uniaxial die compaction and the Ni-B coated B4C sample made by CDC 

after sintered at1600ºC for 10 hrs are also presented for comparison. For the green state Ni-

B coated B4C sample, Ni2B exists on B4C surfaces. All the sintered samples, however, 

show that Ni2B has evolved into Ni4B3 and NiB. No Ni2B is detected except for the 1150ºC 

sintering condition in which residual Ni2B peaks are detected. B4C phase stays unchanged. 

The disappearance of Ni2B as the sintering proceeds to more advanced stage indicates that 

Ni2B is an unstable species in the studied system compared to Ni4B3 and NiB species. And 

Ni4B3 and NiB are the species that actually participate the liquid phase sintering of B4C. 
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Fig. 6-9. XRD patterns of Ni-B coated sample reduced at 800ºC (green state), Ni-B coated samples 

sintered at different temperature and time, and CDC compacted Ni-B coated B4C sample sintered at 

1600ºC for 10 hrs 

6.3.4. Phase evolution and diffusion mechanisms 

6.3.4.1. Chemical composition analysis  

TEM-EDS is capable of detecting boron and nickel distribution in the sintered Ni-B 

coated B4C sample with nanometer resolution. It provides information on the 

compositional change during sintering process at grain surfaces and grain boundaries. Fig. 

10 is a schematic showing the TEM-EDS analysis locations. The Ni-B coated compact 

sintered at 1600ºC for 10 hrs is analyzed. This condition should be the one with the most 

extensive diffusion. During sample preparation, grain surface and grain boundary co-
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existing region was cut and thinned using a Ga+ ion beam in a focused ion beam 

microscope chamber. The final thickness of the thinned sample was around 100 nm. Then 

the as-thinned sample was lifted out from the sintered sample and transferred to a TEM 

sample holder. The dashed line in Fig. 6-10(a) indicates the location where the sample was 

lift out. The dashed lines in Fig. 6-10(b) show locations where TEM-EDS data were 

collected for the compositional line mapping. One region of interest is from the grain 

through the neck to the other grain. The other region would be from the grain interior to 

the grain surface, which includes the coating layer. By examining the EDS data, a 

compositional profile in for B and Ni elements is obtained. 

 

(a)     (b) 

Fig. 6-10. Schematic of TEM sample preparation in FIB 

 Fig. 6-11 shows SEM image of FIB thinned sample with locations of interest 

marked with ovals. Fig. 6-12 presents TEM images of the zoom-in regions shown in Fig. 

6-11 that were analyzed by EDS. Region “a” and “b” in Fig. 6-11 correspond to Figs. 6-12 

(a) and (b) respectively. As seen in Fig. 6-11, the upper grain shows higher brightness 

under TEM after FIB thinning, while the lower grain is not. This implies that the thickness 

of the upper grain might be lower than that of the lower grain after thinning. In Fig. 6-11 

there are two layers that can be seen outside the grains. Immediately outside the grains is 

the Ni-B coating layer. The very outside layer is the deposited Pt layer which was used to 

 

FIB lift-out

Ni-B coating

B4C B4C 
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protect the grains from falling apart during the thinning process. Four lines were analyzed. 

Line 1 and 2 are from region “a” in Fig. 6-11 with line 1 starting from the coating layer 

and ending in the outer region of the coating layer, and line 2 starting from the grain 

interior and ending in the same region as line 1. Line 3 and 4 are from region “b” in Fig. 6-

11. Line 3 lies right on the neck between two grains. Line 4 starts from the interior of the 

upper grain, crosses the neck, and ends in the lower grain. The two arrows in Figs. 6-12 (a) 

and (b) indicate the line mapping direction. 

 

Fig. 6-11. TEM images of FIB thinned sample 
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(a)       (b) 

Fig. 6-12. TEM images showing the locations where EDS data were collected 

Fig. 6-13 shows EDS intensity profiles of line 1 to line 4 shown in Fig. 6-12. Zero 

position in Figs. 6-13 (a) to (c) is the grain boundary, represented by the bright dot beside 

each line. Negative coordinate corresponds to the points inside the B4C grain and positive 

coordinate corresponds to the points in the coating layer.  In Fig. 6-13 (d) the zero position 

lies on the boundary that separates the right grain and the coating layer extending to the left 

grain in Fig. 6-12 (b). The bright dot on line 4 in Fig. 6-12 (b) represents the position with 

maximum nickel intensity as shown in Fig. 6-13 (d). Only information of boron and nickel 

was collected because Pt used to coat the sample contains carbon, which interferes with the 

carbon in B4C.  

Figs. 6-13 (a) and (b) show B intensity decrease and Ni intensity increase from zero 

along the direction indicated by the arrow in Fig. 6-12 (a). The non-zero intensity of B at 

the end of line 1 is caused by B in the coating layer. This B intensity decrease then must 

come from B4C diffusion from the grain into the coating layer. The non-zero B intensity 

comes from two sources: B in the coating layer and B in B4C. It should be noticed that on 

line 2 the first point inside the B4C grain shows quite high Ni intensity. This is believed to 

be an experimental error and not be caused by diffusion. Otherwise there should be a Ni 

intensity distribution instead of zero Ni intensity right after the first point, as shown in Fig 

6-13 (b). The detected non-zero Ni intensity inside the grain might be a result of Ni 

sputtering from FIB thinning. These observations imply that there is no Ni diffusion from 

the coating layer into B4C grain under 1600ºC sintering temperature.  

However, the thickness of the dark layer outside the sintered B4C grain (Fig. 6-12 

(a)) is about two hundred nanometers. There is obvious Ni-B coating layer thickness 
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increase compared to the as-coated state, even when phase transformation and 

compositional change are considered. This coating layer thickness increase implies that 

there is B4C diffusion away from bulk B4C grain and into the Ni-containing coating layer. 

The diffusion of B4C into the coating layer is also confirmed by the relative low content of 

Ni at locations close to the grain and high content of Ni at locations further away from the 

grain, as demonstrated in Fig. 6-13 (c) and (d). Line 3 shows maximum Ni intensity in the 

middle of the neck region and lower intensity on two ends which fall in two grains. This 

indicates that the neck region is the nickel-rich region, consistent with the observation 

from lines 1 and 2. It also explains the higher strength demonstrated by Ni-B coated B4C 

powder compact than pure B4C powder compact, as to be discussed next. Ni-B species 

melts during the sintering temperature increase to 1600ºC and forms a eutectic Ni-B liquid 

phase between B4C particles. This liquid phase reacts with B4C by dissolving small B4C 

particles and sharp edge and corners of B4C particles, enhancing the diffusion of B4C in 

the liquid phase and forming a stronger bonding between B4C grains. 
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Fig. 6-13. TEM-EDS line-mapping collected at locations indicated in Fig. 6-11 and Fig. 6-12 

6.3.4.2. Sintering mechanism 

At sintering temperature of 1300°C and 1600°C, especially 1600°C/10 hr sintering 

condition, the sintering process of Ni-B coated B4C powder can be schematically shown in 

Fig. 6-14. During the heating process, Ni2B particles on B4C surfaces melt when the 

temperature reaches its melting point (1125°C). Evidenced by XRD data, during sintering, 

Ni2B transforms to Ni4B3 and NiB which form a uniform liquid mixture and exist among 

B4C grains. Since the studied Ni-B-B4C sintering process is a non-equilibrium process, 

B4C grain surface retains the morphology with bright surface particles which is observed in 

the as-coated sample, as shown in Fig. 6-4b, 6-5b, and 6-6b. When the sintering 

temperature is higher than 1300°C, a particle-free surface morphology is resulted. As 

mentioned in the density measurement section, the sintering process is accompanied by 

weight loss. This is attributed to pure nickel formation and instant evaporation. During 

sintering, this liquid phase composed of Ni4B3 and NiB acts as a rapid diffusion path for 

B4C species. B and C diffuse away from small B4C grains as well as the sharp corners and 

edges of B4C grains and dissolve into the liquid Ni-B phase. If the sintering process is 

continued, the dissolved B4C will likely precipitate onto larger sized B4C grains, resulting 
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in the neck region observed in Fig. 6-11. This dissolution-diffusion-precipitation process 

will continue until the sintering process is over. As a result, a much stronger inter-grain 

connection forms. The same process happens to the free B4C surfaces coated with Ni-B 

layer. When the sintering is over, the morphology of the second surface phase transforms 

to smooth layer morphology, surrounding the B4C grains, as seen in Fig. 6-12(a) and the 

very right drawing in Fig. 6-14. The above observation demonstrates that the Ni-B phase 

applied on the B4C surfaces plays critical role in B4C diffusion, shape accommodation, and 

densification, by forming a liquid phase and thus imposing a high capillary pressure upon 

B4C grains. 

 

Fig. 6-14. Schematic of Ni-B coated B4C compact sintering at 1600ºC for 10 hrs 

From the SEM images shown in Fig. 6-7, the sintered samples still have certain 

porosity after sintered at 1600ºC for 10 hrs. This indicates the sintering temperature can be 

further increased from the currently used values to achieve more densification. Although 

there is B4C diffusion, the diffusion rate is relatively low compared to that at higher 

sintering temperatures, such as 2100ºC, which is commonly used in current practices. 

6.3.5. Equibiaxial strength test 

As introduced in the literature review chapter, one of the important applications of 

B4C is armor material that requires high anti-ballistic strength. In order to examine the 

impact of the Ni-B coating on the strength of the sintered B4C samples, equibiaxial flexural 
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strength testing was carried out for the samples made by uniaxial die compaction and CDC 

techniques after sintering at 1600ºC for 10 hrs. The experimental set-up and calculation 

procedure are the same as presented in Fig. 5-2. Table 6-1 shows the sintered strength and 

the standard deviation for the separated and Ni-B coated B4C samples. Compared to the 

green strength in Table 5-2, after sintering, the Ni-B coated samples yield much higher 

strength. Also the Ni-B coated samples give much higher strength than the un-coated 

samples regardless of the compaction techniques. The significant improvement in the 

sintered strength for the Ni-B coated samples is attributed to the more extensive neck 

formation. During sintering, the formation of Ni-B liquid phase enhances the diffusion of 

B4C into the liquid between grains, thus considerably facilitating the inter-particle 

connection of B4C grains, resulting in much stronger sintered samples. The CDC samples 

show higher strength than the uniaxial die compacted samples, which confirms the benefit 

of higher pressure from the CDC compaction process. It should be mentioned that the 

sintered strength should not be compared to values reported in the literature. The main 

reason is that the equibiaxial strength test is different from the classical three-point or four-

point bending test. The other reason is that the sintered density in this work is still not high. 

However, with the purpose of examining the contribution of Ni-B coating to the strength 

improvement, values reported in Table 6-1 still confirm the predicted impact of the Ni-B 

coating on the strength enhancement. 

Table 6-1. Strength test data for samples sintered at 1600ºC for 10 hrs 

 Uniaxial die compaction CDC 

 Strength 

σf, MPa 

Standard 

Deviation 

Strength 

σf, MPa 

Standard 

deviation 
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Separated 1.79 0.22 2.21 0.08 

Ni-B coated 13.97 1.59 27.03 1.41 

6.3.6. Electrical resistivity and magnetism 

6.3.6.1. Electrical resistivity measurement 

 As mentioned in the introduction, Ni species is expected to bring new 

functionalities such as conductivity to B4C. Electrical resistivity is expected to decrease 

with the existence of Ni species. The electrical resistivity of the separated and Ni-B coated 

B4C compacts after sintering was measured using a simple set-up shown in Fig. 6-15. First, 

the resistance of the sintered compacts was measured. After considering the cross area and 

the thickness of the sample, the resistivity can be calculated using equation (6-2): 

l
RA

=ρ      ( 6-2) 

where ρ is resistivity in Ω·m, R is resistance measured in Ω, A is cross sectional area of the 

specimen in m2, and l is the thickness of the specimen in m. 

A comparison between the resistivity of the sintered samples and carbon and 

silicon is presented in Table 6-2. As can be seen, Pure B4C sample in this work yields 

infinitely high resistivity, while Ni-B coated sample yields 1.8×10-3 Ω·m resistivity, which 

is 5 orders of magnitude lower than that of semiconductor silicon but 2 orders of 

magnitude higher than that of conductive carbon. By applying the Ni-B nanolayer, the 

resistivity of the B4C samples is substantially decreased. 
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Fig. 6-15. Schematic of resistivity measurement 

Table 6-2. Resistivity of sintered B4C samples and reference materials 

Sintered CDC 

compacts 

pure B4C Ni-B coated B4C Carbon [26] Silicon [26] 

Resistivity, Ω·m ∞ 1.8×10-3 ± 0.0002 3.5×10−5 6.40×102 

6.3.6.2. Magnetism 

Pure nickel is known to be ferromagnetic. In our previous work, magnetism was 

detected after heat treating Ni-B coated B4C powder in a H2/Ar atmosphere at 400ºC [17]. 

The heat treated sample demonstrates magnetism because of the existence of pure nickel. 

Bakonyi et al. studied magnetic properties of Ni-B alloys with the atomic content of boron 

ranging from 18.5 to 40% [27]. It was found that alloying Ni with metalloid B or P reduces 

the strength of the exchange between electrons in Ni and leads to a decrease of saturation 

magnetic moment. When there is sufficiently high metalloid, ferromagnetism completely 

disappears and paramagnetism is observed. Even when the atomic ratio of boron is only 

18.5%, the Ni-B alloy still demonstrates paramagnetism. In our work, neither the samples 

after the heat treatment nor the sample after sintering show magnetism. According to the 

XRD results this is because Ni4B3 and Ni3B, instead of pure Ni exist in the sintered 

samples. The atomic content of boron is 42.3% and 25% respectively in these two species 

 

+ -

Ni

Ni
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and falls within the paramagnetic domain. Therefore, the Ni-B coating does not bring 

ferromagnetic property to the B4C system. 

6.4. Conclusions 

Sintering of Ni-B nanolayer coated B4C is shown to be a liquid phase sintering 

process that happens with the existence of liquid Ni-B phase. Density measurement shows 

that with the Ni-B coating, the B4C sinterability can be greatly facilitated. Considerable 

densification can be achieved at temperature as low as 1600ºC with 10 hr holding time for 

the Ni-B coated B4C sample, in contrast to very slight densification for pure B4C sample.  

XRD data show that there is no phase change for the pure B4C samples after 

sintering. While the original Ni2B on the B4C particle surfaces transforms into Ni4B3 and 

NiB during sintering. Ni-B coated B4C samples show neck formation and considerable 

grain shape accommodation. TEM-EDS analysis shows that during sintering there is no Ni 

diffusion into bulk B4C. However, B4C diffuses into Ni-B coating layer by the thickness 

change of the coating layer. A phase evolution mechanism has been proposed to explain 

the multi-event sintering process. Although the observed neck formation in SEM and TEM 

and the considerable density increase during sintering demonstrate that Ni-B coating does 

facilitate the diffusion of boron and carbon species during sintering at 1600ºC with 10 hr 

holding time, the residual porosity observed in SEM implies that sintering temperature 

should be further increased to achieve higher densification. Equibiaxial strength testing of 

the sintered samples shows that the Ni-B coated samples have much higher strength 

compared to the un-coated samples. The Ni-B coated samples demonstrate electrical 

conductivity with 1.8×10-3 Ω·m electrical resistivity compared to infinite resistivity of pure 

B4C sample. 
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CHAPTER SEVEN 

CONCLUSIONS AND FUTURE WORK 

7.1. Conclusions 

The following are the conclusions of this dissertation work:  

1. In this dissertation, an electroless coating procedure was modified and successfully 

employed to coat nanometer thickness Ni-B layer on individual B4C particles with 

average size of less than 2 µm with the purpose to improve the sinterability of B4C. 

The thickness of the Ni-B nanolayer can be tuned and controlled below 100 nm by 

adjusting the relative amount of nickel source.  

2. A continuous coating layer with 55 nm thickness forms and completely covers the B4C 

particle surfaces when the targeted Ni-B layer thickness is 5 nm. The increased actual 

thickness of the coating is attributed to the incorporation of O and B into the coating. 

3. The combination of optimal condition for different parameters (the amount of 

activation agent PdCl2, the amount of complexing agent C2H8N2, and the addition rate 

of the reducing agent NaBH4) is able to yield a most uniform Ni-B nanolayer with 

lowest possible thickness. 

4. Reduction of the as-coated B4C powder in H2 atmosphere at 800ºC can most 

effectively reduce the oxide species (Ni2O3 and B2O3) on the as-coated B4C particle 

surfaces, with the reducing product being Ni2B and the produce is free of oxygen. 

5. In the compaction study of the as-received, separated, and coated and separated B4C 

powders by uniaxial die compaction and combustion driven compaction (CDC), Ni-B 

nanolayer was proved to improve the compactability and green strength of the 



CHAPTER SEVEN 

 - 164 - 

separated B4C powder. The improvement is attributed to the enhanced integrity of B4C 

compact with the lubricating Ni-B coating. 

6. Sintering of Ni-B nanolayer coated B4C to temperatures up to 1600ºC was shown to be 

a liquid phase sintering process.  

7. Ni-B coated B4C showed considerable densification after sintered at 1600ºC for 10 hrs. 

The density of the Ni-B coated B4C samples increased from 1.62 to 2.06 g/cm3 for 

uniaxial die compacted samples, and from 2.13 to 2.57 g/cm3 for CDC samples. 

Extensive neck formation observed in the Ni-B coated B4C samples supports the 

hypothesis that by applying a Ni-B nanolayer, B4C sintering can be enhanced, and the 

sintering can happen at temperatures as low as 1600ºC. The liquid phase Ni-B in 

between B4C grains greatly enhances the mass diffusion, grain shape accommodation, 

and densification facilitated by liquid phase Ni-B.  

8. By showing that there was B4C diffusion into Ni-B coating layer from compositional 

analysis and the thickness change of the coating layer, TEM-EDS analysis confirmed 

that the existence of the liquid phase Ni-B facilitates B4C sintering via enhancing B4C 

diffusion. 

9. There was no phase change during sintering of pure B4C samples. For the Ni-B 

nanolayer coated B4C, the original Ni2B on the B4C particle surfaces transformed into 

Ni4B3 and NiB during sintering. This supports the conclusion that the Ni-B coating 

plays an important role during the sintering of B4C under the studied conditions. 

10. A phase evolution mechanism was proposed to explain the multi-event sintering 

process. The observed neck formation in SEM and TEM demonstrated that Ni-B 
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coating did facilitate the diffusion of boron and carbon species during sintering, and 

without it, B4C compact densification does not really happen. 

11. Strength test demonstrated that the Ni-B coating B4C also enhanced sintered strength 

of B4C (13.97 MPa vs. 1.79 MPa for uniaxial die compaction coated and un-coated 

samples, 27.03 MPa vs. 2.21 MPa for CDC coated and un-coated samples). The Ni-B 

coating increases the electrical conductivity of the original B4C sample (yielding 

1.8×10-3 Ω·m electrical resistivity compared to infinite resistivity for pure B4C sample). 

12. The residual porosity after sintering indicated that the sintering temperature should be 

more increased for further densification improvement. 

7.2. Future work suggestions 

1. First of all, an element that has a higher melting point such as chromium would be 

a better choice than Ni to coat since it has a much higher melting point than Ni 

(between 1800 and 1900ºC vs. 1453ºC), which will give a better chance for B4C to 

be sintered. Also CrB is used as high-temperature electrical conductor. Therefore 

CrB is expected to form during high temperature sintering, and it is expected to 

bring new functionality to the original B4C system. 

2. Although a uniform and thin Ni-B nanolayer was obtained with the proposed 

optimal operating conditions, there were still nanosized Ni-B nodules observed in 

the mesh structure coating. This could be because the rate of reducing reaction was 

still not low enough. It is desired that the size of these nodules is reduced. 

Temperature is the controlling parameter in reaction kinetics. In the literature, 

temperatures used for electroless nickel coating ranged from 37 to 90ºC. If the 

temperature can be lowered (e.g. 50-70ºC) and longer reaction time is allowed to 
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make sure the reaction completes, a coating with smaller sized or no Ni-B nodules 

is expected to be obtained. 

3. TEM would be a more precise tool to analyze crystal phase existing in the coating 

layer in the as-coated sample by providing diffraction pattern. 

4. It would be more practical to do the sintering at a higher temperature. Assuming 

bulletin 1 can be done, then 1950ºC could serve as the sintering temperature at 

which B4C sintering is expected to happen to further extent via liquid phase 

sintering process. 

5. Although in most of the literature reports B4C sintering was carried out without 

external pressure, sintering B4C under pressure was one practice. And a B4C 

sintering process under pressure is expected to help the densification.  Hot pressing 

B4C with the proposed treatment at the above suggested temperature under a 

pressure of about 30-40 MPa in a graphite die would therefore be a promising 

practice. 

6. Since the sintering was carried out at 1600ºC for 10 hrs, steady-state diffusion is 

assumed. A diffusion model could thus be set up based on Fick’s first law, with 

B4C as the diffusion species and Ni-B as the diffusion medium. 

dx
dC

DJ CB
CBc

4−=  

Where CBJ
4

 is the flux of B4C in Ni-B liquid (mol/cm2•s), D is the diffusion 

coefficient of B4C in Ni-B liquid at 1600ºC (cm2/s), 
dx

dC CB4   is the concentration 

gradient of B4C in Ni-B liquid (mol/cm4). If the chemical composition can be 

precisely measured with available techniques, the flux of B4C can be calculated 



CHAPTER SEVEN 

 - 167 - 

from the measured data, given the duration of the sintering procedure and the 

distance between which the chemical composition was measured. The 

concentration gradient can also be calculated from the chemical composition data. 

With the flux and the concentration gradient, the diffusion coefficient of B4C in Ni-

B liquid can be evaluated. 1/T for the studied sintering temperature is 5.34×10-4 K-1. 

7. If furthermore the diffusion coefficient at different sintering temperatures can be 

obtained in the same way, the temperature dependence of the diffusion coefficient 

is expected to be obtained by evaluating the activation energy and the pre-

exponential constant based on the following equation. 

)exp(0 RT
QDD −

=     (7-1) 

8. If analysis on samples sintered for different period of time can be carried out, it 

would give more accurate prediction on the diffusion coefficient based on Fick’s 

second law.  




