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Abstract

Metal matrix composites (MMC) can be applied to steel substrates as wear coatings. 

MMC’s consist of a reinforcing phase combined with a tough metal matrix. The 

behaviour of two nickel MMC’s is investigated: Ni-WC and M -B 4C . Experiments were 

designed and carried out where WC or B4C were added to molten Ni. The melt was 

sampled following the addition of the ceramic. Analysis techniques included chemical 

analysis, optical microscopy, electron microprobe microanalysis and x-ray diffraction. In 

the Ni-WC system a portion of WC reacted, dissolving W in the nickel. Reactions in the 

Ni-B4C system produced nickel-borides. A thermodynamic analysis of the systems was 

also completed. The Ni-WC thermodynamics supported the experimental results. The Ni- 

B4C thermodynamics was also in agreement with the experimental results in all but one 

case. The thermodynamic analysis also explored the use of Cr, Mn and Cu as matrix 

materials. This analysis suggested that Cu might be suitable in a Cu-Ni alloy.
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1.0 Introduction.

Wear of components cost the oil and mining industry billions of dollars annually as a

1 2result of digging, transporting and processing of ore ’ . One of the methods to minimise 

wear of component parts is to coat them with a wear resistant material. There are many

1 'J “X A  ^  f\ Hdifferent types of coatings that are used in different situations Coatings made

of metal matrix composite (MMC) materials are being developed and used industrially3. 

These MMC coatings consist of hard, particulates dispersed throughout a ductile metal 

matrix3. The combination of particulate hardness and matrix ductility result in a material
•5

that is both strong and tough . To take advantage of the strength and toughness it is 

necessary to create a bond between the matrix material and the particulates. This bond 

behaves as the pathway for the transmission of an applied load when the material is under 

stress3. The coatings are processed at high temperature to facilitate this bond3.

In MMC coatings, the reinforcing particulates are frequently ceramic materials3 , 4 ’ 5 ’ 1 . 

Tungsten carbide (WC) has been frequently used as the reinforcing material3 , 4 , 5 ’ 1 . 

Creating wear-resistant overlays with WC using high-temperature processes, such as 

plasma transferred arc welding (PTA), has been successful. Recently, interest in using 

boron carbide (B4C) as the ceramic in MMC’s has increased. This is because boron 

carbide is both harder and less dense than tungsten carbide. Optimizing a procedure for 

creating a boron carbide MMC coating using a high-temperature processing route, such

1
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as PTA, has been fraught with difficulty.

The experimental set-up for the PTA process is shown in Figure l . l 3,4. The PTA process 

uses a non-consumable tungsten (W) electrode with a two-nozzle system used to 

minimize the arc maintained between the electrode and the nozzle. The work-piece is 

placed below the electrode, while the orifice and shield gases are blown over the piece. 

The ceramic powder is physically mixed with the metal matrix powder and the orifice

3 3gas . The powder and gas are fed together . One of the drawbacks of this technique is that 

the extremely high temperatures reached in the plasma arc can degrade the properties of 

the ceramic material4.

W  Electrode Orifice
Gas

Substrate Motion

Shielding
Gas

Pasma
Coatin

Figure 1.1: Experimental set-up for PTA3’4.
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1.1 PTA using Tungsten Carbide.

There are several operating parameters that must be considered for the PTA process. 

These parameters include current, voltage and powder feed rate. Typical PTA parameters 

for PTA are found in Table l . l 4. These parameters enabled a good dispersion of tungsten 

carbide throughout the metal matrix4. Neville et al. utilized a NiCrB alloy as the matrix 

material.

Table 1.1: Typical PTA parameters for WC- NiCrB matrix4.

Current

(A)

Voltage

(V)

Powder 
Feed Rate

(kg/s)

Carrier 
Gas Flow

(1/s)

Shielding 
Gas Flow

(1/s)

Plasma 
Gas Flow

(1/s)

100-130 24-25 6.7x1 O' 4 0 .1 0.467 0.167

The powdered feed material consisted of 65wt% WC (balance NiCrB alloy). An as- 

welded sample of this material, showing the dispersion of tungsten carbide particles, is 

seen in Figure 1.25. A homogeneous dispersion of tungsten carbide particles is seen in 

this figure. As previously mentioned, this is the desired situation. As the material is 

loaded, both the ductile, nickel-based matrix and the hard WC particles can carry a 

portion of the load. It is necessary to metallurgically bond the WC to the NiCrB matrix, 

but, if  the reaction between the two proceeds too far, the MMC properties will be 

degraded3,4. For example, if a significant portion of the WC particles breakdown,

3
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graphite would be present in the sample. Graphite is a solid lubricant, and, therefore, 

would be a weak spot in the MMC under loading. In Figure 1.2, the edges of the WC 

particles appear to be angular, similar to the WC feed material3. The appearance of the 

WC particles in Figure 1.2 suggests that the WC was not highly degraded during PTA. 

This indicates that the plasma transfer arc welding of tungsten carbide with a nickel 

matrix is successful.

.WC
Particles

Matrix

Figure 1.2: Micrograph of PTA welded Ni-WC sample5  using 

WC particles of 80-325mesh (45-180 pm).

1.2 PTA using Boron Carbide.

The PTA process has been used in an attempt to create wear-resistant B4C-containing, 

MMC. When this was attempted using a NiCrB matrix, degradation and poor distribution 

of the B4C was seen4.

4
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It was anticipated that the behaviour of B4C, when PTA welded with a NiCrB matrix, 

would be similar to that of WC4. Therefore, similar PTA parameters were employed for 

PTA welding of boron carbide (Table 1.1). These parameters were varied in an attempt to 

find a combination that would lead to the successful creation of a B4C-NiCrB MMC. 

Following PTA, experimental samples of B4C/ Ni were microscopically evaluated. It was 

noted that the majority of the boron carbide powder was not present in the final weld 

overlay4. There are three possible explanations for this. The first is that the B4C powder 

did not actually enter the weld due to the high rate of powder feed. The flow rate of the 

carrier gas caused the boron carbide powder to be bounced off of the weld area. The 

second possibility is that the B4C particles were degraded due to the high temperature of 

the torch. For thermal degradation to occur, the B4C particles may have reached a 

temperature exceeding approximately 2723K8, above which liquid is formed.

Temperatures exceeding 2723K are attainable by PTA4. The third possibility is that the 

B4C reacted with the matrix. Both energy dispersive x-ray analysis (EDX) and Micro- 

Raman spectroscopy were utilized. These analyses revealed that particles that were 

previously, microscopically, identified as “carbides” contained carbon but no boron4. 

These degraded B4C particles can be seen in Figure 1.3. This absence of boron was taken 

as evidence of B4C degradation.

In an attempt to reduce the degradation of the B4C powder, a nickel coating was applied

5
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to it. This coating was intended to protect the powder from thermal degradation and 

increase the weight of the powder so the boron carbide particles were not bounced from 

the weld by the force of the carrier gas. The coated powder4 had an average density of 

approximately 4500 kg/m3. Examination by microscopy revealed that much of the boron 

carbide powder was still thermally degraded4. However, there were powder particles that 

retained small amounts of boron carbide. Though this was a positive development, 

porosity was evident surrounding the powder particles due to the degradation4. Further 

testing, varying the thickness of the nickel coating, was done. The results of these tests 

showed that increasing the nickel thickness did increase the amount of B4C remaining but 

degradation still occurred4, making the results undesirable.

Boron Carbide

Figure 1.3: Mixed B4 C and degraded B4 C sample4.

6
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1.3 Summary.

It has been shown that there are difficulties associated with replacing WC with B4C in 

PTA welded samples4. When PTA was carried out with uncoated B4C particles, there was 

no B4C left in the weld overlay. This was attributed to either the high flow rate of the 

carrier gas or to thermal decomposition of the B4C particles. An attempt was made to see 

if coating B4C powder with nickel would improve the durability of the boron carbide 

particles. This resulted in limited success. The boron carbide particles still degraded but 

not to the extent that the uncoated particles degraded4. Therefore, a more in-depth 

investigation into the high temperature behaviour of B4C and nickel was warranted.

The present study is an attempt to better understand why the high temperature behaviour 

of WC is drastically different from that of B4C. This difference in behaviour causes the 

processing of WC-Ni MMC’s to be successful and the PTA of B4C-N1 MMC’s to be 

unsuccessful. A review of the literature describing the high temperature behaviour of 

WC, B4C and Ni was prepared (Chapter 2.0).

Once the behaviour of these two systems was better understood, experiments to further 

investigate the high-temperature behaviour of the two systems, Ni-WC and N1-B4C, were 

designed and carried out (described in Chapter 3.0). In Chapter 3.0, experimental samples 

were analysed using several techniques including, chemical analysis, optical microscopy 

(OM), electron microprobe (EPMA) and X-Ray Diffraction (XRD). When considered in

7
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combination, these techniques allowed several conclusions to be drawn regarding the 

behaviour of the Ni-WC and the Ni-E^C systems. Chapter 5.0 discusses thermodynamic 

calculations that were done on the Ni-WC, Ni-B4C systems as well as the analysis 

prepared for systems utilizing metals other than Ni as the matrix material. Finally, in 

Chapter 6.0, the summary and future work are presented.
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2.0 Literature Survey.

A literature search of the two systems of interest, Ni-WC and M -B 4 C  was carried out. 

The properties and behaviours of the two ceramics, WC and B4C were considered. Of 

particular interest was the binary phase diagrams of the W-C, B -C  and Ni-B systems, 

which were used to determine the temperature transitions and the stoichiometry of any 

compounds formed. The high-temperature behaviour of WC and B4C separately as well 

as in contact with other materials was also reviewed.

2.1 Tungsten Carbide.

The use of tungsten carbide has been driven by its high hardness and strength9. It is the 

properties of WC, which make it an appropriate ceramic additive for wear resistant 

coatings in many industrial applications such as slurry transport lines4. A popular matrix

1 9 Smaterial is nickel or a nickel alloy ’ ’ . There are several methods used to form MMC 

coatings with Ni or a Ni alloy and WC. These are PTA welding3,4’5, liquid phase

•5 7 12sintering as well as laser cladding ’ . PTA has been discussed in Chapter 1.0.

2.1.1 Properties and phase diagram for WC.

o
Tungsten carbide was first discovered in the 1890’s . It is among the hardest materials 

that are readily available for industrial use9. Some of the properties of this ceramic, such

9
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as the high hardness and elevated melting point temperature, make it suitable for use in 

situations where wear occurs. Table 2.1 shows a list of pertinent physical properties of 

WC.

Table 2.1: Physical properties of WC9.

Property Value

Hardness (Knoop, 100g) 2 .1 x l 0 7 kg/ m2

Melting Point 2873 K

Density 1.57xl04 kg/mJ

Crystal Structure Hexagonal

The binary W-C phase diagram10, at 1 atm, is shown in Figure 2.1. It can be seen that 

there are three tungsten carbides that are possible: WC, W2C and WCi_x (cubic structure). 

There is a eutectic reaction at 2980K, which results in the formation of a mixture of W 

and W2C up to approximately 3wt% C10. W2C is formed below approximately 3004K 

around 3wt% C10. As the temperature is decreased from 3004K, there is an area of 

stability for W2C, which extends to a minimum of approximately 2.4wt% C at 2975K and 

a maximum of approximately 3.1wt% C at 2800K. This area converges at 1523K and 

approximately 3wt% C. Below this temperature, over the composition range from 0 wt % 

C to 3wt % C, there is a eutectoid reaction which results in the formation of a mixture of 

WC and W. WC is seen at its stoichiometric ratio at a weight percent carbon of 6.1.

10
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Above 6.1wt% C, a mixture of WC and graphite is seen . It can also be seen from the 

phase diagram that the only binary W-C compound, which is stable at room temperature, 

298K, is WC. However, the decomposition of W2C is very slow, taking hundreds of 

hours10. This could result in metastable W2C being present at room temperature.

3273

3004
29S0

Cubic
WCi-x

30022873

2800
2673-

wc2473 -
T (K)

2273 —

GraphiteWC2073

1873 -

1673 -
1523

1473 -

1273

Weight Percent C

Figure 2.1: W-C phase diagram10.

11
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2.1.2 WC in a Ni-Based MMC.

The addition of WC particles to Ni alloys, for the purpose of wear resistance is a common 

industrial practise6. Frequently, Ni-alloys include B, Si and Cr in amounts less than 

20wt%4. In the instance where a nickel alloy is used as a coating on steel, the B and Si 

provide oxidation resistance6. The function of Cr in a nickel alloy is to aid in wear 

resistance6 by the formation of chromium carbides. The high hardness of WC provides 

wear resistance and the nickel alloy effectively wets WC6, H. Meng et al. indicates that 

this wetting is non-reactive, suggesting that a chemical reaction between the Ni and WC 

does not occur11. Therefore, the driving force for wetting in this system comes from 

sources such as Van der Waals forces and dispersion forces11. Two methods of 

processing Ni-WC MMC’s, liquid phase sintering6 and laser cladding7 , 12 will next be 

discussed.

2.1.2.1 Liquid Phase Sintering of Ni Alloy- WC.

Liquid phase sintering of WC particles with a NiBSi alloy containing 10.5 wt% Cr was 

reported6. The WC that was used was 99.5% pure with an average particle size of 45pm. 

Table 2.2 shows the composition of the nickel alloy that was used. The nickel alloy also 

had a nominal particle size of 45pm6.

12
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Table 2.2: Nickel alloy composition used in liquid phase sintering tests6.

Alloy Si B Fe Mn Cr C Ni

NiioCrBSi 2.75 2 . 0 3.0 10.5 0.4 Balance

The nickel alloy powder and the WC powder were mechanically mixed. A sample 

containing 15vol% WC (23wt% WC) was uniaxially pressed and heated to 1373K under 

argon6. The sample was held at 1373K for 60 minutes6. A micrograph of the nickel alloy 

sample with WC reinforcement showed four distinct areas. Further investigation using 

wavelength dispersive spectroscopy (WDS) and energy dispersive spectroscopy (EDS) 

analysis revealed that these areas were as follows: WC particles, Cr carbides, a boron- 

rich area and the nickel alloy itself6. WDS/EDS analysis also revealed that there were 

small amounts of W dissolved into the Ni-alloy matrix, indicating a reaction between the 

nickel alloy matrix and the WC reinforcement likely took place6.

cragMHO
UEB

.Cr CarbidesWC Particles

Ni Alloy Matrix

Figure 2.2: SEM micrograph of the NiioCrBSi alloy with WC reinforcement6.

13
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Grigorescu et al. showed that liquid phase sintering of WC particles with Ni alloys of 

different compositions successfully produce MMC’s6. Evidence of a reaction between the 

alloy matrix and the carbide additive was seen. This evidence included the presence of W 

w i t h i n  the nickel alloy matrix6. It is not clear that this method would be successful should 

this material be used as a wear resistant coating because of the four distinct regions 

created by the process6. Further testing is required to determine if  this material, processed 

by liquid phase sintering, would be applicable as a wear resistant coating.

2.1.2.2 Laser Clad Ni-WC Coatings.

7 19Laser clad coatings of Ni and WC can be used as wear resistant coatings ’ . This process

3 7 19is similar to PTA except that a laser is used rather than a plasma gas stream ’ ’ . Laser 

cladding involves depositing any weldable material onto the surface of a substrate. In the 

laser cladding procedure, a laser beam is used to attain a high enough temperature to 

encourage a metallurgical bond between the substrate material and the coating material.

In the case of tungsten carbide, caution must be used to prevent the WC particles from

7 12being degraded by the heat of the process ’ . Wu et al. accomplished this by altering the

n

laser power during the process .

A mixture of nickel alloy powder and Ni-clad WC powder (at 15wt% Ni) was used as the 

coating material7. The particle size of these powders was between 60pm and 100pm. The

14
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alloy contained approximately 71wt% Ni. The other components of the nickel alloy 

included Cr, B, Si, C, and Fe7. The specific composition of the Ni alloy is found in Table 

2.3.

Table 2.3: Wu et al. Ni alloy composition7.

Cr

(wt%)

B

(wt%)

Si

(wt%)

C

(wt%)

Fe

(wt%)

Ni

(wt%)

1 0 2 . 1 2 . 8 0 . 1 14 balance

A 2kW continuous wave CO2 laser was used7. The laser cladding parameters are given in 

Table 2.4. Low carbon steel was used as the substrate material with two coatings being 

pre-sprayed onto their surfaces using a powder flame gun. This process resulted in 

0.5mm coatings on the steel.

Table 2.4: Wu et al. laser cladding parameters7.

Beam Diameter Transverse Velocity Laser Power

4x1 O' 03 m 3x1 O' 03 m/s 0 .6 -  1.2 kW

Low-C steel substrates were then subjected to the laser cladding treatment. The power of 

the laser was varied from 0.6 to 1.2 kW7. Argon gas was used to provide an oxygen- 

purged environment. Scanning electron microscopy (SEM) was used to examine the 

microstructure of the resulting coated samples.

15
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Testing was conducted at various powers of the laser. At 600W, the coating is inefficient, 

containing several areas of porosity (Figure 2.3a). Also, this coating is not sufficiently 

metallurgically bonded to the substrate as seen by the jagged and porous appearance of 

the interface (Figure 2.3a). At 800W, it can be seen that the coating is improved. The 

coating itself does not contain obvious pores, making it a much more efficient barrier to 

erosion and corrosion (Figure 2.3b). In addition, the interface between the coating and the 

substrate does not appear jagged or porous (Figure 2.3b).

Porosity

Applied |
Coating

Substrate—

Applied
Coating
Interface

— Substrate

Figure 2.3: SEM micrographs of laser clad coatings at a) 600W and b) 800W7.

However, at 800W, when the magnification is increased, Figure 2.4, it can be seen that 

there is no discernible metallurgical bond created between the WC particles and the 

nickel matrix. Therefore, further testing was carried out up to 1200W to determine if a 

power that would facilitate a metallurgical bond could be identified.

16
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Figure 2.4: SEM micrograph showing the coating microstructure, 800W7.

At a power of 1000W, there is clear evidence of a reaction between the Ni and the WC 

particles (Figure 2.5a). At 1000W, the distribution of the WC particulates throughout the 

matrix appears to be almost uniform (Figure 2.5a)7. In Figure 2.5a, the needle-like shapes 

are thought to be dendrites which grew from the WC particles. XRD analysis suggested 

that these dendrites are the compound Ni2W4C. At 1200W, the WC particle distribution is 

no longer uniform (Figure 2.5b). In any application, this distribution would cause uneven 

wear o f the coating material.

-W C
ParticulatesWC —  

Particulates

a) b)

Figure 2.5: SEM coating microstructure, a) 1000W and b) 1200W respectively7.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The experimental conditions utilized by Li t al differed from Wu et al. The Ni alloy 

powder was of different composition, containing around 76wt% Ni. The compositions of 

the other components of the Ni alloy are found in Table 2.5. Secondly, as can be seen by 

comparing Table 2.6 to Table 2.4, it can be seen that Li et al. used a smaller beam 

diameter, a higher transverse velocity as well as an increased laser power. Third, the 

SEM micrographs that were taken by Li et al. are at much higher magnification than Wu 

et al., allowing a better view of the matrix-WC particulate interface.

Table 2.5: Li et al. Ni alloy composition12.

Cr

(wt%)

B

(wt%)

Si

(wt%)

C

(wt%)

Fe

(wt%)

Ni

(wt%)

16 3.5 4.5 0 . 8 1 . 2 Balance

Table 2.6: Li et al. laser cladding parameters12.

Beam Diameter Transverse Velocity Laser Power

3x10-03 m 0 . 2  m/s 1.65 kW

SEM analysis was used to investigate the matrix-WC particulate interface. Figure 2.6 

shows high magnification detail of the WC-matrix interface. In Figure 2.6 the rough 

appearance of the WC particulate edge can be seen. At higher magnification, in Figure 

2.6 the block-like structure of the WC particulates can be seen.

18
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>2 Matrix

Figure 2.6: SEM micrograph of WC/ matrix interface within the laser clad layer12.

A high-magnification micrograph was also taken of the matrix material a distance away 

from the interface. This micrograph is shown in Figure 2.7. A comparison of the matrix 

identified in Figure 2.6 and Figure 2.7 shows that the appearance of the matrix material 

close to the interface as well as a distance from the interface is similar. This indicates that 

any reaction between the matrix and the WC particles was relatively small.

19
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Figure 2.7: SEM micrograph of the Ni-matrix material from Li et al. 1 2

2.2 Boron Carbide.

i ■>

Boron carbide was first discovered in 1858 . The discovery was followed by the 

identification of the compounds B3C and BeC in 1894 with B4C being recognized as the 

stoichiometric formula in 193413. Since the middle of the 20th century, there has been a 

lot of research done regarding the behaviour of boron carbide4 , 1 3 , 1 4 , 1 5 , 1 6 , 1 1  ’18. In this 

section, the phase diagram for the binary boron-carbon system will first be discussed, 

followed by a discussion of the hardness of B4C. The subject of the current study 

involves the behaviour of B4C and Ni at high temperature; therefore, the phase relations 

of the Ni-B-C system were addressed. The high temperature behaviour of B4C is also

20
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examined. The behaviour of B4C when contacted by some metal elements, at elevated 

temperatures, was investigated. Al17 and type 304 stainless steel18 are two relevant 

examples of the metals contacted with B4C. Also investigated was the behaviour of Mg- 

B4C composites produced using cold pressing and subsequent hot isostatic pressing 

(HIP)19. Also the microstructures of Fe-alloy- B4C composites formed by PTA are 

discussed .

2.2.1 Bonding and Phase Diagram of Boron Carbide.

The bonding that exists between the carbon and boron atoms in the boron carbide 

molecule is responsible for the unique behaviour of boron carbide15. Electronegativity 

and atomic size affect the bonding in the molecule15. The electronegativity of carbon is

2.5 while the value for boron is 2.09. The difference in these two electronegativities 

indicates that the bonding in a boron-carbon molecule will be polar covalent9. The atomic 

radius of boron is 0.088nm15 and the atomic radius of carbon is 0.078nm15. The small 

difference in the radii of the two atoms also suggests the formation of a covalent bond 

between the two elements. Since the electronegativity and atomic radii of the carbon 

atom and the boron atom are close in value, it is possible for the two atoms to replace 

each other within the boron carbide molecule. This ability can cause the stoichiometry of 

the molecule to change as the atoms move about15.

21
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It is generally the stoichiometric form of boron carbide, B4C that is referred to in the 

literature15. The binary phase diagram for the boron-carbon system is shown in Figure 

2.8s. The boron and carbon atoms within the boron carbide molecule are able to 

substitutionally replace each other in the boron carbide molecule leading to the formation 

of molecules such as B13C215, which are not shown on the B -C  phase diagram (Figure 

2.8). On the binary B -C  phase diagram, there is a eutectic line, located at approximately
o

2348K, between Owt% C and 8 wt% C . As the temperature is lowered below this line, a 

mixture of boron and boron carbide is formed. A eutectic reaction occurs at 

approximately lwt% C, forming a mixture of B and B4C below 2348K. There is a second 

eutectic located at approximately 31 wt%C, forming a mixture of B4C and C below 

2648K. At heightened levels of carbon, above approximately 20.5wt% C, a mixture of
1

boron carbide and graphite is formed below the solidus at 2648K, identified in Figure 

2 .8 .

at0 0 C
20 30

'2648

24-3
2348

20"3
B .C—  B

12 "3 40

Figure 2.8: Phase diagram for the binary B-C system15.
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2.2.2 Hardness of B 4 C.

The extreme hardness of boron carbide4 , 9 ’ 15 is one of its most attractive properties. When

1 3considering boron carbide, the influence of carbon content on the hardness is central . 

Knoop microhardness testing, at 200g, was utilized in an attempt to reveal a trend in the
i -j

hardness values for boron carbide . Solidified samples of boron carbide were 

mechanically polished to create a smooth testing surface, keeping in mind that the

13mechanical polishing caused a surface strain . It was found that the Knoop 

microhardness increased linearly with carbon content in the phase homogeneity range for 

boron carbide (approximately between 8 wt % C and 20 wt% C)13. The hardness values 

were approximately 2910 kg/mm2 for 11.5wt % C and approximately 3770 kg/mm2 at 

22wt % C13. For the range of wt% C tested, it was found that the hardness decreased in 

the presence of free graphite in the sample. The other noted trend was that the hardness

13decreased linearly with increasing temperature .

2.2.3 Ni-B and Ni-C Systems.

It was important to understand the binary systems Ni-B and Ni-C to be able to interpret 

the ternary system Ni-B-C as it would be relevant in reactions involving Ni and B4C. The 

reaction behaviour of nickel and boron is well known I 4 ,21 In the Ni-C system, it has been

91reported that there are no stable compounds formed .

23
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There are several liquidus lines on the Ni- B phase diagram, shown in Figure 2.921. At all 

points above these lines, B is soluble in liquid nickel (Figure 2.9). Below the several 

solidus lines, nickel borides are formed. There are several thermodynamically stable 

nickel-borides formed21 (Figure 2.9). At low concentrations of boron, up to 6  wt%, a 

mixture of Ni and M 3B is formed. At exactly 6  wt%, only M 3B is formed. From 6  wt% 

up to 8.4 wt%, a mixture of Ni3B and NiiB is formed, with pure M 2B being formed at 

exactly 8.4 wt%. As the boron content is increased, Ni4B3, in orthorhombic and 

monoclinic forms, begins to appear. A mixture of Ni2B and orthorhombic M4B3 is 

formed from 8.4 wt% up to 11.5 wt%, where only orthorhombic M 4B3 is formed. Beyond

11.5 wt%, a mixture of orthorhombic and monoclinic M 4B3 is found. At 12.5 wt% B, 

only monoclinic M 4B3 is seen. NiB is found in a mixture with monoclinic M 4B3 from 

12.5wt% to 16wt%. At 16wt% B, only NiB is formed21.

24
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Figure 2.9: Partial phase diagram for the Ni-B system14.

The nickel-carbon binary system, as seen in Figure 2.10 does not show the formation of

91any stable compounds . In Figure 2.10, the area labelled Ni is the only region where C

and Ni form a solid solution. Below the eutectic line at 1599K, a Ni-C solid solution is in

21equilibrium with graphite .
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Figure 2.10: Ni-C phase diagram21.

The C that is present in the nickel will segregate to the grain boundaries during cooling, 

to reduce strain22. This grain-boundary graphite would cause significant weakening of the 

grain boundaries as graphite is a solid lubricant. It is also assumed that the C atoms will

bond strongly to each other while bonding very weakly, if at all to the nickel matrix,

22further weakening the grain boundaries .

2.2.4 Ni-B-C System.

The ternary Ni-B-C system was also considered. A ternary phase diagram of the Ni-B-C

26
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system has been developed at 1173K (Figure 2.11)14. It appears that, at 1173K, there is 

no interaction between all three elements, Ni, B and C. There, as expected, is interaction 

between the Ni and the B.

B
20

40

60

N i B

40

Axes- Wt 
Grid- A tc

N L B
20

Ni

Figure 2.11: Ternary phase diagram for the Ni-B-C system at 1173K14.

At a higher temperature, 1600K, there has been experimentation on Ni-B-C which 

revealed that boron activity in C-saturated nickel was higher than the boron activity in C- 

unsaturated nickel . This suggests an interaction at elevated temperatures between B and 

C. Experiments investigating the thermodynamic behaviour of Ni-B-C systems, at 1600K
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



were carried out23. A molten mixture of nickel and boron was prepared using arc-melting 

with the carbon level in each sample being altered. The boron samples contained between 

0.54 wt%C (though not explicitly specified, Storms et al. imply that this composition is

93by weight) and less than lOppm carbon , and samples placed within a graphite cup. 

Following arc-melting, the samples were pulverized.

The Knudsen effusion technique was used to determine the vapour pressure of the solid 

samples23. This technique employed a 1mm diameter orifice Knudsen cell connected to a 

magnetic mass spectrometer. The output of the mass spectrometer, in the form of ion 

current, was converted to activity values. This conversion, utilizing a form of the Gibbs- 

Duhem equation, shown in Equation, (2-1), is described by Copland and Jacobson24.

( 2-1)

The experiments having the molten mixture in contact with the graphite cup showed that 

carbon content did in fact, have a significant effect on the system. The ultra-pure 

samples, with less than lOppm of C and the pure sample, with 0.54wt% C, were not

93significantly different from each other . However, when the sample was contacted with 

graphite, the activity of the liquid changed dramatically23. When the wt% boron in the 

melt is between 0 and approximately 16.5 (Figure 2.12), the activity of nickel does not 

follow a smooth curve for the carbon-saturated sample, as it did for the pure and ultra-

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pure samples (Figure 2.12). This deviation for a wt%B between 0 and 11.5, shows that 

the log of the nickel activity is smaller than the pure and ultra-pure samples (Figure 2.12). 

Once the wt%B reaches 16.5, the log of the activity (Storms et al. do not indicate what 

type of activity is being plotted) of the nickel in the carbon saturated sample is larger than 

that of the pure and ultra-pure samples (Figure 2.12) .

Thus, in liquid nickel, it is expected that both boron and carbon are soluble in a similar 

manner to the binary systems. To further investigate this behaviour, a ternary Ni-B-C 

phase diagram, at 1773K is developed in Chapter 5.0.

Atom Fraction B
0.60.2 0.4

0.4

L + B̂ C + C

- ■ 8 -

X - pure
- 1.6

f-ultra-pure

" C saturated
- 2.0

21.510.50 4 wt% B

Figure 2.12: Activity of Ni-B liquid (1600K)23.

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2.5 Chemical Behaviour of B4C.

2.2.5.1 High Temperature Behaviour of Boron Carbide.

i t c
Boron carbide oxidizes in air at high temperature ’ . Consequently, high-temperature 

work with boron carbide habitually takes place either in a vacuum or in an inert 

atmosphere of argon (Ar). In an oxygenated atmosphere, the oxidation of boron carbide 

starts at around 873K13’15. When weight loss/ gain analysis is performed for boron 

carbide in an oxygenated atmosphere, up to around 1273K, no significant changes in 

weight are noted. However, above 1273K, this is not the case as the boron carbide readily 

converts to B2O3 at these temperatures15.

2.2.5.1.1 Photoabsorption and Photoemission Study of Boron Carbide.

The behaviour of boron carbide at elevated temperature, up to 2100K, in a vacuum, has 

been investigated16. This investigation involved heating boron carbide samples, in a 

vacuum, to high temperatures and in-situ analysis by photoabsorption and photoemission 

spectra16. Both of these techniques are sensitive to any changes in bonding character in 

the molecule being investigated16. Photoemission spectroscopy is used to observe surface 

changes of the heated boron carbide while photoabsorption reveals changes below the 

surface of the samples.

Photoabsorption testing was carried out on one untreated boron carbide sample and four

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



boron carbide samples that had been heated to various temperatures in a vacuum16. 

Photoabsorption monitors emitted photons, in the case of Jiminez et al., of energies 

between 100 and 150eV16. The photoelectrons measured are from the Is orbital of B and 

C ( B(ls) and C(ls) respectively)16. Figure 2.13 is divided into the boron B(ls) and the 

carbon C(ls) spectra. On the boron spectra, the boron powder reference pattern is labeled

9 -2
as fl, while the sp and sp bond reference spectra are labeled as f2 and f3 respectively. 

Reference spectra for carbon are shown on the C(ls) spectra. The reference spectra for 

graphite is labeled as f4 and the diamond reference is labeled £5. These carbon reference

9 2
spectra are guides to the sp and sp bonds for carbon.

c  CIS)B(ls) iiamond

Graphite

Intensity 
(Arb. Units)

184 188 192 196 200 204 208 280 284 288 292 296 300 304
Photon Energy (eV)

a) untreated B4C
b) 1000K
c) 1400K
d)1700K
e) 1900K

fl)  Boron powder
fl) hBN- Boron sp2 bond
reference
f3) cBN- Boron sp3 bond 
reference
f4) Graphite- sp2 bond 
reference
f5) Diamond- sp3 bond 
reference

Figure 2.13: Photoabsorption spectra for heat treated boron carbide samples16.
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At temperatures ranging from room temperature (the untreated boron carbide sample) up 

to 1700K, Figure 2.13 a-d, there are not significant differences in the bonding as a result 

of the heat treatment. Above 1800K, there are changes in the spectra that are noticeable. 

Since photoabsorption reveals surface changes, this can be attributed to a change in the 

character of the boron carbide around this temperature, possibly indicating a change in 

stoichiometry. If the fl curve is compared to the 1900K curve on the B(ls) curve, it can 

be concluded that there has been a shift to a boron-rich boron carbide at 1900K. The 

1900K spectra on the C(ls) curve, is showing peaks almost identical to the peaks seen in 

the f4 graphite reference spectra. The appearance of these peaks at the same temperature 

as the changes in the B(ls) spectra support the formation of a boron-rich boron carbide 

because the carbon concentration would need to decrease. Therefore, the photoabsorption 

results suggest the formation of a graphite layer on the surface of the boron carbide 

sample16.

Jiminez et al. also performed photoemission spectroscopy on heated boron carbide 

samples16. A reference spectra for graphite is provided for comparison with the results 

from the heated samples. The relevant results were seen in the C(ls) spectra (Figure 2.14, 

Curve c) where two peaks are seen. These peaks are indicative of the presence of graphite 

and the presence of carbon bonded in a way that is dissimilar to the graphite bonds. Since 

photoemission gives analysis below the top-most atomic layers and the heated samples 

are known to be boron carbide, this second feature is identified as being due to the
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bonding of carbon in the boron carbide molecule. This indicates that the thickness of the 

graphite layer has not yet reached a thickness, which impedes the photoemission process. 

This boron carbide feature is seen in the spectra for the samples heated to 1000K and 

HOOK, as well as the untreated sample at 300K16.

1 9 0 0 K

Intensity  
(arb. units)

1800K

1500K

LOOGK

3 0 0 K

288 286 284  282  280 278
Binding Energy  

(eV)

Figure 2.14: Photoemission spectra for C(ls) in B4 C annealed samples16.

As a result of these tests, it can be said that, even in a vacuum, boron carbide is subject to 

surface bonding changes at elevated temperature. It is likely that the formation of a
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graphite layer on the surface of the boron carbide would cause some changes in the 

reactive behaviour of a sample. For example, prior to the boron carbide being reacted, the 

graphite layer would have to be removed or reacted. A second complication that arises 

from the presence of this graphite layer is that graphite is a solid lubricant9. If left on the 

sample, it could cause sliding between particles. Furthermore, this surface carbon would 

affect the contact between the B4C and the metal matrix in an MMC.

2.2.5.2 Chemical Behaviour with Aluminium.

The behaviour of powdered mixtures of B4C when contacted with A1 has been studied17 

from 900K to 1273K. This temperature range covers the behaviour of solid as well as 

liquid aluminium with boron carbide. The testing described was carried out in an argon- 

purged environment to minimise interaction with oxygen. Viala et al. reported the 

experimental samples to be 99.8% pure powdered aluminium, 99.4% pure boron powder, 

spectrographic grade carbon, stoichiometric grade boron carbide (trace C) and

1Vstoichiometric aluminium carbide . The experimental parameters employed in these tests 

indicates that it may be useful to test boron carbide, in high temperature situations, under 

an argon purified environment, preventing oxidation of the boron carbide.

2.2.5.2.1 Experimental Procedure.

The aforementioned sample powders were blended by mechanical alloying using a
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tungsten carbide ball mill and cold pressed into rods (pressed at 270 MPa). The pressed 

samples were then placed in a tube furnace. Careful measurements of the weights of these

1 7specimens were made before and after the isothermal heat treatments in the furnace . 

Specimens were analyzed using XRD, OM, SEM and EPMA.

The reactivity of boron carbide with aluminium was determined using three variables: 

treatment time (lh- 450h), temperature (900K- 1273K) and composition. The 

compositions that were tested in these experiments, in wt% A1:B:C were 61:30:8, 

11:69:19, 30:55:15 and 98:2:trace. While two of these variables were fixed, the third was 

altered, allowing for observations of the effect of each to be seen17. OM and SEM were 

used on sectioned pieces of the experimental rods. OM was used to obtain a general idea 

of the structure and overall composition percents of the sectioned rods. It was difficult to 

obtain good OM pictures due to the varying phase hardness’s in the samples so the SEM 

was employed for better resolution. EPMA was used to characterize the phases present in 

the specimens. There were eight product phases presented in the literature for this 

reaction system (Table 2.7).

2.2.5.2.2 Effect of Temperature.

A pressed sample were heated to varying temperatures and held for 160 hours and rapidly 

cooled17. The ratio tested by Viala et al., in wt%, A1:B:C = 61:30:8 (at%, A1:B:C =
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40:48:12). For the temperatures 900K and 920K, it was found, using the identification 

methods previously mentioned, that B4C and A 1 were the main two phases identified. 

Very small amounts of AI4BC were thought to be present but not enough evidence of this 

phase was present to make a determination.

Table 2.7: Phases characterized for system containing Al, B and C17.

Chemical D ecom position  T (K )
Form ula C om position  Range (at% )

A14C3 2429
very  small

B4C 2723
8 . 8  < C < 20

A1B2
I iOJ
v e ry  small

A  IB 12 Higk T  ty p e  2323

L o w T  G am m a

A13B48C2 2300
(beta-A lB 12) L o w T  form  A

Low  T form  B

A1B24C4 2 0 0 0

(A1B10)

A18B4C7 2 1 1 0

(A18BxC6) 2«x<4

A B B C 12733
(X , A14BC)

0 = p resen t w ork 's findings

The results of this test were discussed with respect to XRD though no spectra were 

presented17. XRD revealed the presence of B4C, A^Ch, Al and AIB2 in the sample17.
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EPMA analysis identified which particulates in the SEM image were B4C, AI2O3 and 

AIB2 17 as seen in Figure 2.15. In this figure, there are B4C particulates embedded within 

the Al matrix. Located on these particulates is a product layer of AI2O3 .

Figure 2.15: SEM image after testing for 160h at 900 K17.

At 950K, just above aluminium’s melting point, B4C and Al were shown to have reacted, 

producing AI3BC and AIB2 (Figure 2.16). Also, these two phases form in different areas. 

It appears that the AI3BC particles are nucleated around the rough edges of the remaining 

B4C particles, leaving these B4C particles un-reacted once a reaction layer has formed. 

The AIB2 particles form within the aluminium matrix (Figure 2.16). The same 

experimental results were seen for tests done at temperatures up to 1100K. As the 

temperature increased, there was a corresponding increase in the amount of each of the
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17phases, AI3BC and AIB2 . The amount of the phases was estimated using OM and SEM .

Figure 2.16: SEM image after testing for 160h at 950 K17.

Once testing reached a temperature of 1150K, AIB2 stopped being produced while AI3BC 

and AI3B48C2 were identified. This was confirmed using x-ray diffraction. At an even 

higher temperature, 1273K, it was found that the B4C was almost completely consumed 

by reaction with the Al (Figure 2.17)17.
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Figure 2.17: SEM image after testing for 160h at 1273 K17.

It is possible to separate the results from the temperature dependence tests into three 

distinct regions17. The first is a low temperature region in which any reaction between 

B4C and the Al matrix does not observably occur. The second is a temperature range 

extending from the melting point of Al, 933K, to 1100K where AI3BC and AIB2 are 

produced. Finally, a high temperature region, where ternary carbides are produced, that 

extends from 1100K to 1273K17.

2.2.S.2.3 Effect of Composition.

The composition of the experimental samples was altered to discern the effect this may
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have on the resulting products. Al-rich and boron-carbide rich samples were tested17. 

When the amount of each of the reactants was altered, the same phases appeared in the 

final product though the amounts changed proportionally with the amount of each 

reactant charged. It is noted that the phases present at 900K remain the same as they did 

when the temperature tests were undertaken.

Viala et al. tested three A1:B:C ratios: 12:69:19, 30:55:15 and 98:2:trace (all in wt%)17. 

Two different temperatures, 1000K and 1273K were chosen for testing, based on 

previous results. It was found that the results from these tests were consistent with results 

discussed in the previous section.

2.2.5.2.4 Effect of Reaction Time

In any system, reactions can occur at very slow rates. It is therefore important to consider 

what happens in a reaction system when additional time is allotted. There may be 

reactions occurring very slowly in a system where it was thought that none were 

occurring.

First, it was of interest to discern whether or not there was a reaction possible between 

solid Al and B4C if more time for reaction was given. For a sample heated to a 

temperature of 920K for 450 hours, the reaction products AI3BC and AIB2 were present.
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This indicates that a reaction does indeed take place at 920K between solid aluminium 

and boron carbide17. Tests were then performed at 1000K for reaction times varying from 

3h to 400h. Again, the products were identified as AIB2 and AI3BC. As would be 

expected in this system, based on the results seen at 920K, the aluminium and boron 

carbide should react. In fact, these tests show behaviour that produces AIB2 and A13BC in

1 7a non-linear fashion until the reaction time is around 50h (Figure 2.18a) . Around 50h, 

the consumption of the reactants and the production of the products levels off.

XRD
Intensity 
(Arb. Units)

XRD Intensity 
(arb. Units)

■ ■

0 10 ,----------  „ ,  20 30 0 10 1----------  20 3
V  Reaction Time (h) V Reaction Time (h)

a) b)
Al- A  B4C- ■  AI3BC- •  AIB2- o

Figure 2.18: Time dependence of the relative quantities (from XRD) of a) reactants, 

Al and B4 C and b) products, AI3 BC and AIB2  at 1000K17.

There appears to be an incubation period during which no discemable reaction occurs; 

this is likely while the oxide film on the Al is being deteriorated17. Following this
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incubation, it appears that the Al becomes saturated with boron and carbon. In the 

instances where the temperature is below the melting point of Al, this occurs via solid- 

state diffusion. The carbon and boron atoms move away from the surface of the boron 

and carbide and towards the mixed-species crystals that grow in size due to metal 

precipitation17. Above the melting point of Al, this saturation occurs by the dissolution of 

the boron carbide. The saturation point for each of these atoms in Al is quite small17, 

therefore, this process is completed rapidly. Nucleation of the mixed Al-B-C phases17 

proceeds via a classic dissolution-precipitation mechanism. In both the high and low 

temperature reaction systems, the formation of AI3BC on the surfaces of the boron 

carbide particles not yet dissolved results in a layer of AI3BC being present. As the 

reactions progress, this layer covers more and more of the un-reacted B4C particles.

In the low temperature system, reactions progressed via solid-state diffusion from the 

beginning. In the high-temperature system, this layer begins to cover the B4C particles,

making it necessary for solid-state diffusion through this layer to occur to facilitate

11further reaction .

2.2.5.2.5 Summary.

Boron carbide has been shown to react with Al between 900K and 1273K. At 

temperatures below the melting point of Al, reaction proceeded via solid-state diffusion,
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first through the aluminium matrix and then through the product layer formed on the 

boron carbide particles. Above the melting point of aluminium, 933K, reactions 

proceeded via a dissolution-precipitation reaction mechanism. As a product layer was 

formed on the un-reacted boron carbide particles, solid-state diffusion through this layer 

began to control the reaction system.

2.2.5.3 Chemical Behaviour of Boron Carbide with Type 304 Stainless Steel.

i o
A study was conducted by Nagase et al. that focused on elucidating the behaviour of 

boron carbide when contacted by type 304 stainless steel. The testing undertaken 

attempted to gain a fundamental understanding of the contact behaviour for the 

temperature range 1073Kto 1623K18.

2.2.5.3.1 Experimental Procedure:

Isothermal annealing was carried out using a stainless steel vessel coupled with samples 

of pelletised or powdered B4C. Boron carbide was presented in these two forms to 

determine if the surface area of the boron carbide had any effect on the contact behaviour. 

The pelletised B4C or the powdered B4C was placed within the stainless steel vessel and 

then heated to the appropriate temperature (Figure 2.19) under an atmosphere of Ar18. 

Equal weights of B4C pellets and B4C powder were tested.
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Boron Carbide 
Pellets /  Powder

Stainless Steel 
Crucible

j

5mm

; 10m m

16m m

12mm

Figure 2.19: Reaction couple set-up18.

After testing was complete, the samples were sectioned, polished and examined using 

electron probe microanalysis (EPMA), the scanning electron microscope (SEM) and 

energy dispersive x-ray analysis (EDX) or wavelength dispersive spectroscopy (WDS).

2.2.5.3.2 Reactions Between B4 C Pellets and 304 Stainless.

Tests were conducted at 1373K to assess the behaviour of the system at this temperature.

This temperature is below a eutectic temperature at 1473K where liquid is formed at the

1 8reaction interface . There were two reaction layers that were obvious when looking at
1 o

the experimental samples . The first reaction layer was located at the interface between 

the boron carbide and stainless steel. In this layer, the precipitates identified were FeB,
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CrB, NiB and Fe2B, Cr2B and Ni2B. The second layer was located within the stainless 

steel. These precipitates appeared to be grain-boundary and grain precipitates18 of Fe2B, 

Cr2B and Ni2B.

Testing was also carried out for temperatures above the eutectic temperature of the 

stainless steel, 1473K. At 1473K, it was found that the average thickness of the reaction 

layer was slightly larger than a millimetre when heated for 25h. As the treatment 

temperature was increased, it was noted that the reaction rate increased substantially, 

even with small increases in temperature. This was evidenced by the fact that for a 

reduced heating time of 30minutes at 1498K, the reaction layer that formed surpassed the 

thickness of the 1473K reaction layer.

As the liquefied region within the reaction samples increased, precipitate growth seemed 

to occur in a different manner than at low temperatures. It is probable that dendritic 

growth of the precipitates began to occur.

2.2.5.3.3 Reactions Between Boron Carbide Powder and 304 Stainless.

The second set of tests, using powdered boron carbide, was conducted under similar 

experimental conditions. The behavior of the system was found to be significantly 

different than the behavior when the boron carbide was in pellet form18. Microscope
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evaluations showed that there was penetration of boron into the stainless steel. At 

temperatures above the eutectic, 1473K, it was found that the molten metal invaded the 

boron carbide powder through the spaces between the powdered particles. Also, the 

stainless steel crucible was markedly dissolved during the process. Both of these 

observations indicate that the surface area of the boron carbide plays a role in the 

behavior of the system.

2.2.5.3.4 Reaction Kinetics.

For the purposes of kinetic studies, the thickness of the reaction layers was measured. 

EPMA was used to measure the penetration of boron into the stainless steel. The 

thickness decrease in the stainless steel vessel was measured for tests conducted above 

the eutectic, 1473K. The thickness of the reaction layer versus the square root of the 

annealing time is plotted (Figure 2.20). It is seen that a close to linear relationship exists.

Obtaining a linear plot in this case indicates that the reaction is following a parabolic rate 

law. The slope of the curves of the reaction layer thickness plot, are taken to be the rate 

constant for the system though this value will also include constants and calculations for 

the forming of the liquid phase (Figure 2.20).

Below the eutectic temperature, it was shown that the change in the reaction layer
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thickness was almost equal to the decrease in thickness of the stainless steel vessel. It was 

also noted that the reaction rates for the pelletised B4C and the powdered B4C were, for 

the most part, close in value.

For temperatures above 1473K, the boron carbide pellet often moved about in the now 

molten metal. The decrease in thickness of the stainless steel vessel was measured at the 

bottom of the vessel using SEM images of the samples. The measurements taken over the 

vessel were averaged to give an overall thickness decrease (Figure 2.21).

Reaction Time (s) 
2.2X104 9 .0 x l0 4 3.6X1Q5 2.5x10'1.2x10'2000

1500
Reaction
Layer

Growth
1000

( / im )

1273K
1473K 1373K

500
1173K

500 15001000
Reaction Time (s1/f2)

2000

Figure 2.20: Reaction layer growth on reaction couple as a function of testing time

for T < Teutectic18-
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Figure 2.21: Reaction layer growth on reaction couple as a function of testing time

at T > T( 18
eutectic

It was found that the resulting rate constants (derived from the results in Figure 2.20, 

Figure 2.21) were slightly different in value depending on the initial physical condition of 

the test sample in each case18. The pelletised boron carbide has a different surface area of 

contact with the stainless steel than the powdered boron carbide. This difference in 

contact accounts for the difference in the rate constants. This suggests that the initial 

physical condition of the boron carbide is not having a substantial effect on the kinetics

of the system below 1473K18.

It is obvious that the rate constants for this reaction system increase with increasing
1 o

temperature (Figure 2.20, Figure 2.21) . An Arrhenius plot, seen in Figure 2.22, shows
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that there is not a uniform controlling mechanism for the system. The discontinuity at the

1 8eutectic temperature, 1473K, is clearly seen in the Arrhenius plot .

The activation energy was calculated for each of the two physical conditions of the boron

carbide. Below 1473K, the activation energy required for both the pelletised and the

powdered boron carbide were similar in value. Once the temperature was raised above

the eutectic temperature, the activation energy differed by just under lOOJ/mole. In terms

of kinetics, the pelletised boron carbide requires more energy to activate a reaction and

1 8would therefore be a slower reaction when compared to the powdered boron carbide .

to ' 7

to ' 9
Reaction
Rate
Constant 
(m2/s) 1Q-11

10-13

-15
10

-17 
10

Present Study 
B.C Powder/ S.S.(*)

B.C Pellet/S.S. <o)

P. Hofman et al.

7 . 8  9 10
10TT (1/K)

Figure 2 .2 2 :  Arrhenius plot of rate constants for T > T eutectic
18
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2.2.5.4 Sintering of B4C- Magnesium (Mg) Composites.

In an MMC, it is advantageous to use a metal with a low density, reducing the weight of 

an applied coating19. Magnesium (Mg) is the lightest of the structural materials that are 

currently used industrially25. The density of magnesium9 is approximately 1740 kg/m3. 

There have been several studies of the behaviour of Mg alloys with various ceramic

25 • 26 * • 27 •reinforcements such as AI2O3 and SiC . The densities of AI2O3 and SiC are 

3900kg/m3 and 3100kg/m3 respectively. To form a lighter MMC, the combination of Mg 

and B4C, with a density27 of approximately 2510kg/m3, has been considered19.

2.2.5.4.1 Experimental Procedure.

Powdered mixtures containing 14wt% and 27wt% (10vol% and 20vol% respectively) 

B4C were prepared19. An image of the reactant B4C powder is shown in Figure 2.23. The

B4C powder, when analysed, contained some monolithic B19.

Figure 2.23: SEM microstructure of B4C Reactant19

Mechanical mixtures, formed by ball milling (6 h), of 95% pure B4C and 98% pure Mg,
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powders was done19. The particles size of the B4C powder was less than 6 pm while the 

Mg powder had a n o m in al particles size of 106pm19. The milled samples were then cold- 

pressed into cylinders19, 20 using 20-25Mpa in air. As a result of this pressing occurring in 

air, some oxygen is trapped within the cylinders. These cylinders were then subjected to 

sintering treatment (823K-893K, 5MPa (lOmin)) using an Ar atmosphere19. The samples 

were then analysed using SEM and XRD19.

2.2.5.4.2 Discussion of Results.

Figure 2.24 shows typical microstructures for composites sintered at 14wt% and 

27wt%19. It can be seen in these images that the B4C particles are not well dispersed 

throughout the Mg matrix19. Clusters of material can be seen in Figure 2.24. These 

clusters were not identified in the analysis19. However, the appearance of these clusters is 

similar to the B4C reactant powder shown in Figure 2.23.

Cluster-

a) b)

Figure 2.24: SEM images of sintered composites19, a) 14wt%B4C b) 27wt% B4 C.
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XRD for samples containing 14wt%, 27wt% and 38wt% B4C are shown in Figure 2.25. 

The diffraction peaks for Mg, MgO, B4C and MgB2 are identified.

Counts

77 ♦
* )♦  ,l4 .

~M g 4 B 4C 
MgO ^M gB^

★
&
r • -7 ♦

*  A a h + .  J \  + ‘k i

b)

20 30 40 50 60 70
2-Q -

Figure 2.25: Jiang et ai. XRD patterns for a) 14wt% b) 27wt% and 38wt% B4C.

As a result of the oxygen trapped in the cylindrical samples, some of the B4C probably 

oxidized during the sintering treatment (823K-893K), to form a layer of B2O3 on the B4C 

particulate surfaces19 according to Equation (2-2) and Equation (2-3).

B a C { s )  + 40 2 ( g ) <-> 2 B 2 0 3 ( I )  +  C 0 2  ( g )

( 2-2)

A G °  =-2,811,450+ 413.98T (J/mol)

There are two explanations for the presence of MgO. The first is, that, during cold 

pressing, in air, there was some O2 trapped within the cylindrical samples. During 

subsequent sintering, this oxygen reacted with Mg to form MgO19 according to

(2-3)
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Equation (2-4).

2M g ( s )  +  0 2  (g) <-> 2M g O ( s )

(2-4)
The standard free energy of the process described by Equation ( 2-4) is shown in 

Equation (2-5).

AG °  =-1,202,460 + 215.18T (J/mol)

(2-5)

The second explanation is that MgO is formed from a reaction of B2O3 and Mg, 

according to Equation (2-6). As the proportion of B4C is increased towards 38wt%, the 

diffraction peak, there is a corresponding increase in the amount of B2O3 in the system.

B 2 0 3 (/) + 4M g { s )  <-» 3M g O ( s )  +  M g B 2 (5 )

(2-6)

The standard free energy change for this reaction is shown in Equation (2-7).

AG °  =-666,940 + 123.19 T  (J/mol)

(2-7)

With respect to MgB2 , there are two methods this boride may form. The first is described 

by Equation (2-6). The second is the monolithic B that was identified in the B4C reactant 

will react with Mg to form MgB2 . described by Equation ( 2-8). The standard free energy 

of this process is described by Equation ( 2-9).

M g ( s )  + 2B ( s )  <-» M g B 2 (s )

(2-8)
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A G °  = -92,050 + 10.4677 (J/mol)

(2-9)

To determine the thermodynamic process, which likely occurs, Equation (2-3), Equation 

(2-5), Equation (2-7) and Equation ( 2-9) were plotted as a function of temperature. This 

plot is shown in Figure 2.26. This plot shows that the process which is most 

thermodynamically likely is described by Equation ( 2-2). The next most 

thermodynamically process is described by Equation (2-6).

4 0 0  

0

4 0 0  

A G °
x 1 0 3  

-800 
(J /m ol)

-1200

400 600 T (Kj 800 1000

Figure 2.26: Jiang et al. Gibbs Free Energy Plots.

Since the melting temperature of B2O3 is 723K, at temperatures above this, liquid B2O3 

will be interacting with solid Mg to form MgO and MgB2 . However, the thermodynamic 

probability of Equation ( 2-2) and Equation (2-6) occurring does not preclude the
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occurrence of Equation ( 2-4) and Equation ( 2-8). Jiang et al. did not discuss the reaction 

mechanism to form MgO and MgB2 nor did Jiang et al. describe an overall equilibrium of 

the system.

2.2.5.5 Laser-Clad Coatings of B 4 C/ NiCrBSi powders.

An experimental study investigating the laser cladding of a powdered mixture of NiCrBSi 

and B4C onto Ti-based substrates has been reported by Meng et al. . This study will be 

discussed in this section.

2.2.5.5.1 Experimental Procedure.

In laser cladding, the powdered mixture of NiCrBSi and B4C is applied onto the surface 

of the substrate material28 prior to being subjected to laser treatment28. The composition 

of the cold-rolled substrate alloy is given in Table 2.8.

Table 2.8: Meng et al. alloy composition28.

Al V Ti

(wt%) (wt%) (wt%)

6 4 Balance

A powdered mixture of B4C and NiCrBSi alloy was placed onto the surface of the

98substrate . The composition of this alloy is shown in Table 2.9. This alloy had a nominal
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particle size between 50pm and 80pm. The particle size of the B4C powder was between 

3 pm and 5 pm. No compositional testing of the B4C powder was carried out by the 

authors.

Table 2.9: Meng et al. NiCrBSi alloy composition28.

Cr

(wt%)

B

(wt%)

Si

(wt%)

C

(wt%)

Fe

(wt%)

Ni

(wt%)

15-20 3-5 3-6 1 <5 balance

The coating powder consisted of 5wt% B4C and 95wt% NiCrBSi alloy28. This weighed 

powder mixture was mechanically mixed in a rolling mixer to ensure homogeneity28. 

After mixing, the powdered mixture, now placed on the substrate, was subjected to laser 

treatment. A transverse flow, 1.5kW, CO2 laser28 was used. The parameters for this laser

are shown in Table 2.10. Meng et al. did not employ Ar gas to maintain an inert

28atmosphere during laser cladding .

Table 2.10: Meng et al. laser cladding parameters28.

Beam Diameter Transverse Velocity Laser Power

3x1 O' 03 m 5x10‘03 m/s 0.75 kW
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2.2.5.5.2 Discussion of Results.

9 0

The resulting experimental specimens were examined using SEM and XRD . A 

micrograph of a laser-clad sample from Meng et al. is shown in Figure 2.27. In this

micrograph, the coating and the substrate are clearly seen. Also, the interface between the

28coating and the substrate is seen .

item  Applied 
* * * £ &  Coating

Interface

Substrate

Figure 2.27: SEM micrograph of Meng et al. laser-clad sample'

Figure 2.28 shows an XRD diffraction pattern of the NiCrBSi alloy that was blended with 

B4C powder for the coating. In this diffraction pattern, Ni, M 3B, CrB and Q 7C3 were
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identified.
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Figure 2.28: Meng et al., diffraction pattern of NiCrBSi alloy.

After the laser cladding treatment, XRD analysis of the coated material revealed the 

presence of Ni, Ti, TiB2 , TiC and CrB . It was also suggested that small amounts of 

M 3B and Q 7C 3 might be present below the detection limit of the XRD test28. There was

98no B4C found by XRD . This suggests that the 5wt% B4C, in the original mixture, was

9 8reacted during laser cladding , or is present below the detection limit of the XRD 

equipment.
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Figure 2.29: Meng et al., diffraction pattern of applied coating.

2.2.5.6 PTA using B4 C in Fe-Based Alloy.

The behaviour of B4C under PTA surfacing conditions, using an Fe-alloy matrix, has 

been studied20. The combination of a Fe-alloy, with a density27 of 6150kg/m3 and B4C, 

with a density27 around 2510kg/m3, would result in a heavier MMC than the Mg-B4C, 

MMC previously discussed19. However, the use of an Fe-alloy as matrix is cheaper than 

Mg powder. In addition, a discussion of the metallurgical behaviour of B4C under 

varying PTA conditions is of interest when determining if B4C is appropriate for PTA 

surfacing20.
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2.2.5.6.1 Experimental Procedure.

The composition of the steel substrate is shown in Table 2.11. The PTA parameters that 

were used by Wang are shown in Table 2.12. In Wang’s tests, the current of the plasma

90arc was varied between 80 and 250A . The gas used for both the plasma and the powder 

transport was Ar.

Table 2.11: Wang PTA substrate composition20.

c Mn Si Fe

(wt%) (wt%) (wt%) (wt%)

0.18 1.32 0.53 balance

Table 2.12: Wang PTA parameters20.

Current

(A)

Voltage

(V)

Powder Feed Rate 

(kg/s)

Powder Gas Flow 

(1/s)

Plasma Gas Flow 

(1/s)

80-250 30-32 3x1 O' 4 8.3xl0‘3 6.7x10' 3

Table 2.13 shows that composition of the powdered Fe-alloy for the coating. The nominal 

particle size for this powdered alloy was less than 150pm20. This Fe-alloy powder was 

combined, presumably by mechanical mixing, with B4C powder. A detailed analysis of 

the B4C powder was not provided. This B4C powder had a nominal particle size less than 

50pm20.
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2flTable 2.13: Wang Fe-alloy powder composition .

c Mn Si O Fe

(wt%) (wt%) (wt%) (wt%) (wt%)

0.07 0.45 0.25 <_3.2 balance

The two powders, Fe-alloy and B4C, were combined in different proportions for several 

tests20. The mechanically mixed powder, B4C and Fe-alloy, was prepared with 5wt%, 

10wt%, 20wt% and 30wt%B4C20. The densities of the Fe alloy and the B4C, are 

6150kg/m3 and 25209, 20kg/m3 respectively. The density of the Fe-alloy20 used by Wang 

is given as 6150 kg/m3. Since the densities of the two powders are so different, to attain a 

uniform powder feed during PTA, the powdered mixture was ground with water glass20. 

After this grinding, the mixture of B4C, Fe-alloy and water glass was dried and crushed 

into powder20. This was an attempt to equalize the differences between the two 

materials20.

2.2.5.6.2 Discussion.

It is important to be aware that the melting point temperatures for the Fe-alloy used in 

these tests and B4C are different. Wang provides the melting temperature of the Fe-alloy 

as 1358K and the melting temperature of the B4C as 2723K. Therefore, for the 

temperature range from 1358K up to approximately 2723K, a reaction between solid B4C
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and liquid Fe-alloy would occur. As the liquid Fe-alloy reacts with the B4C particulates, a

90surface layer would be formed on the B4C particles . Once this layer has surrounded the 

B4C particulate, the reaction process becomes slower, owing to the necessity of reactant 

diffusion through this layer29. In terms of reaction kinetics, this layer slows the 

progression of the reaction. In the tests done by Wang, the B4C particulates did not reach 

a temperature, within the feed gas, that would cause them to melt; therefore, the B4C

9 f )particulates entered the weld pool as solids .

After the B4C particulates enter the weld pool, the difference in the density of the Fe-

90alloy powder and the B4C powder causes the B4C particulates to float . If the weld pool 

solidifies quickly, solid B4C particulates will remain in the final MMC20. This was seen 

when the arc current was low and when the powder feed rate was increased20. If the 

solidification rate is not sufficiently fast, the B4C particles will melt. In the case that the 

B4C in the weld pool melts, the liquid B4C remains separate from the liquid Fe-alloy20. 

That is, the liquid B4C does not readily dissolve into the molten Fe-alloy.

Chemical reactions between the melted B4C and the melted Fe-alloy can occur, 

producing Fe-borides20. An increased arc current encourages these reactions20. The larger 

the current, the faster the liquid B4C disappears from the weld pool20. Wang found that

most of the B4C particulates are reacted with the liquid Fe-alloy during PTA when an arc

20current greater than 2 0 0 A is used .
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A micrograph of an experimental sample, after a PTA treatment at 100A arc current is

9 f tshown in Figure 2.30 . This sample was of 5wt% B4C in the powder feed. In this 

micrograph, there are B4C particulates clearly identified embedded in the Fe-alloy

9  ftmatrix . XRD of a sample treated at 100A is shown in Figure 2.31. This diffraction 

pattern identifies austenite (FCC (face centred cubic) iron) and solidified compounds, 

such as Fe2B and Fe3C20. The XRD pattern also identified ferrite (BCC (body centred 

cubic) iron) .The presence of martensite was suggested though Wang provided no 

microstructural verification of this phase. The XRD pattern also contained several, 

unidentified peaks, which were not addressed by Wang20.

Matrix

b4 c

Particulate

Figure 2.30: SEM micrograph of B4C-Fe-alloy PTA coating20.
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Figure 2.31: XRD of PTA Fe/B4 C, 100A arc current20.

90A micrograph of a 20wt% B4C (powder feed) sample is shown in Figure 2.32 . This

9 0sample was subjected to an arc current of 240A . In this micrograph, the interface 

between the substrate and the applied coating can be seen.

j** ■■* »* ■
2

Coating

Interface

Substrate

Figure 2.32: SEM micrograph of IMH-Fe alloy showing interface20
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XRD analysis of a sample fabricated at 240A, is shown in Figure 2.32. This analysis 

identified FeB, Fe2B, solidified eutectics containing cementite (Fe3C) and Fe3B as well as 

martensite (no microstructural reference given) and austenite . B4C was not identified by 

XRD in these samples20. B4C not being identified indicates that there was a reaction 

between the Fe and the B4C, which consumed all or almost all of the B4C.

5 0 0 0 -

4 0 0 0 -

a-Fe-jB/Fe^C
b-F e2B
c - F e B

Intensity d-ferrite
(c o u n ts  per 3U0° 1 e - austenite

s e c o n d )  ,2000 -  c
(i 

! a
1000 4 jef c

10 20 3 0  40  50  60  70 8 0  9 0

2-Theta ( 0 )

Figure 2.33: XRD pattern for Fe/B4 C, 240A20.

2.2.6 Summary.

B4C is a polar covalent carbide with an extremely high hardness4, 9. It is this high 

hardness, which makes this material attractive in wear applications. However, oxidation 

and instability at high temperature are concerns with this ceramic15,16. There is clear 

evidence of reactions between B4C with matrix materials of Al17, type 304 stainless
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I Q  I Q  'J O 0C \

steel , Mg , NiCrBSi alloy and Fe . These studies involved elevated temperatures. In 

the Al experiments, stable aluminium borides were formed17. For the stainless steel, it 

was suggested that the boron carbide reacted with the alloying elements present, also to
I Q

form stable metal borides . For sintering with Mg, B2O3 , magnesium borides and 

magnesium oxides formed19. Laser cladding of B4C and a NiCrBSi alloy onto a Ti-alloy 

substrate resulted in the formation of titanium-borides, titanium carbides as well as

98chromium carbides . PTA surfacing using a blend of Fe-alloy and B4C powders was

90carried out . These tests showed that Fe and B4C form iron borides and iron carbides and 

that to maintain B4C particulates during PTA, a low arc current (100A) was used20.

The B4C studies covered in the literature survey did not identify the fundamental reason 

for the failure of PTA Ni-B4C MMC’s. This work shall address the thermodynamic 

stability of B4C in Ni and contrast it with the stability of WC in Ni at elevated 

temperature (T > 1773K). The next chapter, Chapter 3.0, the experiments designed for 

this work will be discussed.
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3.0 Experimental Apparatus and Procedure.

3.1 Apparatus.

The behaviour of solid ceramic particulates of the ceramics, WC and B4C, contacted by 

molten Ni was investigated in this work. The melting temperature of Ni is approximately 

1730K9 while WC melts at 2800K15 and B4C melts above 2700K15. Therefore, the 

experimental design required the use of a furnace to reach and maintain a temperature 

above 1730K.

A 30kW induction furnace was employed in these tests. The coil was stripped down to 

the basic copper coil in order to tailor the system for the experiments in this work. 

Phenolic rods were then attached at three equidistant points on the coil to prevent the 

turns of the induction coil from contacting each other. The coil was then cemented with 

the refractory-grade ceramic, “Wet Super 3000 Mix 26 - Refractory Mortar" 

manufactured by "Vesuvius Canada Refractories Inc." To ensure that the coil cement was 

thoroughly dried, it was placed in an oven at approximately 398K overnight. Once the 

coil cement was dry, the housing unit for the coil was assembled. A pre-fabricated, high 

temperature, housing unit was purchased. This unit is made of “Indux® 98”, a ramming 

material containing 98% MgO. The housing unit includes top and bottom plates and a 

cylinder to form the walls. The cemented induction coil was placed within this housing 

unit to form the entire melt unit (Figure 3.1).
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Figure 3.1: Completed furnace melt unit and cap.

Within the melt unit, a method to contain the mixture of molten Ni and ceramic was 

needed. After trial and error, a crucible-within-a-crucible system was devised. This was 

to ensure that, should the inner crucible crack during the experiments, the outer crucible 

would contain the leaked material, allowing for the easy removal of both crucibles from 

the melt unit. A large-diameter MgO crucible, with an inner diameter of approximately 

20.3cm, was placed within the furnace coil and acted as the outer crucible. Refractory
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tamping material, Inductogrog no. 150, was rammed into the space between this crucible 

and the coil. Then pelletised graphite was poured into the MgO crucible, under and 

around a smaller diameter alumina crucible, the inner crucible. This alumina crucible had 

an outer diameter of 8.9cm, which held the melt. This experimental set-up allowed the 

alumina crucible to be easily removed from the MgO crucible.

Since B4C and Ni oxidize at high temperatures15 an Ar atmosphere is necessary. To 

achieve this inert atmosphere over the Ni melts, a cap was designed and constructed 

(Figure 3.2). The cap was fabricated using mild carbon steel, which was lined with the 

refractory cement “Wet Super 3000 Mix 26 - Refractory Mortar". As an added 

precaution, a cooling coil, seen in both Figure 3.3a and Figure 3.3b was affixed to the cap 

to prevent overheating.

In the cap design, it was necessary to consider factors such as melt viewing, powder 

injection, melt sampling as well as gas injection. A large port was machined into the top 

of the cap to allow a port-plate (Figure 3.2), with ports for sampling and analysis 

machined into it. The port plate had five ports machined into it (Figure 3.2). The largest 

port was centred in this plate, and was used for melt viewing. The design of the viewing 

port is discussed in section 3.1,2.The remaining four ports were machined around the 

edges of the port plate. The first port was used for gas injection, which is discussed 

further in 3.1.1. The second port was used for powder injection, see section 3.1.3.
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Another port was used for oxygen analysis, see section 3.1.4. The fifth port was used for 

melt sampling, see section 3.1.5.

Figure 3.2: Melt unit cap.

3.1.1 Gas Injection.

There were two methods of gas injection employed in these experiments. The first 

method utilized one of the ports that was machined into the port plate (Figure 3.2). An 

alumina tube was fed through this port, placing the end above the surface of the melt.

It was decided that it would be beneficial to add more ports for gas injection to the melt 

unit. This was accomplished by machining ports circumferentially around the cap. Four
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gas injection ports were added in this manner, bringing the total number of gas injection 

ports to five (Figure 3.2). Figure 3.3 shows two schematic representations of the furnace 

cap, showing the circumferential gas injection line and ports. Figure 3.3a shows the 

exterior of the melt unit cap while Figure 3.3b shows the interior of the cap, identifying 

that the gas injection ports were machined through the refractory mortar to the interior of 

the cap.

\ /  C o o lin g
t  '  IA /« 4 a iC o o lin g — f r ?  
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G la s s
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M o rta r
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Figure 3.3: a) Side view of melt unit cap b) Side view of melt unit cap showing
interior refractory mortar.

3.1.2 Melt Viewing.

A port was machined into the centre of the circular port plate for viewing the melt and for 

measuring the melt temperature. A circular piece of quartz glass was cut to fit this port. 

The function of this quartz window was to make temperature readings using an optical
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pyrometer made by the Leeds & Northrup Company of Philadelphia. Two holding plates 

were then machined to hold the glass in place (Figure 3.4).

quartz

partially I 
compressed 
spiiiig I

holding plate

holding plate

Figure 3.4: Viewing port.

Four screw holes were machined into each of the two plates. The screws used were 

inserted into springs. The screws were then bolted to the top of the viewing port and to 

the melt-facing side of the port-plate (Figure 3.4). These screws were not tightly bolted so 

as to allow the springs to be partially compressed. This was to prevent exerting undue 

pressure on the quartz glass, which could cause it to crack. This port-plate was then 

bolted to the top of the furnace cap (Figure 3.2).

3.1.3 Powder Injection.

One of the ports seen in Figure 3.2 was utilised for powder injection. Figure 3.5 shows a 

schematic of the powder injector. The pressurized powder injection unit was fabricated
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from a stainless steel vessel. A gas inlet was machined into one end of the unit to permit 

pressurization. This pressurization was used to force the ceramic powder out of the 

powder injection unit. At the opposite end of the vessel, threads were included to allow 

the attachment of a ball valve through which powder flowed when opened.

■Gas Inlet

Injection
Unit

Threads for 
C onnection
to  Injection
Unit

Powder
Feed

Threads for 
Ball V alve  
C onnection

Ball
V alve

Figure 3.5: Pressurized powder injection unit.

3.1.4 Oxygen Analysis.

It was necessary to monitor the environment inside the melt unit to ensure that there were 

no major leaks in the system. An oxygen analyzer from Centorr Vacuum Industries30 was 

employed for this purpose and showed O2 levels at or below 300ppm (by volume) during
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experiments. This analyzer uses a zirconia electrochemical cell, which measures the 

oxygen partial pressure . The input gas to this type of cell must be cooled for accurate 

readings. Therefore, a method for cooling the gas prior to its entry to the analyzer was 

necessary. To accomplish this, a copper tube, run through cooling water, was used.

The 1.1cm diameter, copper tube was attached to one of the ports on the port-plate 

(Figure 3.2). A portion of this tube was then wound into a coil and run through a bucket 

of cooling water prior to reaching the oxygen analyser. Gas from on top of the melt ran 

through this copper tubing into the oxygen analyser.

3.1.5 Melt Sampling.

Sampling of the melt was carried out using 1.3cm diameter, Pyrex rods, approximately 

70cm in length. An evacuated quartz tube was carefully attached onto the end of each 

rod, creating the joint seen in Figure 3.6. Quartz has a melting temperature of 

approximately 1980K. Contamination of the melt was not a significant concern through 

the melting of the quartz tubes, as this temperature was not reached during testing 

(section 3.3 further discusses the temperatures used). The end of these tubes that was not 

attached to the rod had small, thinned area at one end. To sample the melt, one end of the 

tube was plunged below the surface of the melt, the thermal shock this caused burst the 

thinned area of the tube. Since the tubes are evacuated a portion of the melt is drawn into
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the tube (Figure 3.6). The Pyrex rod and ampule were then removed through one of the 

ports in the furnace lid (Figure 3.2). Samples were then air-cooled.

Pyrex Rod

Joint
S am p l in g Thin-walled
A m p u le a r e a

Figure 3.6: Sampling ampule and rod.

3.2 Materials and Procedure.

There were two materials that were required to perform these tests. These were the 

ceramic powders and the nickel. The ceramic powders, WC and B4C, were supplied by 

Kennametal and Electro Abrasives respectively. The powders were determined to be 

between the -70 mesh and +270 mesh sizes. This means that the particle diameters were 

all between 210pm and 53pm.

The nickel used was supplied by INCO, at 99.7% purity. This nickel was used as the melt 

material for these tests. These granules/ pellets ranged in diameter up to approximately
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two centimetres. The nickel granules were poured into the alumina crucible prior to the 

furnace cap (Figure 3.2) being placed over the furnace melt unit. The alumina tube for 

gas injection was then placed in the nickel granules. The reason for this is that alumina is 

prone to thermal shock. As the furnace heats, the alumina tube will slowly heat, avoiding 

cracking from thermal shock. The melt unit, prior to the cap being placed over it, is 

shown in Figure 3.7.

Gas Injection 
Alumina Tube

Induction Coil

■Refractory Mortar

Alumina Crucible-

MgO Crucible

Pelletized Graphite

Figure 3.7: Schematic of the melt unit prior to heating.

After the nickel granules and the alumina tube were in place, the furnace cap was placed 

onto the melt unit. A schematic of the experimental set-up is shown in Figure 3.8. All of 

the ports and appendages are labelled on this schematic. It can be seen that the furnace
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cap sat on the housing unit of the melt unit. That is, the diameter of the cap placed it 

outside the diameter of the MgO crucible.

i  { H  Viewini

Port ---------

G as Injection— f H  Viewing Port ■ 

Sam pling Port •
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Cooling Coi

CircumferentiaL 
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Nickel G ranules

— Pow der Injection

Oxygen Analysis 
"1

Cooling W ater

Induction Coil 

R efractory Mortar

MgO Crucible

Pelletized Graphite

H ousing Unit

Figure 3.8: Schematic of the melt unit and furnace cap.

Once the nickel granules had melted, and the desired temperature had been reached, the
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ceramic powder was added to the melt via the powder injection unit. The temperature 

within the unit was measured using the optical pyrometer previously mentioned.

A ball valve was used as the injection port for the ceramic powder (Figure 3.5). This 

valve was threaded on to the powder injection unit after a predetermined amount of 

ceramic powder was added (Figure 3.5). After the ball valve closed, argon gas was blown 

into the unit, pressurizing it. The unit was then tilted at an angle and opened, while the 

argon still flowed through the vessel. Tilting this unit during this process allowed gas to 

be blown from one end to the other without losing any ceramic powder. The valve was 

then closed and the pressurized powder injection unit attached to the furnace cap (Figure 

3.9). The powder was added to the melt by opening the ball valve. This caused the 

ceramic powder to be blown onto the surface of the melt (Figure 3.9). The powder was 

then mixed into the nickel melt by the stirring action of the induction furnace. The ball 

valve and powder injection unit were then immediately removed from the furnace cap to 

avoid melting the seals in the ball valve. After removal, the short pipe used for powder 

injection was stuffed with insulation to avoid heat loss.
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Figure 3.9: Schematic of the furnace including cap and powder injection unit.
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The experiments carried out by Nagase et al. were used as an initial guide of sampling 

times for the Ni-B4C system. Also, it was shown by Nagase et al., that the decomposition 

of boron carbide, at elevated temperature, could occur quickly, sampling of the melt in 

the Ni-B4C system was scheduled to begin shortly after the addition of the ceramic 

powder to the molten melt. For consistency, the timing of the sampling in the WC-Ni 

system was similar.

3.3 Experimental Matrix.

The experiments involved the addition of ceramic powder to a molten nickel bath, 

creating an MMC. In both the WC and B4C tests, experiments were carried out at 

temperatures from 1773K to 1973K. In several of the experiments, the ceramic powder 

was added to the molten bath more than once. The time of the first ceramic powder 

injection, addition #1, was considered to be time zero. As an example, in experiment B6 , 

B4C powder was added at time zero, at 7.1minutes and at 12.8minutes.

Table 3.1 and Table 3.2 show the experimental matrix that was used for the WC and B4C 

experiments respectively. These tables give the test temperature, the addition number of 

the ceramic powder, the time of ceramic powder injection as well as the number of moles 

of Ni, WC or B4C. Table 3.1 and Table 3.2 also include the molar ratios for the Ni-WC 

and the Ni-B4C systems, M°(Ni/wc), M°(Ni/B4C). The molar ratio, in each system, is defined
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as the number of moles of Ni to the number of moles of ceramic (WC or B4C). In these 

tables, the calculated wt% Ni and wt% ceramic (WC or B4C) values are included. As a 

results of the molten mixtures having ceramic powder added more than once, at varied 

times, the number of moles of Ni and ceramic (WC or B4C) and the wt% values for Ni 

and ceramic (WC or B4C) are cumulative.

In the Ni:WC experiments, M°(Ni/wc) was varied from 3 to 250. In experiment W3, 

tungsten carbide powder was injected into the nickel melt only once. In experiments W5, 

W 8 , W10 and W12, tungsten carbide powder was injected at several times. Injecting the 

tungsten carbide several times changed the molar ratio of the system, as can be seen in 

Table 3.1.

In the Ni: B4C tests M0(Ni/B4C)ranged from 1 to 94 (Table 3.2). In experiments B1 and B2, 

boron carbide powder was injected only once, after the nickel was melted. In experiments 

B6 , B7, B9 and B11, boron carbide was injected several times, thereby altering the molar 

ratio in the system, as can be seen in Table 3.2.
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Table 3.1: Experimental schedule for Ni:WC experiments,

showing nominal compositions.

Experiment

#

T

(K)

Addition

#

Time of 

Addition 

(min)

Ni

(mol)

WC

(mol)

Nominal

Molar

Ratio

M°(Ni/wC)

Wt%

Ni

Wt%

WC

W3 1773 1 0 . 0 0 17.0 0 . 1 167.0 98.0 2 . 0

W5 1773 1 0 . 0 0 1 2 . 8 1 . 0 12.5 79.0 2 1 . 1

W5 1773 2 21.4 1 2 . 8 2 . 0 6.3 65.2 34.8

W5 1773 3 32.6 1 2 . 8 3.1 4.2 55.6 44.4

W5 1773 4 42.5 1 2 . 8 4.1 3.1 48.4 51.6

W 8 1873 1 0 . 0 1 2 . 8 0 . 1 250.5 98.7 1.3

W 8 1873 2 3.0 1 2 . 8 0 . 1 125.2 97.4 2 . 6

W 8 1873 3 4.7 1 2 . 8 0 . 2 83.5 96.2 3.9

W 8 1873 4 6 . 1 1 2 . 8 0 . 2 62.6 95.0 5.1

W 8 1873 5 7.5 1 2 . 8 0.3 50.1 93.8 6.3

W 8 1873 6 9.9 1 2 . 8 0.3 41.7 92.6 7.4

W 8 1873 7 10.5 1 2 . 8 0.4 35.8 91.5 8.5

W10 1973 1 0 . 0 1 2 . 8 0 . 1 250.5 98.7 1.3

W10 1973 2 2.3 1 2 . 8 0 . 1 125.2 97.4 2 . 6

W10 1973 3 3.8 1 2 . 8 0 . 2 83.5 96.2 3.9

W10 1973 4 5.2 1 2 . 8 0 . 2 62.6 95.0 5.1

W12 1873 1 0 . 0 8.5 0 . 1 83.5 96.2 3.9

W12 1873 2 3.2 8.5 0 . 2 41.7 92.6 7.4

W12 1873 3 6 . 0 8.5 0.3 27.8 89.3 10.7
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Table 3.2: Experimental schedule for Ni:B4 C experiments, 

showing nominal compositions.

Experiment

#

T

(K)

Addition

#

Time of 

Addition 

(min)

Ni

(mol)

b 4c

(mol)

Nominal

Molar

Ratio

M °(N i/B 4 C )

Wt%

Ni

Wt%

b 4c

B1 1773 1 0.0 17.0 0.2 94.1 99.0 1

B2 1773 1 0.0 8.5 0.2 94.1 99.0 1

B6 1773 1 0.0 8.5 2.7 3.1 76.9 23.1

B6 1773 2 7.1 8.5 5.4 1.6 62.5 37.5

B6 1773 3 12.8 8.5 8.2 1.1 52.6 47.4

B7 1873 1 0.0 8.5 0.4 23.5 96.2 8.9

B7 1873 2 2.9 8.5 0.7 11.8 92.6 7.4

B7 1873 3 5.4 8.5 1.1 7.8 89.3 10.7

B7 1873 4 8.0 8.5 1.5 5.9 86.2 13.8

B9 1973 1 0.0 8.5 0.4 23.5 96.2 3.9

B9 1973 2 1.4 8.5 0.7 11.8 92.6 7.4

B9 1973 3 3.1 8.5 1.1 7.8 89.3 10.7

B ll 1773 1 0.0 12.8 0.4 35.3 97.4 2.6

B ll 1773 2 1.6 12.8 0.7 17.7 95.0 5.1

B ll 1773 3 3.1 12.8 1.1 11.8 92.6 7.4
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Sampling of the molten baths was done at various times. In the experiments that had 

multiple additions of boron carbide or tungsten carbide added, samples were pulled at 

various M°(Ni/wc)> M°(Ni/B4C)- For example, in experiment B6 , samples were taken at 

M°(Ni/B4C)of 1.57 and 1.1. Sampling times are shown in Table 3.3 and Table 3.4 for the 

Ni-WC and the Ni-E^C experiments, respectively.

Table 3.3: Sampling schedule for Ni:WC experiments, M°(Ni/wc>

Experiment # Sampling Time 

(min)

Nominal Molar Ratio

M°(Ni/WC)

W3 3.0 167.0

W3 9.5 167.0

W3 1 2 . 2 167.0

W5 1 0 . 2 12.5

W5 11.5 12.5

W5 37.0 4.2

W 8 0.7 250.5

W 8 3.2 125.0

W 8 4.9 84.0

W 8 10.7 36.0

W10 0 . 2 250.5

W10 2.9 125.0
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Table 3.4: Sampling schedule for NKB4C experiments, M°(Ni/B4C>

Experiment Sampling Time Nominal Molar Ratio

# (min) M °(N i/B 4 C )

B1 8.5 94

B1 11.3 94

B2 1 1 . 8 94

B6 8 . 8 1 . 6

B6 13.5 1 . 1

B6 14.2 1 . 1

B7 0.9 23.5

B7 3.9 1 2

B7 6.5 7.8

B9 1.5 1 2

B9 3.3 7.8

B ll 0.5 35

B ll 2.5 18

B ll 3.3 1 2

3.4 Analysis Techniques and Parameters.

The analysis of the experimental samples required a number of analytical techniques to 

determine the exact nature of the reinforcement, WC or B4C, in the Ni matrix and the 

extent of any chemical reaction between reinforcement and matrix. To determine the 

extent of mixing, chemical analysis of the MMC was carried out using Inductively
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Coupled Plasma spectroscopy (ICP) and x-ray fluorescence (XRF). Optical microscopy 

was used to visualize the presence of the reinforcement in the Ni matrix. Subsequently, 

the samples were analysed using the electron microprobe with wavelength dispersive 

spectroscopy (WDS) to identify the location of the elements in the respective MMC with 

respect to the microstructure of the sample. Finally, x-ray diffraction, XRD, was used to 

identify species present in the respective MMC microstructure.

3.4.1 Yield of W  and Yield of B.

Chemical analysis was used to determine the amount of W and the amount of B that 

entered the melt. There are several methods available to carry out chemical analysis . 

One technique used is x-ray fluorescence. In this technique, a sample is dissolved and an 

x-ray beam impinged upon the sample, causing the sample to absorb energy . This 

absorbed energy, if large enough, causes an inner-shell electron to be expunged from its 

orbit. An outer-shell electron then “falls-in” and replaces the inner-shell electron. When
-5-3

this happens, energy is released and the sample emits a characteristic x-ray . These 

emitted characteristic x-rays are then detected and counted. By comparing these results 

against standards, quantitative chemical analysis is available. This technique is used for 

major element analysis, typically, 10-100ppm’s of heavier elements34, such as Ni, can be 

detected.
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Inductively coupled plasma (ICP) is another chemical analysis technique. In this 

technique, the sample is dissolved and introduced into an Ar plasma stream as a mist . 

This technique measures the spectrum of visible light emitted by the elements at the 

plasma’s temperature32. A spectrometer is then used to measure the light that is emitted 

by the samples. The intensity of the light is measured by the spectrometer. An attached 

computer utilizes software to compare the intensity of the measured wavelengths to 

known standards, thereby identifying the concentrations of a wavelength of interest. This 

technique has the advantage of being able to analyse the lighter elements, such as boron, 

more effectively32. In fact, boron can be analysed down to a concentration of 5pg/l34.

3.4.2 Elemental Point Analysis.

The purpose of elemental point analysis is to determine if  there are areas in a sample 

where the concentration of one or more elements is elevated with respect to other areas of 

the sample. Elemental point analysis can be done in both the energy dispersive 

spectroscopy equipped scanning electron microscope (EDS-equipped SEM) and the 

WDS-equipped electron microprobe.

In EDS and WDS, the electron beam is impinged upon the experimental sample inside a 

vacuum chamber33. When the electron beam strikes the sample, the beam and the atoms 

in the sample interact. This interaction occurs within the sample-beam interaction
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volume, identified in Figure 3.1033. The two parameters, Ri and S, which identify the 

dimensions of the interaction volume, are described by Equation (3-1) and 

Equation (3-2).

° < 5
R x = ----------- (pm)

0.077E1’5

(3-1)

S  = --------- -— (pm)
P

(3-2)

In EDS, the characteristic x-rays emitted by the sample are collected using a 

semiconductor detector. This detector causes the characteristic photon energy of the x-ray 

to be converted to voltage, which is then measured. In WDS analysis, the characteristic 

x-rays that are emitted from the sample strike a diffracting crystal, which diffracts the x- 

rays. There are several diffracting crystals available. A layered dispersion element,
•7

LDE2, crystal is used for B and C-detection . For Ni, a lithium fluoride, LiFH, crystal is 

used32. These diffracted x-rays then strike a detector, which measures them.
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electron beam

’diffracted x-rays

diffracting crystal [

characteristic x-rays

electron beam- sample 
interaction volume

Figure 3.10: Experimental sample and electron beam interaction for WDS.

Analysis using WDS in the electron microprobe (EPMA) was chosen because the 

detection limits of WDS are superior when compared to EDS33. The EDS system can 

typically detect approximately 0.1 wt% while the WDS system can detect down to 

0.04wt%33. Therefore, an order of magnitude in resolution is gained by choosing the 

WDS system over the EDS system. In order to be consistent, it is necessary to evaluate 

many points within the microstructural feature of interest. For example, within one area 

of a sample, determining the wt% of each element, one could repeat the analysis 50-

lOOtimes. This would allow the calculation of maximums, minimums, averages ( x ) as 

well as standard deviations (cr). The manner in which the standard deviation is calculated 

is shown in Appendix A.
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Table 3.5shows the parameters that were used for WDS analysis using the microprobe. 

These parameters include the spot size for the impinging beam. This number, 5 pm, was

•5-5
during the imaging portion of analysis . Imaging was used to identify features of interest 

for further analysis in the samples. These features of interest were then analysed using 

WDS.

Table 3.5: WDS/ Microprobe Parameters.

Beam Spot Size Accelerating Dwell

Current (ib) (imaging) Voltage (E0) Time

20.5nA
During imaging During WDS

2 0 kV 15ms
lOnm 5 pm

3.4.3 Compound Identification.

A commonly used technique, powder x-ray diffraction (XRD) was chosen for compound

•3C
identification. In this technique, monochromatic x-rays, from a Co-tube source , are 

impinged on a powdered sample. Powder XRD was utilized for the experimental 

samples. All possible grain orientations of a sample are analyzed when the sample is in 

powder form. Therefore, the resulting spectrum is an average over all of the grain 

orientation of the powdered sample.

The lattice of atoms within the sample diffracts the impinging x-rays according to

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bragg’s Law36, seen in Equation ( 3-3).

n A  =  2 d  sin 6

(3-3)

Bragg’s Law describes the relationship between the interplanar spacing in a molecule, the
•5/r

wavelength of the impinging x-ray beam and the angle at which x-rays are diffracted . A 

schematic description of Bragg’s Law is shown in Figure 3.11.

d iffrac ted  x -ra y sim p in g in g  x-rays '

a to m s

Figure 3.11: Schematic describing Bragg’s Law .

A detector is used to measure the diffracted x-rays at different values of 20. These 

measurements are used to generate a spectrum of the angles detected.

The XRD spectra produced reveals a significant amount of qualitative information. First, 

the locations of the peaks along the ordinate axis are specific to an element or 

compound3 3 , 37 thereby allowing the identification of a particular element or compound in
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the sample being analysed. Second, the height of the diffraction peaks gives a qualitative

o r  - JO

measure of the proportions of elements/ compounds in the sample ’ . The peak heights 

are plotted relative to the species with the maximum number of counts (number of times 

an angle is detected). Third, the width and location of the peaks for an experimental 

sample, in comparison to a diffraction pattern of a standard of the same composition,

i t  38
reveals information regarding the purity of the sample ’ . For example, if a peak for Ni 

in an MMC is significantly wider than the standard peak for pure Ni, it suggests that there 

could be a solid solution or an alloy element in the Ni matrix. For example, if a Cu-Ni 

alloy is analysed using XRD, it will be found that the Ni peaks will be altered, when 

compared to standard Ni peaks because of Cu being dissolved into the Ni matrix38.

The equipment used was a “Rigaku Geigerflex Powder Diffractometer with a Co tube

•>c
and graphite monochromator” , run at 40kV and 30mA. On-line searching and matching

37of spectra relies on the JCPDS database. This equipment uses a fixed, vertical 

goniometer system35 with a moveable arm. This arm sweeps over the sample, which also 

moves. The relationship between the arm and the sample movement is 2 to 1. That is, for 

every 2 ° that this arm moves, the powdered sample moves 1 degree, meaning that at a 2 - 

theta value of 90°, the samples is sitting at a 45° angle within the equipment. Samples 

were run from 2 to 90 0 at a rate of 2°/min. The abscissa on a diffraction plot measures the 

diffraction angle, 20. The ordinate axis of an XRD diffraction pattern shows the intensity, 

in counts, of the diffraction at a specific 2 0  value.
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XRD results show a spectrum of peaks that are unique to a compound. Though each 

spectrum is unique, peak overlapping in XRD can occur. By comparing spectra of 

different compounds, these overlaps can usually be resolved (Appendix B). The XRD 

equipment employs data processing techniques to aid in the identification of overlapped 

peaks33. To corroborate the observations found from the comparisons of the spectra, a 

phase diagram of the system, if available, can be used. At a given composition, a phase 

diagram can suggest which compounds should be present at room temperature. In 

conjunction with other methods, XRD can prove to be an extremely useful tool.

3.4.4 Sample Preparation.

3.4.4.1 Chemical Analysis.

It was necessary to dissolve the samples for chemical analysis by XRF and ICP. This 

dissolution was accomplished using a 50/50 mixture of hydrochloric acid (HC1) and nitric 

acid (HN03)34.

3.4.4.2 Optical Microscopy and EPMA.

Sample preparation for optical microscopy and microprobe analysis was a multi-step 

procedure. The experimental samples were sectioned and mounted in a two-part epoxy 

resin called Epothin™, made by Buehler Inc. The samples were then ground for 1 minute
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using 500grit SiC paper made by Struer. This was followed by lminute of polishing 

using first a Buehler Inc. 600grit diamond disc then lminute of polishing using Struer 

diamond paste on ET Enterprise Pellon paper. Further polishing was done for 5minutes 

using Fisher Scientific 0.3pm Alumina Oxide powder on ET Enterprise Pellon paper. The 

final polishing was done using 0.3pm Fisher Scientific Alumina Oxide powder on a 

Buehler Inc microcloth, done for lminute.

A strip of conductive Cu tape was used on the samples analysed by the microprobe to 

prevent heating of the epoxy in which the experimental samples were encased33.

3.4.4.3 XRD

There were two methods of preparation used for the samples that were analysed by XRD. 

Some of the experimental samples were filed using a clean steel file. The samples were 

placed in a vice grip with a portion left un-clamped. This un-clamped portion was then 

filed, producing a powdered sample.

The rest of the XRD samples were reduced to powder using a pulverizer. The machine 

you used is a “UA type disc pulversizer” manufactured by Braun Corporation. This 

pulverizer has a motor rating of 3hp (horsepower).
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4.0 Experimental Results.

4.1 Powder Addition to Melt.

It is important to discuss what was observed as the ceramic powders were added to the 

molten Ni. These observations aid the understanding of the yield of W and B from 

chemical analysis.

In the Ni-WC system, as the powder blew onto the surface of the melt, it appeared from 

visual observation of the melt through the viewing port that the powder was incorporated 

into the melt. The WC powder seemed to disappear very quickly from the melt surface. 

After the Ni-WC experiments were finished and cooled, the lid of the furnace was 

removed. A very small amount of WC was observed on the inside of the furnace cap. It 

was therefore concluded that almost all of the WC powder entered the melt.

The results with B4C addition were different. After the experimental furnace was cooled 

to room temperature and the lid removed, there was a significant amount of B4C powder 

on the inside of the lid, the sides of the furnace and above the melt surface. Since the B4C 

particles are significantly lighter than the WC particles (both were of the same size, 

between 53 pm and 210pm) the probability that B4C particles would be bounced off the 

melt surface or blown away from the melt by the circumferential gas injection is more
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likely than for WC. Chiovelli, S .4 also noted this bouncing of B4C particles. As was 

previously mentioned, Ar gas was being circumferentially blown into the furnace cap 

during experimentation. The B4C particles were likely light enough that this gas could 

have blown some of them away from the melt surface towards the sides of the furnace 

lid. Mixing of the addition of B4C into the Ni melt appeared to be variable.

4.2 Chemical Analysis.

Chemical analysis of several samples was done in an attempt to determine how much of 

the B4C/ WC powder actually entered the molten nickel. The two methods of chemical 

analysis that were used were ICP and XRF. A description of ICP and XRF is given in 

section 3.4.1. ICP was used to analyse for boron content of the Ni-B4C samples. XRF 

was used to determine the wt%W in the Ni-WC samples. Only the wt% results for W, 

from the WC-Ni and B, from the Ni-B4C samples, are being presented. With respect to 

carbon, it is assumed that the small flux of oxygen, due to leaks, during the experiments 

would oxidize any free C present. Also, carbon present from other sources, such as the 

carbon susseptor, would cause an erroneous C reading. For example, C dust could settle 

within the melt unit after the graphite pellets were poured around the MgO crucible. It is 

not feasible to eliminate this possible source of C; therefore, a C mass balance on the 

sample was not pursued.
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4.2.1 Chemical Analysis of the Ni-WC System.

There were five samples that were analysed using chemical analysis in this system. These 

samples were chosen to encompass a range of M°(Ni/wc), temperatures (1773K to 1973K) 

and testing times (6.5min to 37min).

The results that were obtained from the chemical analysis for the Ni-WC system are 

shown in Table 4.1. This table shows the nominal amount of W added to the Ni melt as 

WC. Also shown is the wt% of W determined by XRF. The sum of the Ni melt and WC 

added are taken as the reference for these calculations. It can be seen from this table that 

the yield of W (given as the ratio of nominal W added to W analysed) varies from a high 

of 83% to a low of 24%. The low value of 24% is from the 37minute samples from 

experiment W5. In the chemical analysis, the HCI/HNO3 acid mixture was unable to 

completely dissolve this sample. The reason for this is not known. It appears that this 

incomplete dissolution is related to the low yield of W in this sample.
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Table 4.1: Chemical analysis results and yield W.

Experimental Parameters Nominal 
amount of W 
added as WC

(wt%)

Chemical
Analysis
(wt%)

% Yield W

Exp # T

(K)

Sampling
Time

(min)

M°(Ni/wC)
W

(nominal)

W

(actual)

W  ( a c t u a l )  

W  (nominal)

W3 1773 9.5 167.0 2 . 0 0 . 8 43

W5* 1773 37 4.2 41.7 1 0 . 0 24

W5 1773 1 0 12.5 19.8 15.9 81

W8 1873 17 35.8 8.5 6 . 2 77

W10 1973 16 62.6 4.8 3.0 63

W12 1873 6.5 28 1 0 .1 8.3 83
* Sample not fully dissolved.

The yield of tungsten will be used to discuss experimental results from this point forward. 

All of the reactant nickel is present in the melt. For example, for the 1 Ominute sample 

from experiment W5, 81% of the W that entered the system in WC (200g), entered the 

molten bath. This means that, of the 187.7g of W (of 200g WC added), 152.07g of W 

actually entered the melt as WC.
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4.2.2 Chemical Analysis of the Ni-B4C System.

The chemical analysis of the Ni-B4C system was carried out using ICP to determine the B 

content of the samples. There were twelve experimental samples that were chemically 

analysed in the Ni-B4C system. These samples covered the range M°(Ni:B4C) from 94 to

1.1. For these samples, it is expected that the yield of B4C will be lower than the yield for 

the WC samples for reasons discussed in section 4.1. Table 4.2 shows the nominal wt% B 

added as B4C, the wt% B, measured by ICP as well as the total yield of the boron. It can 

be seen that the maximum yield of boron was 44% and the minimum was 2%. These 

yield values will significantly affect the remainder of the analysis methods. Therefore, 

this yield of boron, calculated in the same manner as for the Ni-WC samples, will be used 

for discussion. In the cases where more than one sample was chemically analysed, an 

average yield value will be used for the discussion.
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Table 4.2: Chemical analysis results, M-B4C system, yield B.

Experimental Parameters Nominal B 
added as B4C

(wt%)

Chemical Analysis 
(wt%)

% Yield B

Exp
#

T
(K )

Sampling
Time
(min)

M °(N i:B 4 C ) B (nominal) B (actual)
BiaCtUal) *100 

^(nominal)

B 1 1773 8.5 94 0.8 0.3 44

B 1 1773 11.3 94 0.8 0.2 23

B 2 1773 11.7 94 0.8 0.1 13

B 6 1773 1.0 3.1 18.1 0.4 2

B 6 1773 14.2 1.1 37.1 0.6 2

B 7 1873 3.8 12 5.8 0.9 15

B 7 1873 8.5 5.9 10.8 1.2 11

B 9 1973 1.5 12 5.8 1.7 30

B 9 1973 4.2 7.8 8.4 1.1 13

B l l 1773 0.5 35.3 2.0 0.6 29

B l l 1773 2.5 17.7 3.9 0.9 23

B l l 1773 3.2 12 5.8 0.2 4

The low yield of B in these experiments is likely due to a number of factors, which are 

quite complex. Some of these have been discussed in section 4.1 due to the physical 

addition of B4C to the melt. Another reason for the loss of B in the system can be 

illustrated by analyzing the chemical analysis results from experiments B1 and B2. In 

these experiments, a single addition of B4C was made at time Os. Samples were removed 

from the melt at 8.5, 11.3 and 11.7 minutes after the B4C addition to the melt. The %B
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yield for these samples, shown in Table 4.2, decreases with increasing sampling time.

The loss of B from experiments B1 and B 2 can be explained. The oxygen analysis exiting 

the furnace cap was measured to be approximately 300ppm’s (section 3.1.4). The 

presence of O2 over the melt could result in the formation of gaseous B2O3. At 1773K, 

the standard Gibbs free energy change, AG ° , for the formation of gaseous B2O3, is -  

767KJ/mol. This AG °  indicates that this process, to form B2 0 3 (g), would spontaneously 

occur. Since the gas phase above the melt was not analysed, the B within B2O3 was not 

detected.

4.3 Optical Microscopy (OM).

The experimental samples of Ni-WC and M -B 4C  were examined first using optical 

microscopy to determine if  there was any obvious evidence of reaction. The particle size 

of the ceramic powders, between 210pm and 53pm, would make it possible to view these 

particles at low magnification.

4.3.1 OM in the Ni-WC System.

Two experimental samples were chosen to represent the Ni-WC system for OM. When 

investigated using OM, the OM images of these samples were very clear. Other samples
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investigated by OM were not as clear (though the features discussed for the two samples 

chosen were seen in the images not presented here). The micrographs shown in Figure

4.1, Figure 4.2 are from samples taken during experiment W5 and are representative of 

all samples viewed by OM. The yield of W in experiment W5 was 81%. In both Figure

4.1 and Figure 4.2 there are ceramic particles present. Figure 1.1 shows an image of a 

PTA treated Ni alloy -W C MMC5. The angular shape of the WC particles, identified by 

Neville et al., is typical of WC powders. This same appearance of the WC particles is 

evident in Figure 4.1 and Figure 4.2. Thus, a portion of the WC that was added to the 

system also entered the melt and remained. Also evident in Figure 4.1 and Figure 4.2 are 

porosity. The first type of porosity, type 1, appears to be the result of WC particles falling 

out of the Ni matrix. This conclusion is based on the shape of the porosity, which is 

angular and similar to the shape of WC powder. The second type of porosity, type 2, 

could be the result of dissolved gases, which precipitate out on solidification as spherical 

porosity38,39.

Though these micrographs show that there are ceramic particles embedded in the nickel 

matrix, this magnification does not allow the viewer to ascertain whether or not any 

reaction has occurred between the WC particles and the nickel matrix. Therefore, further 

analysis of these samples, using EPMA and XRD is warranted.
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Ni m atrix

Porosity , ty p e  2

P orosity , ty p e  1

Figure 4.1: Micrograph of 11.5minute sample from experiment W2.

Porosity, type 1

Ni matrix

Porosity, type 2

Figure 4.2: Micrograph of 37minute sample from experiment W2.

4.3.2 Optical Microscopy in the Ni-B4C System.

In the Ni-B4C system, several micrographs were taken at different magnifications. Two 

images were chosen to represent the Ni-B4C system. These images were chosen because 

of their clarity as well as their representative appearance. Representative micrographs,
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from the 8.5minute sample from experiment B l, where the wt% B was determined to be 

0.3wt% are shown in Figure 4.3, Figure 4.4.

Figure 4.3 shows a low magnification image of the 8.5minute sample from experiment 

Bl. The solidification pattern of the samples is clearer by looking at a higher 

magnification micrograph (Figure 4.4). Two solidification steps can be identified on this 

micrograph. There are dendrite-like fingers present, surrounded by darker areas. From 

ICP analysis, the composition of the 8.5minute sample from experiment B l was 

determined to be 0.4wt%. This analysis neglects the C concentration in the system 

(section 4.5.3.1). If a Ni-B alloy with a composition of 0.4wt%B is cooled from above 

1730K, these two solidification steps can be described using the Ni-B phase diagram21 

(Figure 4.5). As the temperature drops below 1730K, a liquidus is crossed and solid Ni 

begins to form. Between 1730K, and approximately 1350K, a mixture of solid Ni and a 

liquid solution of Ni and B is present. In Figure 4.4, the areas labelled as dendrites are 

comprised of this solid Ni. When 1350K is reached, the remaining Ni and B will solidify 

together. This solidified Ni-B mixture is identified as the interdendritic regions in Figure 

4.4. Further discussion of this solidification pattern can be found in the microprobe 

section of this work (Section 4.4).
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Figure 4.3: Optical micrograph of 8.5minute sample from experiment Bl.

dendritic region

interdendritic region

50 urn

Figure 4.4: Optical micrograph of 8.5minute sample from experiment B l.
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Figure 4.5: Ni-B phase diagram with 0.3wt%B identified.

The micrographs of the Ni-EUC samples that were investigated by OM do not show any 

particles of boron carbide to be visible. However, it cannot be concluded that B4C 

particles are not present in other areas of the sample not pictured. Therefore, M -B 4C  

samples will be further investigated using EPMA and XRD.
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4.4 Microprobe (EPMA).

The presence of angular ceramic particles in the representative Ni-WC optical 

micrographs indicated that the WC particles did not decompose. However, if  there is a 

reaction between Ni and a portion of the WC, optical microscopy will not provide a 

distribution of W throughout the Ni matrix. Elemental point analysis of a representative 

sample will determine the distribution of W in the sample.

In the representative M -B 4C  optical micrographs, there were no B4C particles identified. 

Elemental point analysis using the microprobe was used to further investigate a 

representative sample. If there was a reaction between the boron carbide particles and the 

nickel matrix, it is necessary to identify, for example, if  the boron is located in a specific 

region of the samples.

Using a JEOL 8900 microprobe, several experimental samples were analysed. Elemental 

point analysis was combined with high magnification micrographs to determine if  any 

species have segregated to grain boundaries or if  an element is evenly distributed through 

the sample. This was accomplished by using WDS for the reasons outlined in section

3.4.2 . Three samples from two experiments, W3 and B1 were analysed. The analysed 

samples from these experiments are shown in Table 4.3.
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Table 4.3: Samples analysed using WDS.

Experiment # Sample Time 

(min)

% Yield

W B

W3 9.5 43 -

W3 1 2 . 2 43 -

B1 8.5 - 44

4.4.1 EPMA in the Ni-WC System.

Two samples were chosen for elemental point analysis in the Ni-WC system. These 

samples were the 9.5minute and the 12.2minute sample from experiment W3. Both of the 

samples were from the experiment with the lowest yield of W, at 43%. As was previously 

discussed, in the Ni-WC system, the addition of WC to the molten melt was not difficult. 

A high yield of W implies a high yield of WC. If the yield of WC particulates was 

sufficiently high, the WC particulates would have impeded the investigation of the matrix 

material. Investigation of the matrix was necessary to determine if there was W present 

within the matrix itself. A micrograph of the 9.5minute sample from experiment W3 is 

shown in Figure 4.6. From this experimental sample, elemental point analysis was carried 

out at 95 discrete points. These points were chosen to represent areas of varying 

appearance throughout the microstructure. For example, some of the points were located 

within regions, which appeared darker in Figure 4.6 while others were chosen within
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areas of lighter appearance.

Figure 4.6: Image of the 9.5minute sample from experimentW3 (microprobe).

Table 4.4 gives a summary of the elemental point analysis results for the 9.5minute 

sample from experiment W3. It can be seen that the maximum wt% W was 1.3 and the 

m i n i m u m  was 0.8wt%. The manner in which the standard deviation, a, was calculated is 

shown in Appendix A.

Table 4.4: Elemental point analysis results, 9.5minute sample, experiment W3.

Number of Data 

Points

Maximum 

wt% W (%)

Minimum

wt% W (%)

Average 

wt% W (%)

Standard

Deviation

CT

95 1.3 0 . 8 1 0 . 2
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The sample taken at 12.2minutes during experiment W3 was also analyzed using WDS. 

A microprobe image of this sample is shown in Figure 4.7. This image identifies two 

features of interest that were analysed using WDS. The features appear, in Figure 4.7, to 

be locations where angular, WC particles fell out of the matrix. Therefore, it is of interest 

to examine the area of the sample that would have been beneath the WC particles to 

determine if there is a W content different from the W content given for the 9.5minute 

sample (both are from experiment W3). Within these features, 1 and 2, there were 48 and 

95 selected points to be analysed, respectively.

1

2

Figure 4.7: Image of the 12.2minute sample from experiment W3 (microprobe).

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.5 gives a summary of the elemental point analysis results for the 12.2minute 

sample from experiment W3. For the analysis of feature 1 in Figure 4.7, it can be seen 

that the maximum wt%W is 1.3 while the minimum wt%W is 0.3. Using all 48 pieces of 

data, the average W content was found to be 0.9wt%. This data had a calculated standard 

deviation of 0.2 (see Appendix A ). Feature 2 in Figure 4.7 contains a maximum wt%W 

of 1.5 and a minimum wt%W of 0.1. Using all wt%W data from the 95 points evaluated, 

the average W content was found to be lwt% with a standard deviation of 0.3.

Table 4.5: Elemental point analysis results, 12.2minute sample, experiment W3

Feature 

Number (#)
Number of 

Data Points

Maximum 

wt% W (%)

Minimum

wt% W (%)

Average 

wt% W 

(%)

Standard

Deviation

a

1 48 1.3 0.3 0.9 0 . 2

2 95 1.5 0 . 1 1 . 0 0.3

The presence of W in the results from the 9.5minute sample and feature 1 and feature 2 

from the 12.2minute sample suggests that a reaction occurred between the Ni matrix and 

the WC particles. In both samples, this resulted in the distribution of W throughout the Ni 

matrix.

I l l
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4.4.2 EPMA in the Ni-B4C System.

Investigating Ni-B4C samples using OM did not show any visible B4C particles in the 

nickel matrix. WDS analysis was done for the 8.5minute sample from experiment Bl. 

This sample was chosen because it had the largest yield of B. As discussed in section 4.1, 

there was difficulty getting the B4C powder to enter the molten melt. The highest yield 

sample was chosen to assure that a sufficient amount of B was present in the sample to 

facilitate WDS analysis. The analysis of this sample provides further evidence of the 

solidification pattern discussed in section 4.3.2.

A microprobe image of the 8.5minute sample from experiment Bl is shown in Figure 4.8. 

This image shows dendritic and interdendritic regions. The dendritic regions are those, 

which appear lighter in colour in Figure 4.8 while the interdendritic regions appear 

almost black. The Ni-B phase diagram suggests that Ni dendrites will form upon cooling 

between trace B and 4wt%B, which covers the range of wt%B values determined by ICP. 

The Ni-B phase diagram also indicates that the interdendritic regions will contain a 

mixture of both Ni and B.

Figure 4.8 shows an image of the 8.5minute sample from experiment Bl identifying the 

regions that were analysed by WDS. There are nine features of interest identified. Within 

these features four, elemental analyses were completed. Table 4.6 shows the WDS results 

from the elemental analysis of these nine features. This table gives the maximum wt%B,
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the minimum wt%B, the average wt%B as well as the calculated standard deviation in the 

wt% data.

1

2

3

4

5

6

7
8

9

Figure 4.8: Image of the 8.5minute sample, experiment B l (microprobe).

Table 4.6 indicates that the interdendritic regions of the sample have an elevated boron 

content. The boron content of the interdendritic regions reaches a maximum of 12.6wt%. 

However, in Table 4.6, the region identified as interdendritic, feature 9, does not appear 

to contain B. A possible explanation for this is that the area analysed was not actually 

interdendritic, but a small pore. Therefore, the WDS was analysing a dendrite.
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Table 4.6: Elemental point analysis results, 8.5min sample, experiment Bl, 4data

points/ feature.

Feature

Number

(#)

Dendritic Interdendritic

Maximum 

wt% B

(%)

Minimum 

wt% B

(%)

Average 

wt% B 

(%)
5

Maximum 

wt% B (%)

Minimum 

wt% B (%)

Average 

wt% B 

(%)
§

1 11.7 1 1 .2 11.4 0 . 2

2 0.7 0 0 . 2 0.3

3 0 0 0 0

4 1 2 .6 10.3 1 1 .8 0.9

5 0 0 0 0

6 0 .2 0 0 .1 0 .1

7 0 .2 0 0 .1 0 .1

8 0 0 0 0

9 0 0 0 0

4.4.3 Summary of EPMA.

The WDS results, for representative samples and features, suggested several things. In 

the WC-Ni system, images of the two samples (Figure 4.6 and Figure 4.7) from 

experiment W3 show the formation of dendrites, which formed during the solidification
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of the sample. The WDS analysis determined that there was W distributed through the 

matrix suggesting a reaction between WC and Ni occurred.

In the Ni-B4C system, the dendritic solidification pattern seen in the micrograph of the 

8.5minute sample from experiment B l, Figure 4.8, is in agreement with the solidification 

behaviour described on the Ni-B phase diagram (Figure 4.5). This sample, the 8.5minute 

sample was representative. The elemental point analysis done by WDS identified the 

areas within the samples where B was located, the interdendritic regions. WDS does not 

provide details as to the chemical nature of the B. In the future work section, section 6.2, 

the use of a field emission scanning electron microscope, an FESEM, to investigate the 

particle morphology will be discussed. Therefore, XRD will be used to identify the 

chemical nature of the B, specifically, if there are any B compounds forming and what 

these compounds are.

4.5 X-Ray Diffraction.

Optical microscopy was used to see if ceramic particles were visible at low 

magnification. For the Ni-WC system, WC particles were visible. In the Ni-B4C system, 

there were no obvious ceramic particles present. To further investigate these results, the 

microprobe was used. At high magnification, investigation of the dendritic and inter

dendritic regions was completed, evaluating features of interest. For example, in the
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8.5minute sample from experiment B l, it was noted that the interdendritic regions had a 

significantly elevated level of boron. The XRD was used next to identify reaction 

products that had formed. The standard XRD data for all species identified is shown in 

Appendix C.

4.5.1 XRD o f Raw Material.

The XRD spectrum for the as received WC powder is shown in Figure 4.9. There are two 

high intensity peaks that are clearly shown at 2-theta values of approximately 41° and 57 

°. Three, medium-intensity peaks are located at 37°, 760 and 87 °. One low-intensity peak 

is found at a 2-theta value of 78 °. All of the peaks that are seen on this spectrum are 

narrow in width. The peaks that are seen are in correspondence with the standard peaks 

for WC35.

- w c1000

750-
Intensity
(Counts)

500

250

2-Theta

Figure 4.9: XRD of raw WC powder (Kennametal).
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The XRD analysis of a sample of the boron carbide powder is shown in Figure 4.10. On 

this plot, there are 20 peaks that are identified. Table 4.7 gives a listing of the peaks that 

are associated with B4C35.

As previously discussed in section 2.2.1, the stoichiometry of B4C is not always exact. 

That is, there are stoichiometries of boron carbide other than B4C (section 3.4.3). There

• 5 7

are five peaks, identified in Figure 4.10, that correspond to graphite .

8 ;

Intensity ■
(Counts)

xlO3 6 j 3 5

2-Theta (O)

Figure 4.10: XRD of B4 C charge powder (Electro Abrasives).
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Table 4.7: B4C peak identification35,37.

Peak# 2-Theta (°) Peak# 2-Theta (°)

1 22.9 13 75.5

2 25.6 14 76.7

3 27.4 15 79.5

4 37.2 16 84.0

5 40.8 17 85.1

6 44.2 18 85.9

7 45.8 19 88.5

8 56.5 2 0 90.4

9 59.1

1 0 63.0

1 1 66.7

1 2 69.6

The third charge material, nickel, as supplied by INCO, was also analysed using XRD. 

The result of this analysis is shown in Figure 4.11. Figure 4.11 shows the presence of two 

peaks for nickel, located at 52° and 61°, as is expected35. There are some minor peaks in 

this pattern that can be attributed to nickel oxide, NiO. The standard free energy, AG° for
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the formation of NiO from Ni and 0 2 (g), at room temperature is -212kJ/m ol. This means 

that the formation of nickel oxide is spontaneous.

6000'

Ni

5000

4000
Intensity
(counts)

30001

2000

1000

10 20 30 40 50
2-theta (°)

60 70 80 90

Figure 4.11: XRD of Ni charge material supplied by INCO.

4.5.2 XRD Results in the Ni-WC System.

There were two experimental samples chosen for XRD analysis in the Ni-WC system. 

These samples were chosen from experiment W5, where the yield of W was found to be 

81%. This yield would allow the identification of any reaction products above a 

detectable level.
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In the case of the Ni- WC system, OM and EPMA did not reveal the presence of reaction 

products. A more in-depth investigation, possibly using the FESEM would have allowed 

the identification of any reaction layer on the surface of the WC particulates. In a 

micrograph, taken on an optical microscope, of the 11.5minute sample from experiment 

W5 (Figure 4.1) it appears that the tungsten carbide particles, angular in shape, are 

present. WDS analysis using the microprobe determined that both the 9.5minute and 

12.2minute sample from experiment W3 had a W level around lwt% in both dendritic 

and interdendritic regions (section 4.4.1).

Figure 4.12 shows the XRD spectra for the 10.2minute sample from experiment W5. The 

WC peaks are clearly present, though in some cases, they are overlapped with other 

peaks. For example, there is an overlap of a WC peak and a C peak around 62°.

If the Ni peaks are inspected closely, it can be seen that the peaks have increased in 

breadth when compared to the nickel peaks of the charge Ni, shown in Figure 4.11. This 

broadening is attributed to the dissolution of tungsten in nickel33. Also identified in this 

diffraction pattern are the peaks for C (graphite) and Fe3C>4 . The presence of Fe3C>4 is not 

unexpected as the samples were filed using steel files. During filing, a small amount of 

contamination may have occurred.
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Figure 4.12: XRD of 10.2minute sample from experiment W5.

Figure 4.13 shows the diffraction pattern for the 11.5minute sample from experiment W5. 

This diffraction is similar to the patterns shown in Figure 4.12 for the 10.2minute sample, 

also from experiment W5. This sample also contains WC, Ni, C ( graphite) and Fe3C>4 .

Ni
4000 -

-WC
_  3000 -

' »  2000  -

1000  -

40 45 50 55 60 65 70 7530 35 80 85 90

2-Theta (°)

Figure 4.13: XRD of 11.5minute sample from experiment W5.
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4.5.3 XRD Results in the Ni-B4C System.

Several experimental samples were chosen for XRD analysis. The samples were chosen 

to represent the range of the boron yield values and the M°Ni:B4c values. To accomplish 

this, there were 8  samples chosen for XRD analysis.

Table 4.8: Description of samples chosen for XRD.

Experiment Sample Time (min) M°Ni;B4C B Yield (%)

Bl 11.3 94 23

B7 0.9 24 13*

B7 3.8 1 2 13*

B9 1.5 1 2 30

B7 6.5 8 13*

B9 3.3 8 2 1

B6 8 . 8 1 . 6 2 *

B6 13.5 1 .1 2 *

* Average for experiment.

Experimental samples from experiment Bl were found to contain less boron than was 

expected (revealed by chemical analysis). The yield of boron for the 11.3minute sample 

from experiment Bl was around 23%.Figure 4.14 shows the XRD spectrum of the

11.3minute sample. The nickel peak that is located at a 2-theta value of 52.2° appears to
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be broader than the same nickel peak in Figure 4.11. This broadening could be attributed 

to peak interference between the Ni and the M 3B peak or, it could signal the presence of 

some dissolved B in the nickel, further evidence that there was a reaction between the Ni 

and the B4C particulates. No B4C was identified in this sample, which could indicate that 

all of the B4C particulates reacted, an undesirable result for an MMC3,4.

1 -  Ni3B  
1 -  Ni

350

300

250
Intensity
(Counts)

200

150

100

2-Theta P)

Figure 4.14: XRD of the 11.3minute sample from experiment B l.

Experiment B 7 had several portions of B4C added. The X R D  spectrum of the sample 

taken at 53seconds is shown in Figure 4.15. The average yield of B for experiment B 7 

was found to be around 13%. This means that only 2.05g of B  out of the total 15.65g of B
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added (as part of 20g of B4C) actually entered the melt.

The XRD spectrum identified only Ni and NisB. The higher intensity M 3B peaks located 

at 2-theta values of approximately 45 °, 50 °, 5 2° and 53 0 were easily identified. The two, 

nickel peaks at 52 0 and 61° were also clearly present. There were no peaks that could be 

attributed to B4C in this spectrum.

1200

-Ni
1000  -

800 - 
Intensity 
(Counts) 

600 -

400 -

200  -

4 5 5550 60 65 70 75 8035 40 85 90
2-Theta (0 )

Figure 4.15: XRD of the 53second sample from experiment B7.

A second charge of B4C was added during experiment B 7 at 3minutes. The XRD 

spectrum for a sample taken at 3.8minutes is shown in Figure 4.16. Chemical analysis 

revealed that only around 13% of the B injected as B4C entered the melt, significantly
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affecting the N i:B :C  ratio in this sample (section 5.4 discusses the thermodynamic 

implications of this). Again, there are no B4C peaks identified in this diffraction pattern.

1400 T

-Ni1200  -

1000  -

800 -
Intensity
(Counts)

600 -

400 -

200 " i I  ̂ I ^
.......

30 35 40 45 9050 55 60 65 75 80 85

2-Theta (°)

Figure 4.16: XRD of the 3.88minute sample from experiment B7.

During experiment B9, the sample taken at 1.5minutes was analysed by both chemical 

analysis and XRD. Chemical analysis of this sample showed an approximate boron yield 

of 30%. This means that, of the original 31,3g of B injected (in B4C) only 9.3g of B 

actually entered the melt. Again, this loss of B will significantly affect which Ni-B 

compounds are formed in the system, as will be seen in the thermodynamics section of 

this report. The XRD spectrum of this sample is shown in Figure 4.17. Ni3B and Ni were
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clearly identified. All of the peaks in Figure 4.17were attributed to Ni3B and Ni.

7 5 0  '

5 0 0

Intensity
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2 -T h e ta  ( ° )

Figure 4.17: XRD of the 1.5minute sample from experiment B9.

In experiment B7, a third charge of B4C was added at 5.5minutes. XRD of a sample 

taken at 6.5minutes is shown in Figure 4.18. This spectrum revealed a mixture of Ni and 

Ni3B. The two, nickel peaks at 2-theta values of 52 0 and 61° were identified in this 

spectrum. The remaining peaks in the spectrum were attributed to Fe2 0 3 and Fe3C>4 .
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Figure 4.18: XRD of the 6.5minute sample from experiment B7.

Experiment B9 had a second infusion of B4C added at 3 minutes. The average yield of 

boron in this experiment was given, by chemical analysis, to be around 21%. The melt 

was sampled at 3.3 minutes. XRD of this sample is shown in Figure 4.19. This scan 

showed the presence of M 3B and Ni. A comparison of Figure 4.18 and Figure 4.19 is 

made, it can be seen that the intensity of the Ni3B peaks in Figure 4.19 is significantly 

lower than those seen in Figure 4.18. This indicates that there was a smaller amount of 

Ni3B formed, at a molar ratio of 7.84, after 3.3minutes than there was after 6.5minutes. 

All of the peaks were attributed to Ni and M 3B in this diffraction pattern.
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Figure 4.19: XRD of the 3.3minute sample from experiment B9.

Experiment B6  had several additions of B4C added to the melt. Chemical analysis 

revealed an average boron yield around 2%. XRD of a sample taken at 8 .8 minutes is 

shown in Figure 4.20. Based on the high peak intensity N13B was definitely present. The 

XRD also suggests the presence of M 2B. The peak located at a 2-theta value of 

approximately 29°, is not obscured by any Ni3B peaks. This Ni2B peak is of medium 

intensity, while the adjacent Ni3B peaks are of very low intensity. To form N12B, the 

yield of boron, in this case, had to be higher than the average yield of 2 % given by the
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chemical analysis. This result is anomalous based on the ICP result of 2%. This 

diffraction pattern also included graphite peaks (C), peaks of FeiCb and the Ni peaks.
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Figure 4.20: XRD of the 8.8minute sample from experiment B6.

Experiment B6 , after an additional charge of B4C had been added was sampled at 

13.5minutes (from the time of the first B 4C  charge). The XRD spectrum for the
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13.5minute sample is shown in Figure 4.21. In this spectrum, the peaks for M 2B are 

clearly present. The intensity of the M 2B peak (which has no overlap) located at a 2-theta 

value of 29° is above 2000counts. A second, lower intensity Ni2B peak is seen at an 

approximate 2-theta value of 41°. The surrounding Ni3B peaks, at approximately 39° and 

43° do not obscure this M 2B peak. Again, based on the ICP results, M 2B should not 

form. The peaks of Ni have been identified in Figure 4.21. Also, the diffraction peaks of 

Fe2C>3 and graphite (C) are identified.
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Figure 4.21: XRD of the 13.5minute sample from experiment B6.
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There were several different phases that were identified using XRD. Table 4.9 shows the 

XRD products that were seen at what temperature and time.

Table 4.9: Reaction products as identified by XRD, M-B4 C system.

T (K) Experiment

#

Time

(min)

Ni2B Ni3B NLtBa NiB

1773 B6 8 . 8 V V X X

1773 B6 13.5 V V X X

1873 B7 6.5 X V X X

1973 B9 3.3 X V X X

1873 B7 3.88 X V X X

1973 B9 1.5 X V X X

1873 B7 0 . 8 8 X V X X

1773 B1 11.3 X V X X

4.5.3.1 Phase Identification using the Ni-B Phase Diagram.

The Ni-B phase diagram, Figure 4.5 was used to verify the results given by XRD. C was 

not included in this analysis. The yield of boron was considered when identifying 

compounds on the Ni-B phase diagram. For example, the wt% of B in the 8.5minute 

sample from experiment B1 was determined by ICP to be 0.3wt%B. Neglecting the C
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concentration, the Ni-B phase diagram identifies Ni3B as the only reaction product at 

0.3wt% B. Including C in this analysis would decrease the wt%B, which would still 

result in Ni3B being the only predicted reaction product. The 8.5minute sample from 

experiment B1 represents the highest yield of B, at 44%. Therefore, the expected reaction 

product for the remainder of the samples is expected to be Ni3B. However, as was 

previously discussed, the XRD diffraction patterns of samples from the (anomalous) 

experiment B6  (Figure 4.20, Figure 4.21) show Ni2B and Ni3B as reaction products 

(section 4.5.3). For this mixture of phases to occur, there would have to be a wt% B 

between 6 wt% and 8.4wt% (section 2.2.3). A ternary Ni-C-B phase diagram is developed 

in the thermodynamics section (section 5.4) of this report.

Table 4.10: Compounds identified by the Ni-B phase diagram and XRD.

Experiment # Sampling
Time
(min)

Yield B

(%)

Phase Diagram 
(at wt% B from 

ICP)*

XRD

(compounds)

B1 11.3 43.8 Ni3B Ni3B

B6 8 . 8 2 Ni3B Ni2B, Ni3B

B6 13.5 2 Ni3B Ni2B, Ni3B

B7 0 . 8 8 13.1 Ni3B Ni3B

B7 3.88 13.1 Ni3B Ni3B

B7 6.5 13.1 Ni3B Ni3B

B9 1.5 21.4 Ni3B Ni3B

B9 3.3 21.4 Ni3B Ni3B
* from chemical analysis.
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4.5.4 Sources of Error in XRD.

XRD analysis can be an extremely useful tool in identifying compounds that could be 

present in a sample. The peaks that are shown in an XRD scan are characteristic of a

3 9  3 3  3 7  3 8material ’ ’ ’ . However, there are complications that arise when using this method. 

The first problem with this method is that the characteristic peaks are not always located

32 33 38at exactly the reference 2-theta value ’ ’ . Interaction between the peaks of two 

compounds can cause a shift in the location of the peaks, for example33. The second 

complication arises from the fact that the XRD equipment is only capable of identifying

35compounds, which are present in 3% or more .

While these complications seem to suggest that XRD is not a particularly useful tool in 

identification of compounds in a sample, this is not the case. In fact, XRD is widely 

accepted as one of the more useful tools in compound analysis due to its simplicity of

3 9  3 3  3 8use ’ ’ . Also, this method, when used in conjunction with other methods, such as 

chemical analysis and phase diagram analysis is an indispensable tool in the identification 

of compounds present in samples of unknowns.

4.6 Experimental Summary.

The experimental work that was completed suggested that the Ni-WC system had a minor 

reaction occurring. The Ni-E^C system had reactions occurring by way of the
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decomposition of the B 4 C  particles. There were three analysis techniques used to draw 

these conclusions: optical microscopy, electron microprobe and XRD.

Chemical analysis, using XRF, determined that the yield of W was between 43% and 

83% (section 4.2.1). OM of the Ni-WC samples revealed the presence of WC 

particulates, identified by their angular appearance, in the metal matrix at room 

temperature (section 4.3.1). This result only suggested that not all of the WC was reacted. 

WDS, using the electron microprobe, determined that there was a small amount of 

tungsten in both the dendritic and interdendritic region analysed (section 4.4.1). The 

presence of this W suggested that there was some breakdown/ reaction of the WC 

particles. XRD of the Ni-WC system determined that the samples analysed contained 

WC, C, Ni and iron oxide (section 4.5.2). Also, the increased breadth of the Ni peaks 

suggested the dissolution of another element, probably W (based on the WDS results), in 

the matrix. Together, these results suggest a reaction occurring between the nickel matrix 

and a portion of the WC particles, thus bonding the MMC.

Chemical analysis revealed that the amount of boron present in the experimental samples 

was significantly less than the amount of boron that was injected. The yield of B, 

determined by ICP, was between 2% and 44% (section 4.2.2). Optical microscopy 

revealed the absence of B 4C  particles as well as the dendritic solidification pattern of the 

samples (section 0). Utilising the wt%B information from the ICP results, and the
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information given by WDS, for the 8.5minute sample from experiment Bl, it was 

determined that this sample should contain dendritic regions of Ni and interdendritic 

regions containing a solidified mixture of Ni and Ni3B. This was determined using the 

Ni-B phase diagram (Figure 2.9).

The compounds that were formed in the Ni-B4C system were in agreement with what was 

expected, as revealed by the Ni-B phase diagram with the exception of experiment B6 . 

The samples from experiment B6  clearly identified the presence of Ni2B together with 

Ni3B.

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.0 Thermodynamic Calculations.

The thermodynamic behaviour of the two systems investigated, Ni-WC and M - B 4 C  will 

be presented in this chapter. The purpose of this analysis is to theoretically verify the 

results that were seen experimentally. The thermochemical software, FACTSage™ ’40 was 

used to perform these calculations. Herein, FACTSage™ ’40 will be abbreviated as 

FACTSage™ ’40 (See Appendix D of this report for a description o f how this software is 

utilized for this report).

In the previous chapter, experiments showed that a there is a reaction between Ni and 

WC, evidenced by the presence of dissolved W in the Ni matrix. This reaction does not 

go to completion as XRD results revealed the presence of WC in the samples. Therefore, 

thermodynamic calculations were carried out to verify this reaction. It was also shown 

that Ni readily reacts with B 4C . This reaction results in the formation of nickel borides, 

thereby causing the loss of the advantageous properties of boron carbide.

As a result of the loss of B 4 C  in reaction with Ni, thermodynamic calculations were done 

to search for an alternate matrix that will enable B 4C  to remain chemically stable. If the 

B 4C  remained stable, it would be possible to take advantage of the low density and high 

hardness of boron carbide for wear applications.
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5.1 Thermodynamic Equations.

The reaction module of FACTSage™ ’40 was used to determine the thermodynamic 

properties of a balanced reaction. This module was used to determine the heat of reaction 

for the formation of binary compounds in the Ni-WC system and the M - B 4 C  system. The 

results of these calculations are seen in Appendix D of this report.

One of the most common parameters considered in metallurgical thermodynamics is the 

Gibb’s free energy change, AG°. Equation ( 5-1) shows the way that AG° is calculated 

from the enthalpy (AH0) and entropy changes (AS0).

AG °  =A H °  - T A S °

(5-1)

Equation (5-1) can be expanded to include the standard enthalpy change, AH ° , the 

standard entropy change, AS ° f  and the heat capacity, ACp, as shown in Equation ( 5-2).

7 7 K C
A G °  = AH ° f  + ^ A C p d T  - T ( A S ° f  + j  = ^ - d T )

Tref Tref ^

(5-2)

The AH0 of a reaction reveals whether or not the reaction is endothermic (positive) or 

exothermic (negative). The AS0 indicates the degree of disorder of the system. A positive 

AS0 indicates an increase in the disorder of the system. The AG° is known to indicate the
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spontaneity of a system. A positive AG° indicates that a process is not spontaneous and a 

negative AG° is evidence that the process is spontaneous.

5.2 Thermodynamic Data.

The data that was used to complete these calculations is found in the SGTE Alloy 

Database from FACTSage™ ’40 version 5.4.1 and the FACTSage™ ’40 compound/solution 

database from FACTSage™ ’40 version 5.00. Appendix D of this report shows the A H ° f  298

and AS ° f  298 as well as the Cp’s of the elemental and compound species in the two

reaction systems: Ni-WC and Ni-E^C. These three pieces of thermodynamic data are 

used in Equation ( 5-2) to calculate the Gibb’s free energy change in the two reaction 

systems at any temperature of interest.

In the SGTE database, there are a limited number of ternary systems that have been 

analysed. Neither the Ni-W-C nor the Ni-B-C system has been included in the SGTE40 

(Scientific Group Thermodata Europe) alloy database. Assessment of these ternary 

systems is outside the scope of this work. However, FACTSage™ ’40 can analyse these 

systems based on a summation of the thermodynamic parameters from the assessed 

binary sub-systems Ni-W, Ni-C, Ni-B and Ni-C. Using the binary interaction parameters 

as a first approximation to the ternary system’s thermodynamics will give insight into the 

behaviour of the system.
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5.3 Ni-W-C System.

Figure 5.1 shows the ternary Ni-W-C phase diagram at 1773K. Each area of the phase 

diagram is clearly labelled. There are two points identified on this diagram, 23wt% WC6 

(*) and 65wt%WC4 (**). Both of these values have been reported as successful 

proportions for Ni-WC MMC’s.

At 23wt%WC, at 1773K, the system composition is in a two-phase region of the phase 

diagram. This region contains a mixture of W2C(s) and a liquid solution. As the 

proportion of WC is increased towards 65wt%, a phase boundary is crossed, entering a 

three-phase region. This region contains a mixture of W2C(s), C(s) and liquid solution. 

The liquid solution within this region is invariant, maintaining a composition of 

10.41wt%C, 83.54wt%Ni and 6.05wt%W.

At 1773K, the reactants, Ni(l) and WC(s), were considered for values of the parameter n, 

seen in Equation (5-3).

nNi + WC

(5-3)
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Ni

Liquid 0.1

o .r 0.3

0.5
+ Liquid

+ c 0.6
65wt% WC

0.3, 0 . 7

w2°
+  Liquid

0.8

0.7 i 0 . 5  

mol fraction C
0.6 0.2o.s 0 .8 0 ,1

Figure 5.1: Ternary Ni-W-C System at 1773K.

Values of n ranged from 2moles (65wt%WC) to 1 lmoles (23wt%WC). The wt% WC 

values are between the two wt%WC values deemed to produce successful MMC’s4,5’ 6in 

the Ni-WC system (See Appendix E). For an n-value of 2, a mixture of an invariant, 

ternary solution, W2C(s) and C(s) is predicted. As the n-value is increased (beyond 6 ) the 

system contains a mixture of a liquid, ternary solution and W2C(s).

The Ni-W-C system was also evaluated at 298K. In FACTSage™’40, there are some
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issues with the choice of phases available for the Ni-W-C phase diagram at 298K. Nickel 

is FCC in structure at 298K while tungsten is BCC. In the phase diagram calculation 

module of FACTSage™’40, the choice of two solution phases, one FCC and one BCC is 

made. The reason for this is that, at elevated levels of nickel or tungsten, there will still be 

a trace amount of the other elements present. The selection of the FCC solution permits 

the W or C, not tied up in Ni-W compounds or present as free C, to exist in the solid 

solution (the same is true for the BCC solution with Ni and C, respectively).

There is a solution phase called the M6C(s) phase where the M represents a combination 

of Ni and W in this case. There has been discussion in literature of a ternary, Ni-W-C 

phase, Ni2W4C(s)41. However, there has been insufficient evidence that this phase will 

form; therefore, this solid phase was not included in the calculation of the ternary Ni-W- 

C phase diagram at 298K.

Figure 5.2 shows a ternary phase diagram for the Ni-W-C system at 298K. Any binary 

compounds formed in this system are identified along the binary axes. For example, on 

the Ni-W axis, NiW2(s) and NiW(s) are observed.

As previously mentioned, the most effective Ni-WC MMC’s have been identified as 

those containing 23wt% WC6 and 65wt% WC4. For n-values between 2 (65wt% WC) and 

12 (23wt% WC), it can be seen that the compositions are in a 3-phase region containing
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an FCC, solid solution, C(s) and WC(s). The FCC solution in this case has a composition 

which is fixed at 99% Ni (Balance, W, (trace C)). Again, because this region is a three- 

phase region, the solid solution is invariant.

w

0.9
BCC
+ wc ,0 .2

,0.3

0 .6, 0.4

0.4, ,0 .6FCC + WC 
+ NiW

.0.7

65wt% WC
FCC- + WC FCC + C +W C 0.8

0.923wt% WC 
FCC

0.9 0.6 0.4 0.30 .8 0.7 0.10.2

Figure 5.2: Ternary phase diagram for the Ni-W-C system at 298K.

The experimental results that were presented in Chapter 4.0 are in agreement with this 

phase diagram. The elemental point analysis done on the microprobe showed that there 

was a fairly even distribution of tungsten throughout the sample. This suggested that the
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WC, at least partially, reacted with the Ni matrix. Finally, XRD showed the presence of 

Ni, WC and C. The ternary phase diagram, at 298K, showed that the WC samples 

between 23wt% WC and 65wt% WC should contain WC, C and a Ni-rich FCC solution.

Experimentally, it is extremely difficult to prevent the introduction of or the removal of 

oxygen from a reaction system. Usually, a few hundred ppm’s of oxygen is expected. It is 

important to assess the effect oxygen can have on a system, as it can form gases, resulting 

in porosity in the final product.

Thermodynamic calculations at 298K were carried out for a small addition of O2 . The 

reason that this ternary diagram was not calculated at 1773K was that the effect of the 

presence of O2 would be noted at 298K. In the optical micrographs of the experimental, 

Ni-WC samples (Figure 4.1 and Figure 4.2) porosity, type 2 was hypothesized to be the 

result of pore formation during solidification. Therefore, the ternary Ni-W-C diagram 

containing O2 was calculated at 298K.

The amount of oxygen that is present in this system is described by Equation ( 5-4).

molO-,
2 =  0.001

(molNi, molW, molC)

(5-4)
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This equation means that, over the ternary Ni-W-C phase diagram, there is a level of 

oxygen equal to O.OOlmoles. The ternary phase diagram for the Ni-W-C system with the 

addition of 0.001 moles of C^is seen in Figure 5.3. This phase diagram reveals the 

presence of WC>3(s). The W in this compound comes from the breakdown of some of the 

WC(s) reactant.

W

0.9 0.1
BCC  

+ WC0.8 ,0.2

0.3

0 .6 , 0.4

0.4, FCC +  WC + WO. 
+  NiW

.0.70.3,

FCC +WO. 
+ WC ‘

FCC + C + WO, +  WC 0.8

0.9

0.5
m ol fraction

0.9 0.6 0.40.8 0.7 0.3 0.10.2

W +  C + Ni

Figure 5.3: Ternary W-C-Ni phase diagram with addition of O.OOlmoles O2 , 298K.
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5.3.1 Summary of Ni-W-C Thermodynamic Calculations.

The Ni-W-C system was assessed at 1773K and 298K using FACTSage™’40. These 

temperatures reflect those used in the laboratory experiments of this research (section 

3.3). Also, the n-values for inspection correspond to wt%WC values between 23wt%WC 

and 65wt%WC. These wt%WC values reflect those identified in the literature4,6as 

effective for the formation of Ni-WC MMC’s.

The ternary Ni-W-C phase diagram at 1773K was presented. For a system with a 

composition corresponding to 23wt% WC (n-value of 12), a mixture of W2C(s) and a 

liquid solution is seen. As the wt%WC is increased, towards 65 (n-value of 1) a three- 

phase mixture of an invariant liquid solution, W2C(s) and C(s) is observed.

The ternary Ni-W-C phase diagram, at 298K, was also calculated using FACTSage™’40. 

For a system composition equivalent to 23wt% WC (n-value of 12) up to a wt% WC of 

65 (n-value of 1), a mixture of an invariant solid solution (Ni-rich), C(s) and WC(s) is 

seen. The experimental results in the Ni-WC system were considered together with this 

phase diagram. It was found that the results did, in fact, correspond to the phase diagram. 

The experimental samples contained W (dissolved in Ni), which corresponds to the Ni- 

rich, FCC solution and WC(s).

Experimentally, the equipment set-up in this research would allow a small amount of
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oxygen to be present in the system. Therefore, the Ni-C-W system, at 298K, containing a 

sm a ll  amount of oxygen, was evaluated. The presence of this small amount of oxygen did 

not discemibly alter any phase boundaries. It was found, however, that WOs(g) was 

formed for all of the compositions on the phase diagram.

5.4 Ni-B4C System.

Figure 5.4 shows a ternary section of the Ni-B-C phase diagram at 1773K. There is an 

invariant point identified on the Ni-B-C phase diagram at 1773K. This point is where the 

liquid solution, C(s), B(s) and B4C(s) are in equilibrium.

Along the B-Ni axis, there are three areas distinct areas. Adjacent to the B-comer, there is 

a region where B4C(s) is in equilibrium with an invariant, liquid solution and B(s). As the 

amount of Ni is increased along this axis, the composition enters an area that contains a 

mixture of B4C(s) and liquid solution. Further increase of the nickel content pushes the 

composition into a region containing only a liquid, ternary solution.

On the Ni-C axis, there are two, phase compositional areas identified. At elevated levels 

of nickel, a ternary, liquid solution is seen. This is the same solution previously 

mentioned at elevated Ni levels. As the Ni content decreases along this axis, the 

composition enters a two-phase region made up of a ternary liquid solution and C(s). The
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remaining area of the diagram is located along the B-C axis and has B4C(s), an invariant, 

liquid solution and C(s).

Ni

liquid

0 .9 ,

0.8, ,0.2

0 .7 , 0 .3

liquid +  C
0 .4

i n v a r i a n t  p o i n t  ~

0 .5

B*C +  liquid

0 .4 0.6

0 .70 .3 i
B4C +  liquid  

+ C
0.2, 0.8

B4 C + liquid 
+  B -

0 .9

0 .40 .6  0 .5
m ol fraction

•  - C hem ical A nalysis R esu lts

0 .3 0.2 0.10 .70 .9

Figure 5.4: Ternary Ni-B-C phase diagram at 1773K.

The Ni-B-C system was also evaluated at 298K. At this temperature, it is expected that 

only solid phases will be seen. The chemical analysis results are shown on Figure 5.5. It 

can be seen that at the compositions given by chemical analysis, only Ni3B(s), an FCC 

solution of almost pure Ni and C(s) will be seen. This result was the case in all but
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experiment B6 . Based on the XRD results, the experimental samples from B6  would be 

located in the region of the diagram containing a mixture of C(s), Ni3B(s) and Ni2B(s).

Ni

0 .9 0.1
FCC n

+c
C + N i3 B 

+ N IB

0 .4

+ N i.B

0 .5

B .C
0.6

+C

0 .3 0 .7+  NLB

0.80.2

0.1 0 .9

0 .3 0.2 0.10 .6  0 .5
m ol fraction

• —  Chemical Analysis Results

0 .40 .70 .9

Figure 5.5: Ternary Ni-B-C phase diagram at 298K.

For the experimental apparatus used, section 3.0, it is extremely difficult to completely 

remove oxygen from the system without the use of a vacuum pump. Therefore, the Ni-
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B4C-O2 system was also evaluated at 298K. This temperature was chosen for the same 

reasons as the Ni-WC samples. The micrographs of the Ni-B4C experimental samples did 

not show any obvious porosity. It is probable that in the Ni-B4C melt, any gas bubbled to 

the surface. The amount of oxygen that was introduced into this system is governed by 

Equation (5-5).

molO0
=  -  =  0.001
)  (molNi, molC, molB)

(5-5)

Equation ( 5-5) shows that there are O.OOlmoles of O2 present. The ternary plot for the 

Ni-B-C system at 298K with oxygen is seen in Figure 5.6. The ternary N-B-C system is 

altered in the presence of oxygen. Along the Ni-C axis, there is a region present that 

contains a mixture of a Ni-rich solid solution, B2 0 3 (s), NiO(s) and C(s). This region is 

not present on Figure 5.5. With respect to the rest of the phase diagram containing 

oxygen, there are no discernible alterations to the phase boundaries. Also the remainder 

of the phase diagram contains B2C>3(s).
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Figure 5.6: Ternary Ni-B-C phase diagram with O.OOlmoles O2  (298K).

5.4.1 Summary of the Ni-B-C thermodynamics.

The Ni-B-C system was evaluated at 1773K and 298K using FACTSage™’40. As was the 

case for the Ni-W-C thermodynamics, these temperatures were meant to reflect the 

reaction temperature for the experimental work performed for this research as well as to
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reflect phases present at 298K, after sample cooling. The compositions that were 

considered in the Ni-B-C system were chosen to reflect the chemical analysis results.

On the ternary phase diagram at 1773K, the areas, which encompass the weight percent B 

values from the chemical analysis, are contained within an area containing a mixture of a 

ternary, liquid solution and C(s). At 298K, the ICP results are all located within the three- 

phase region containing C(s), Ni3B(s) and an invariant, FCC solid solution (99%Ni). The 

ICP results for experiment B6 put samples from this experiment in the region containing 

C(s), Ni3B(s) and an FCC solid solution. However, the XRD results showed the presence 

of Ni3B and M 2B. These two results are in inconsistent.

An increase in the yield of B in the molten melt would aid in the maintenance of a portion 

of the B4C(s) that was added at 1773K. There are areas of the ternary, Ni-B-C phase 

diagram, at 298K, which contain B4C(s).

The Ni-B-C system was also evaluated for small amount of oxygen. Over all of the phase 

diagram (Figure 5.6), B2 0 3 (s) is observed. Along the Ni-C axis of this plot, there is a new 

region formed which contains FCC solution, B2 0 3 (s), NiO(s) and C(s). The phase 

boundaries on this diagram are not discemibly altered by the presence of a small amount 

of oxygen.
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5.5 Other Options for Matrix Material.

The experimental and thermodynamic evaluation of the Ni-B4C system revealed that 

nickel is not inert in the presence of boron carbide. At elevated temperature, the B 4 C 

decomposes into boron and carbon. The boron dissolves in liquid nickel, consuming all 

B 4 C in the system. Upon cooling, the boron forms nickel borides according to the molar 

ratio in the system.

It is therefore not feasible to take advantage of the wear resistance and light density of 

B4C powder in a nickel matrix. Hence, other potential matrix materials are explored in 

place of nickel or in a solution with nickel to thermodynamically prevent the formation of 

nickel borides. Further, it was of interest to determine if the breakdown of B4C could be 

prevented altogether. The metals explored were chromium, manganese and copper. These

31metals were chosen, as they are common, commodity metals . Also, these three metals 

are frequently used as alloying additions in steels1,2’3’4’5.

Each of these metals was considered in the ternary metal-boron-carbide system at 298K. 

The ternary phase diagrams presented were generated using FACTSage™’40. This 

temperature was chosen to reflect the phases that would be formed upon cooling. The 

identification of a metal that does not form borides or carbides through the breakdown of 

B4C(s) is ideal. When considering the ternary phase diagrams, if  borides or carbides 

form, then the AG °  is likely high, and therefore, the boron carbide would probably
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decompose.

5.5.1 Chromium

Figure 5.7 shows a ternary section of the Cr-B-C phase diagram at 298K. It can be seen 

that there are several different sections on this phase diagram. The compound species that 

form in this system are labeled along the binary axes. These compounds include, B4C(s), 

CrB(s) and Cr23C6(s). At high levels of Cr(s), the crystal structure of the solid solution 

was assumed to be BCC like Cr. However, the binary Cr-B (Figure 5.8) and Cr-C (Figure 

5.9) show almost no solid solubility at 298K. This means that this “solution” is very close 

to pure Cr(s).

B

0 .9 / ,0-1

C r B ,

0.6 0.4

0.5Cr B

0.4, 0.6

0.7

0 .2, ,0.8

0.1

Cr 0.5 0.4 0.30.9 0.10.2

mol fraction

Figure 5.7: Cr-B-C phase diagram at 298K.
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As a result of the formation of chromium borides and chromium carbides, chromium is 

not a suitable candidate to replace nickel as a matrix for B 4 C . Another disadvantage of 

using Cr is that it has a higher melting point than Ni, at 2148K. This means that to melt 

the Cr, would require a higher processing temperature than that for Ni.

It should also be noted that the nickel alloy that is commonly used for PTA usually 

contains some chromium. In a Ni matrix-WC MMC, this chromium is likely to act as a 

carbide-former that will tie any carbon freed from the WC that is dissolved in the melt. 

This would help to strengthen the bond between the Ni and WC.

In a Ni-B4C MMC that contains Cr, the effect of Cr is not clear. At high levels of B, at 

298K, the Cr-B-C phase diagram identifies the presence of B4C(s). However, there is 

excess boron in the system. In a system containing Ni(s) and Cr(s), this boron would 

form borides. It is possible that the borides may help to strengthen the bond between the 

B4C(s) and the metal similar to the way that Cr(s) acts in a Ni-WC MMC. However, 

laboratory experiments would be necessary to determine if this is the case.

5.5.2 Manganese

Manganese was considered as a matrix material to replace Ni in a system where B4C is 

used as a ceramic additive. Manganese has a melting point of 1519K, which is below the
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melting point of nickel, at 1728K. Using a metal with a lower melting point than nickel, 

would require less energy to melt the matrix material, which may result in cost savings.

The ternary Mn-B-C phase diagram is shown in Figure 5.10. This phase diagram has six 

distinct areas. The pure, compound phases of the system are labeled. There is one binary 

compound that is not included in FACTSage™’40, the Mn3B4 (s) phase. Based on the 

binary Mn-B diagram, shown in Figure 5.11, it is believed that this phase would be 

located between the MnB(s) and MnB2(s) phases on the Mn-B side of this diagram. At 

high concentrations of Mn(s), it was assumed that the structure of any solid solution 

would be cubic as the crystal structure of pure Mn(s) is cubic. It is also worth mentioning 

that, at high levels of Mn, B and C, solid solutions are not expected to form due to the 

low solid solubilities. This is hypothesized from the binary phase diagrams for the Mn-B 

(Figure 5.11), Mn-C (Figure 5.12) and B-C (Figure 2.8) systems.
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Figure 5.10: Mn-B-C phase diagram at 298K.
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Figure 5.11: Binary Mn-B phase diagram21.
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Figure 5.12: Binary Mn-C phase diagram21.

Consideration of the ternary Mn-B-C phase diagram revealed that Mn is not a suitable 

choice for a system with the ceramic B4C. The reason for this is that, in this system, both 

borides and carbides form.

5.5.3 Copper.

Copper was the third metal that was considered as a replacement or alloy for nickel for 

the purpose of making an MMC with B4C. The melting point of copper, 1357K, is 

significantly lower than the melting point of nickel at 1728K. When a lower melting 

point metal can be used, the energy required to form the B4C-MMC could be reduced.
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The SGTE database in FACTSage™’40 was used to carry out these calculations. It is 

important to note that the Cu-B system is not assessed in this database. Therefore, a 

comparison between a FACTSage™’40 -generated, Cu-B phase diagram and a Cu-B 

phase diagram presented by ASM21 was made. This comparison is shown in Figure 5.13. 

It can be seen that Figure 5.13a) and Figure 5.13b) are very similar, except for a region 

on Figure 5.13b) that is located at 80wt%B and greater. Calculations for the purposes of 

this report will not be done at this elevated amount of boron; it is assumed that the 

FACTSage™’40 phase diagram data for the Cu-B system is suitable for this report. Figure 

5.14 shows the FACTSage™’40 -generated, ternary Cu-B-C phase diagram at 298K. It is 

clear on this diagram that the only compound that forms in this system is B4C(s). The 

phase diagram in Figure 5.14 does not predict the formation of any copper-borides or 

copper-carbides at 298K.

Figure 5.13: a) Cu-B phase diagram from FACTSage™’40. 

b) Cu-B phase diagram from ASM21.
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Figure 5.14: Cu-B-C phase diagram at 298K.

A thermodynamic analysis of the Cu-B-C system, at 1473K, has been found42. Froumin 

et al. completed a thermodynamic assessment of this system42. Figure 5.15 shows the 

ternary Cu-B-C phase diagram, in terms of mole fractions of the components, developed 

by Froumin et al.42. On this diagram, there are seven regions identified. The composition 

of these regions is in Table 5.1.
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On Figure 5.15, there are two composition lines, labelled 1 and 2. Line 1 extends from 

pure B4C (along the B-C axis) to an arbitrary point along the Cu-C axis (to be further 

discussed below). Line 2 extends from B4C (along the B-C axis) to xB*. Compositions 

along line 2 represent a Cu-B solution in contact with B4C. Lines 1 and 2 define two 

areas of composition, labelled G and H on Figure 5.15. Region G lies within IV while 

region H lies within II.

In section 1.0 and section 2.1.2, a typical composition of WC in a Ni-WC MMC was 

given as 65wt%. This corresponds to an MMC with a volume ratio of 50% (50vol% Ni, 

50vol% WC). Applying the same volume ratio to a Cu-B4C MMC would yield an MMC 

with 50vol% Cu and 50%vol% B4C. This is equivalent to a mole fraction of 13%C,

50%B and 40%Cu. This composition is represented by the approximate area of interest 

labelled Al on Figure 5.15. Within Al, the compositions within region H are located 

adjacent to line 2 and therefore, it is assumed that most of the boron carbide within region 

H will be close to stoichiometric.

Figure 5.15 does not give a representation of what occurs in the ternary system upon 

cooling. For a sample with a composition the lies within region G, at 1473K, there will be 

graphite precipitate. Practically, this excess C can be removed with the addition of a 

carbide forming element, such as Cr. In the case where the composition lies within region 

H, at 1473K, a Cu-B solution is formed. The binary Cu-B phase diagram shows, that at a
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B composition of xB*, B will be precipitated upon cooling. The addition of a boride 

forming element, such as Ni, will remove this excess B from the system. To further 

illustrate, a discussion on the binary Cu-Ni system is followed by a discussion on the use 

of a Cu-Ni alloy as the matrix material for a B4C MMC. The same type of analysis could 

be applied to other alloying elements such as Mn.

c

IV

h i

Cu

Figure 5.15: Ternary Cu-B-C phase diagram, 1473K. Cu corner not to scale42.
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Table 5.1: Compositions for the ternary Cu-B-C phase diagram42.

Region on Phase Diagram Composition

I ternary liquid solution

II ternary liquid solution + boron carbide

III ternary liquid solution + graphite

IV ternary liquid solution + graphite + B4C

V ternary liquid solution + B 10C + B

V B + Cu - B solution + B 10C

VII ternary liquid solution + B saturated with Cu

5.5.3.1 Binary Cu- Ni System.

The binary phase diagram of the Ni-Cu system is shown in Figure 5.16. This diagram

shows that nickel and copper are completely soluble in each other in the solid state over

21 • all phase compositions . This solubility gives rise to a very homogenous structure in a

binary Cu-Ni alloy.

There is a miscibility gap in the Cu-Ni system located between about 20wt% Ni and 

almost pure Ni. The a i and a 2 phases are comprised of a mix of Ni and Cu. The actual 

composition of these phases can be ascertained using a tie line within the miscibility
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Figure 5.16: Binary phase diagram for the Cu-Ni system21.

The SGTE database does not include analysis of the ternary Ni-Cu-B system. 

FACTSage™’40 utilizes the calculated binary system data to approximate the ternary 

interaction parameters, thereby giving an impression of the ternary system.

5.5.3.2 Ternary Cu-B-Ni System.

A thermodynamic evaluation of the ternary Cu-B-Ni system was done to determine if a 

Cu-Ni alloy would thermodynamically form a suitable MMC. A thermodynamic analysis 

of the Ni-B-Cu system has not been located in the literature. In the SGTE database of
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FACTSage™’40, two of the binary systems have been analysed: Ni-B, Ni-Cu40(for Cu-B 

system, see above). As a first approximation for the ternary system, FACTSage™’40 uses 

a summation of the binary interaction parameters40. It is important to remember that 

because this system has not been experimentally analysed, only compositions close to 

pure Cu and pure Ni are considered reliable. Outside of this range the results may not be 

a trustworthy representation of what could occur40.

The Cu-B-Ni system, at 298K is shown in Figure 5.17. The binary compounds associated 

with this ternary section are labelled along the appropriate binary sides. The effect of the 

Cu-Ni miscibility gap is also labelled. Above this labelled point, there are two, separate 

solid solutions. One of these solutions is high in Ni content and the other in Cu content. 

Additionally, it is clear on this ternary diagram, that FACTSage™’40 is overestimating the 

miscibility gap on the Cu comer. Established Cu-Ni phase diagrams21 show that the 

miscibility gap extends to only approximately 80% Cu while FACTSage™’40 is showing 

the gap extending to approximately 87% Cu. This overestimation is the result of the 

summation of the binary interaction parameters to predict the unknown ternary system.

The two alloys that will be considered are the Ni-rich and Cu-rich alloys. Looking at 

alloys approaching pure nickel, say above a Ni mole fraction of 0.9, FACTSage™’40 

predicts, in decreasing order, the formation of a Ni-rich solid solution (trace Cu), a Cu- 

rich solid solution (trace Ni) and a small amount of Ni3B(s). At high levels of Cu, above a
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mole fraction of 0.9, Ni borides form, depending on the Ni and B compositions. At the 

highest nickel content, Ni3B(s) is formed. As the nickel content decreases, Ni2B(s), 

Ni4B3(s) and NiB(s) form.

On the ternary Ni-Cu-B phase diagram at 298K, the area closest to the B-comer o f the 

diagram contains excess B. This area is highlighted. It is possible, that if  carbon were 

added to this system, it would bond to this excess boron, forming B4C(s). Another option 

is the addition of a boride-forming metal such as chromium, Cr or manganese, Mn. The 

addition of one of these metals would form Cr-borides or manganese-borides, thereby 

eliminating the excess boron from the system.
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Figure 5.17: Cu-B-Ni phase diagram at 298K.

5.5.3.3 Ni-Cu-B system containing C.

At 298K, a ternary Cu-Ni-B phase diagram containing carbon was generated using 

FACTSage™’40. This diagram was generated to give a different perspective of the 

quaternary Ni-B-Cu-C system. This phase diagram is seen in Figure 5.18. Along the Cu- 

Ni axis of this diagram, the effect of the Cu-Ni miscibility gap is seen. The estimation
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that FACTSage™’40 makes for this gap appears to be too close to pure Cu. As previously 

mentioned, this is an artefact of the way in which FACTSage™’40 calculates unknown 

ternary systems.

For the given phase diagram, the amount of boron present at any given composition is 

found according to Equation (5-6).

( m o l C )  

y  (m o l C u , m o l N i ,  m o l B )

(5-6)

Phases appearing along the binary axes have been labelled. Along the binary Ni-B axis, 

there are labels identifying the compositions where the nickel-borides, Ni3B(s) and 

Ni2B(s) are in equilibrium with solid carbon. On the Cu-Ni axis, the effects of the Cu-Ni 

miscibility gap are identified.

It can be seen on Figure 5.18 that there are five distinct areas, containing different phase 

compositions. These areas have been labelled. There is a large region on this diagram 

which contains a mixture of an FCC, solid solution, Ni2B(s), B4C(s) and C(s). The 

presence of Ni2B(s) and B4C(s) is encouraging as this indicates that, for a system with a 

composition within this area, a portion of experimental B4C(s) reacts, forming a bond, 

while a portion of the B4C(s) remains intact.
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Figure 5.18: Ternary Cu-Ni-B phase diagram at 298K, containing C.

5.5.3.4 Ni-Cu-C system containing B.

A ternary section of the Cu-Ni-C phase diagram containing boron is shown in Figure 

5.19. For the given phase diagram, the amount of boron present at any given composition 

is calculated using Equation ( 5-7).

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(m o l B )

(m o l C u , m o l N i ,  m o l C )

(5-7)

It can be seen in this figure that there are four areas of differing phases. Each of these 

areas is clearly labelled on the plot. Along the Cu-Ni axis, there is no evidence of the Cu- 

Ni miscibility gap. This could be an artefact of the FACTSage™’40 calculation or 

something that would be seen experimentally. Laboratory experiments would be required 

to verify the presence/ absence of this gap.

This ternary plot is encouraging. The presence of free carbon in a large portion of this 

phase diagram may prove to be troublesome. However, the addition of a carbide-former, 

such as Cr, or Mn would remove this graphite. There is also a region, at elevated Cu 

content, which contains excess boron. Again, the addition of a small amount of a boride- 

forming substance, such as Cr or Mn, would take care of this. This phase diagram 

illustrates, that by altering the compositions, thermodynamics predict that B4C(s) can be 

maintained. The presence of nickel-borides together with ELQs) is ideal. The nickel- 

borides act as a joint between the matrix and the ceramic particles. Laboratory 

experiments must be done to determine first, if experimental samples would truly contain 

these phases and, second, what wt% B 4 C , and what proportion of Cu:Ni would give the 

best wear resistance.
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Figure 5.19: Cu-Ni-C ternary phase diagram at 298K containing B.
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5.6 Summary of thermodynamics.

A thermodynamic analysis of the two reaction systems, Ni-WC and Ni-B4C was carried 

out. In the Ni-WC system, the thermodynamic analysis supported the results that were 

seen experimentally (section 4.6). The Ni-B4C experimental results were consistent with 

the exception of the results seen from experiment B6 (section 4.6).

Ni was found to be an unsuitable matrix material for a B4C MMC. As a result, 

thermodynamic calculations were done in order to determine if Cr, Mn or Cu could be 

used as a matrix material. It was found that Cr and Mn were not suitable because they, 

like Ni, react with B4C. Thermodynamic calculations using Cu determined that Cu is 

inert in the presence of B4C. Two, ternary phase diagrams, the Cu-Ni-B (with C addition) 

and the Cu-Ni-C (with B addition) were developed using FACTSage™’40. There are 

regions on these phase diagrams, which contain B4C (section 5.5.3.3 and section 5.5.3.4). 

The presence of B4C on these phase diagrams suggests that a Cu-Ni alloy may be suitable 

for the matrix material in a B4C MMC.
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6.0 Summary/ Future Work.

In this chapter the experimental results and the thermodynamic analysis carried out in this 

work will be summarized. In addition, future work will be recommended. This will be to 

provide further confirmation of the reactions between WC and Ni and B 4 C and Ni 

described in this thesis as well as recommendations to take advantage of the wear 

properties of B 4 C in an MMC will be discussed.

6.1 Summary.

Industrially, wear becomes increasingly important over time. Cost-effective methods to 

minimize the effects of wear are more and more essential. A fairly recent development in 

this area has been the introduction of MMC’s, which consist of a tough and ductile metal 

matrix containing ceramic particles dispersed throughout9. Frequently, these materials are 

used as coatings in situations where abrasive wear is present, such as in slurry pipelines 

in the oil industry.

There are several ultra-hard materials that are available in powdered form, including 

tungsten carbide and boron carbide. WC has proven to be an effective ceramic particle 

for use in MMC’s. There are several processing routes, which result in a uniform
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distribution of a WC-Ni MMC. Though not an exhaustive list, a few of these methods are 

PTA, liquid phase sintering as well as laser cladding. Each of these methods has been 

used in the successful production of a WC-Ni MMC.

Experimental work was done on the Ni-WC system at high temperature. Chemical 

analysis of experimental samples showed that the yield of W (from the WC reactant) 

ranged from 24% to 83%. Optical microscopy clearly showed the presence of WC 

particles within the Ni matrix at room temperature. EPMA analysis of Ni-WC samples 

revealed the presence of W dissolved within the nickel matrix as well, indicating that 

there was some decomposition/ reaction of the WC. XRD did not detect any Ni-W 

compounds formed but XRD did show Ni-peak broadening, suggesting that the W 

identified by WDS was dissolved in the nickel matrix. Therefore, the experimental 

samples contained nickel with dissolved W and WC(s) particulates.

The thermodynamic analysis of the Ni-WC system supported the experimental results 

seen in this work. The ternary Ni-W-C system, at 298K, for the compositions 

experimentally analysed in this work, predicts a solid solution, WC and, in cases of 

increased WC content, C(s). The presence of graphite (C(s)) would be considered 

detrimental to the performance of the MMC as this substance acts as a solid lubricant. 

Therefore, it would be advisable to use MMC’s with compositions of WC that are low 

enough to prevent graphite formation or to add a carbide forming element, such as Cr.
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PTA welding of a B 4 C - Ni MMC has been attempted without success. The reason for this 

is that the boron carbide decomposed rapidly at high temperature (approaching 1800K in 

these tests). The B 4C  was decomposed so quickly, in fact, that none of the experimental 

samples taken showed its presence at any time.

An evaluation of the experimental samples that were drawn was carried out in an attempt 

to determine what became of the boron and carbon from the B4C. Chemical analysis of 

experimental samples revealed that yield of B (from B4C) was very low, reaching a 

maximum of 44% for all the samples analysed. OM did not reveal any B4C particulates in 

the Ni matrix. WDS showed that it was the interdendritic regions of the sample, which 

contained B. Subsequent XRD identified Ni3B as the reaction product in all but one case. 

In experiment B6  the yield of B was low by ICP but XRD revealed the presence of 

Ni2B(s) and Ni3B(s). In experiment B6 , it is clear that the injection of B4C(s) powder was 

more successful than in other tests. The reason for this is unknown as the experimental 

set-up was unchanged. The formation of a mixture of Ni3B(s) and Ni2B(s) requires 

between 6 wt%B and 8.4wt%B. At the boron yield values that were given by ICP, the 

ternary Ni-B-C phase diagram, developed in section 5.4, predicted the formation of 

Ni3B(s) only.

The possibility of replacing Ni as the matrix material in the Ni-B4C system was evaluated 

using FACTSage™’40. These analyses revealed that both Cr and Mn are not suitable as

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



they readily form metal-borides and metal-carbides. Cu does not form borides or carbides 

so Cu was further investigated by FACTSage™’40. The Cu-B-C, Cu-Ni-B and Cu-Ni-B-C 

systems were developed based on the established binary phase diagrams of these species.

On the Ni-B-Cu phase diagram, there is an area, which contains excess boron. This 

region is of interest, as this boron would likely be tied up as B4C if C were added to this 

system. Or, the addition of a boride forming species would also tie up this excess B. To 

verify this, a Ni-Cu-B phase diagram, containing a small amount of carbon was also 

developed. On this diagram, there was one area, which contained B4C(s). This area also 

contained Ni2B(s), a solid solution (Ni, Cu, trace B, trace C) and C(s). The presence of 

B4C(s) is desired in an MMC for wear applications; however, the presence of graphite at 

some compositions may prevent the exploitation of the advantageous B4C properties. The 

addition of a carbide-former, such as Cr, would take care of this graphite. At elevated Cu 

levels, there is free boron present. The addition of a boride-former, such as Mn, would tie 

up this boron as manganese borides. Experimental verification of these results would be 

helpful to determine if there are any kinetic barriers to the formation of the phases present 

on the ternary phase diagram.
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6.2 Future Work.

6.2.1 High-Resolution Investigation of Microstructures.

High-resolution investigation of the interfacial region between the ceramic particulates 

and the Ni matrix was not carried out for this work. An FESEM provides superior spatial 

resolution (down to 1.5nm) when compared to the traditional SEM (around lOnm) and 

the electron microprobe33, allowing high-resolution investigation of the interfacial 

microstructure(s). The FESEM also, typically uses a lower accelerating voltage than the 

SEM or the Microprobe, which causes less sample damage.

6.2.2 Wear Testing of Experimental Ingots.

The experiments carried out according to the procedure outlined in section 3.0 resulted in 

the formation of solidified ingots contained in the Alumina crucible. These ingots were 

removed from the Alumina crucibles upon cooling.

In the case of the Ni-WC system, the creation of a metallurgical bond between the WC 

particulates and the Ni matrix was confirmed by the analyses carried out in this work. 

Wear testing of the experimental ingots would provide insight into the interfacial bonding 

between the Ni matrix and the WC particulates. For the Ni-E^C system, there was no 

experimental evidence that any of the injected B4C particulates remained after processing 

was completed. The presence of nickel borides was confirmed by the analysis of

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



experimental samples. The wear behaviour of nickel borides has not been widely studied 

and, therefore, it would also be useful to carry out wear testing on the ingots from the Ni- 

B 4 C tests.

6.2.3 Cu-Ni Alloy.

The evaluation of a Cu-Ni alloy as a potentially suitable matrix material for a B4 C MMC 

was done thermodynamically. To further verify the suitability of this alloy, experimental 

testing, with a similar set-up to the procedure outlined in section 3.0, with an improved 

method of ceramic powder injection needs to be done. Wear testing of the ingots 

produced from these experiments would also determine the optimal composition of the 

Ni-Cu alloy for wear resistance. Once the suitable composition has been determined, this 

Cu-Ni alloy should be tested using PTA.
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A.0 Standard Deviation Sample Calculations.

The standard deviation for the elemental mapping result was calculated using Equation (

where a  = standard deviation
N = number of data points
x,= discrete data point, i
x = average of discrete data points

Table A.l gives the 95 pieces of data that was used to calculate the maximum wt%W 

(1.3wt%), minimum wt%W (0.8wt%), average wt%W ( x ,  1) and the standard deviation 

(a, 0.2) for the 9.5minute sample from experiment W3.

A-l.

( A-l)
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Table A.l: wt%W data (95discrete data points, 9.5minute sample, experiment W3).

Point (#) W (wt%) Point (#) W (wt% ) Point (#) W  (wt%) Point (#) W (wt%)
1 1.1 31 0.9 61 0.9 91 1.2
2 1.1 32 1.0 62 0.9 92 1.1
3 1.0 33 0.7 63 1.1 93 1.1
4 1.1 34 0.5 64 1.2 94 1.1
5 1.1 35 1.2 65 0.9 95 1.0
6 1.0 36 1.2 66 0.5
7 1.1 37 1.2 67 0.7
8 1.1 38 1.2 68 1.1
9 0.4 39 0.9 69 1.1
10 0.6 40 0.6 70 1.1
11 1.1 41 0.7 71 1.2
12 1.1 42 1.3 72 1.2
13 1.2 43 1.1 73 1.1
14 1.1 44 1.2 74 1.2
15 1.2 45 1.1 75 1.0
16 1.2 46 1.1 76 1.2
17 0.7 47 1.1 77 0.8
18 1.1 48 1.1 78 0.6
19 1.0 49 1.2 79 0.8
20 0.9 50 0.3 80 0.8
21 0.6 51 0.7 81 0.9
22 0.6 52 0.8 82 0.9
23 0.9 53 0.8 83 0.7
24 0.9 54 0.7 84 0.8
25 1.1 55 0.8 85 0.6
26 1.1 56 1.1 86 1.0
27 1.0 57 0.7 87 1.2
28 1.2 58 0.8 88 1.0
29 0.6 59 1.1 89 1.1
30 1.1 60 1.1 90 1.0
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B.O Resolving Peak Overlap in XRD.

For the M -B 4 C  system, there are a number of binary nickel borides that can form. In 

Figure B.l, the 2-Theta values corresponding to the peaks of Ni2B and Ni3B are plotted 

as a function of their intensity. There are several peaks that are very close to overlapping. 

The peaks around a 2-theta value of 54° are close to overlap (Figure B.l). However, it is 

easy to clarify which substance is present by looking to other peaks. For example, three 

medium-intensity peaks for NiaB are located at 2-theta values between 55.4 0 and 48 °. 

This region does not have any Ni2B peaks. A second area to help separate Ni3B and Ni2B 

is found between 2-theta values of 55 0 and 58 °. In this region, there are a few medium- 

intensity peaks of Ni3B and no Ni2B peaks.
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0 l , i  I  I  » 1 La n i l  I I  I I I I I I
28 31 35 42 45 48 50 52 54 58 59 61 64 65 67 69 69

2 -T h e ta
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Figure B.l: Comparison of XRD patterns of M 3 B and Ni2 B,
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A plot of the Ni versus Ni^B peaks is shown in Figure B.2. The two, nickel peaks that are 

identified are located at 2-theta values of 52.2 0 and 61 0 respectively. The Ni peak at

52.2 0 is very close to a major peak for M 3B, at 52.4 °, making peak interference likely. 

Therefore, the nickel peak located at 61 0 is used to determine if Ni is present in a sample 

with NijB. If this peak is distinguishable, the presence of Ni is assumed. The large 

number of M 3B peaks makes it easy to determine the presence of M 3B.
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Figure B.2: Comparison of XRD patterns of M 3 B and Ni.

Figure B.3 shows a plot of the peaks for N i and N iaB . The high-intensity N i peak at 52.2  0 

could obscure the N iaB peak located at 53.9  °. The medium-intensity N i peak, located at 

61 °, is free from overlap with any NiaB peaks, allowing the identification of N i 

separately from N iaB .
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29 42 50 52 54 59 61 61 67 69
2-Theta

E2 Ni2B DNi

Figure B.3: Comparison of XRD patterns of NiaB and Ni.

When the XRD peaks for Ni4B3 and Ni are compared, it can be seen that there is a near 

overlap of the medium-intensity, Ni peak at a 2-theta value of 61 °. The lesser peak for 

Ni, at 52.2 °, can be resolved from the surrounding Ni4B3 peaks at 51.60 and 54.3 °.
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Figure B.4: Comparison of XRD patterns of Ni4 B3  and Ni.
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When comparing the XRD patterns for M 2B and Ni4B3 , it can be seen that there are 

enough peaks that are separated to facilitate the judgement of either substance being 

present. For example, there is an area of M 4B3 peaks, which extends from a 2-theta value 

of 55 0 to 58.8 °. This region does not contain any M 2B peaks. If a sample does not 

contain Ni4B3 , the presence of M 2B will be simple to ascertain. If a sample contains both 

Ni4B3 and M 2B, it is almost impossible to determine if M 2B is present. The reason for 

this is that the M 4 B 3  peaks obscure the Ni2B peaks. It may be possible to distinguish 

between the high-intensity, M 2B peak at 53.8 0 and the medium-intensity, Ni4B3 peak at

54.3 °-

100 -     Tj--------     - .........................................-

90 - 

80 -

1  7 0 -

2  6 0 -

<  S O 
S '
<£ 40 -
®
c  30 -

26.9 29.4 35.7 41.4 43 46.4 49.9 53.9 55.2 55.6 56.9 58.8 59.3 60.7 61.2 65.7

2-Theta 

■  Ni4B3 DNi2B |

Figure B.5: Comparison of XRD patterns of M 4B3  and M 2 B.

When comparing the 2-theta values for Ni4B3 and NisB, there are several areas, which 

allow the separation of these two compounds. There are three, medium-intensity N14B3 

peaks located between 55.20 and 56.1 0 that are not obscured by any Ni3B peaks.
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For Ni3B, there is a peak located at a 2-theta value of 52.4 °, which has other NiaB peaks 

adjacent to it. The surrounding Ni4B3 peaks at 51.6 0 and 54.3 ° peaks do not obscure this 

peak.
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□ Ni4B3 BNi3B

Figure B.6: Comparison of XRD patterns of NijBs and NiaB.

The most significant issue with XRD is that it can be extremely difficult to resolve the 

peaks of different substances, which are located at similar 2-theta values. Therefore,

XRD is not a method that can definitively determine if a compound is present in a sample 

where a compound’s peaks are significantly overlapped or obscured by the peaks of 

another compound.
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C.O XRD Cards.
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POF#0Q-006-0567(RDB): QM =lndexed(l); d=(U nknow n); l=D iffractom eter PDF C a rd

Boron Nickel 
NiB

Radlation=CuKa
Calibration=
Ref: American Electro Metal Company, Yonkers, New York, USA. 

Private Communication

Lambda=1.5418 
2T=28.136-75.082

Filter=NI
l/lc(RIR)=l

Orthorhomblc - Powder Diffraction, Cmcm (63)
CELL: 2.936 X 7.38 X 2.968 <90.0 X 90.0 X 90.0> 
Density(c)=7.179 Density(m)= Mwt=69.51
Ref: Ibid.

Vol=64.31

Z=4 mp=
P.S=oC8.00
F(10)=27.2(0.037,10/0)

Unit Cell: Space group from Blum, J. Phys. Rad., 13 431 (1952), who also reports: a=2.925, b=7.396, c=2.966. Unit Cell Data Source: 
Powder Diffraction.

Strong Lines: 2.31/X 2.72/81.88/7 2.01/41.85/41.59/21.48/2 3.68/2
10 Lines, Wavelength to Compute Theta = 1,78899A(Co), 1%-Type = (Unknown)

d(A) 1(f) h k I 2-Theta Theta 1/(2d) d(A) l(Q h k I 2-Theta Theta 1/(2d)
3.6800 16.0 0 2 0 28.136 14.068 0.1359 1.8450 35.0 0 4 0 58.002 29.001 0.2710
2.7200 75.0 1 1 0 38.399 19.200 0.1838 1.5930 20.0 1 3 1 68.321 34.161 0.3139
2.3100 100.0 0 2 1 45.564 22.782 0.2165 1.5680 1 0.0 0 4 1 69.566 34.783 0.3189
20j00_
1.8850

40.0
70.0

1 1  1 j52.850_ 26.425 0.2488
1 3 0 56.658 28.329 0.2653

1.4840 18.0 0 0 2 74.135 37.068 0.3369
1.4680 12.0 2 0 0 75.082 37.541 0.3406
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PDF#03-066-2409(RDB)(Deleted): QM=lndexed(l); d«Calculated; ^Calculated 1 PDF Card

Boron N ickel
BNU_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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R ef: Ibid.
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3 2 1 .3 7 7 7 2 .5 3 8 0 .9 7 3 6 8 1 .0 7 2 6 2.1 3 1 4 1 1 3 .0 1 7 1 0 4 0 .9 1 4 5 0 .9 4 0 4 1 5 6 .0 0 3
3 3 1 .3 3 5 9 1.1 2 2 3 8 4 .0 7 4 6 9 1 .0 6 0 0 1 .5 4 1 1 1 5 .0 9 6 1 0 5 0 .9 1 1 0 3 .1 1 3 6 1 5 8 .1 8 5
3 4 1.3311 0 .7 2 4 8 4 .4 4 6 7 0 1 .0 6 0 0 1 .5 3 3 2 1 1 5 .0 9 6 1 0 6 0 .9 0 8 4 2 .8 1 4 5 1 5 9 .9 0 4
3 5 1 .3 2 1 2 0.1 2 0 4 8 5 .2 2 2 71 1 .0 5 1 6 0 .4 2 3 4 1 1 6 .5 5 7 1 0 7 0 .9 0 5 5 4 .3 2 5 2 1 6 2 .1 1 3
3 6 1 .3 0 3 2 0 .5 J > 4 0 8 6 .6 8 6 7 2 1 . 0 4 8 0 _ 0 .2 1 1 6 1 J 7 .1 8 9 108_ 0 .9 0 0 7 0 .1 4 1 4 1 6 6 .5 3 2
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PDF#03-06S-2409(RDB)(Deleted): QM=lndexed(l); ^Calculated; ^Calculated I PDF CartT

B oron  N ick el  

B N b

# d(A) Kf) h k 1 2-T h eta # d(A) h k 2 -T h e ta # d (A ) >0> h k 1 2-Theta
1 0 9 0 .6 9 3 2 0 .3 4 3 2 — 1 2 3 0 .8 5 5 2 3 .2 4 3 3 — 1 3 7 0 . 8 2 2 2 3 .0 3 5 2 —

1 1 0 0 .8 9 0 2 0 .4 3 4 3 — 1 2 4 0 .8 4 8 8 0 .7 3 5 0 — 1 3 8 0 . 8 1 8 3 0 .8 2 5 4 _

111 0 .8 6 8 8 0 .2 0 2 7 — 1 2 5 0 .8 4 5 0 0 .1 1 6 — 1 3 9 0 . 8 1 5 6 4 .8 1 3 7 _

1 1 2 0 . 8 7 1 2 0 .1 2 7 — 1 2 6 0 .8 4 1 9 1 .6 3 5 — 1 4 0 0 . 8 1 5 5 4 .8 5 0 3 —

1 1 3 0 .8 7 0 2 0.1 5 0 1 _ 1 2 7 0 .8 4 1 9 1 .6 0 4 6 — 141 0 . 8 1 3 5 3 .4 4 4 2 —

1 1 4 0 .8 6 8 5 1 .8 0 6 0 — 1 2 8 0 .8 4 0 1 1 .2 0 6 2 — 1 4 2 0 . 8 0 9 2 0 .1 4 3 4 —

1 1 5 0 .8 6 8 5 1 .8 3 1 6 _ 1 2 9 0 .8 3 8 7 0 .4 3 4 4 — 1 4 3 0 . 8 0 7 6 0 .5 2 6 0 —

1 1 6 0 .8 6 5 9 1 .3 5 1 0 — 1 3 0 0 .8 3 7 4 0 .2 5 2 — 1 4 4 0 . 8 0 6 8 2 .0 5 2 2 —

1 1 7 0 .8 6 5 9 1 .3 2 5 3 — 1 3 1 0 .8 3 3 9 0 .5 4 1 5 — 1 4 5 0 .8 0 5 0 2 .2 1 5 5 —

1 1 6 0 .8 6 4 6 0 .5 5 4 1 3 2 0 .8 3 3 9 0 .5 3 2 6 — 1 4 6 0 . 8 0 3 6 3 .1 4 2 5 —

1 1 9 0 .6 6 2 9 1.2 4 2 4 — 1 3 3 0 .8 3 1 9 1 .4 5 2 0 — 1 4 7 0 . 8 0 3 6 3.1 1 1 8 _

1 2 0 0 .8 6 1 1 1 .4 0 6 1 — 1 3 4 0 .8 2 6 8 3 .1 1 4 6 _ 1 4 8 0 . 8 0 1 6 1.5 2 6 1 —

121 0 .8 5 6 6 0 .8 2 1 7 — 1 3 5 0 .8 2 5 4 3 .2 5 2 —

1 2 2 0 .8 5 5 2 3 .2 3 3 5 - 1 3 6 0 .8 2 5 4 3 .2 1 6 2
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P D F # 0 0 -0 4 8 -1 2 2 3 (R D B ):  Q M -S ta r (S ) ;  d = D if fr a r fo m e te r ;  l= D if fr a c to m e te r | P D F  C a r d

B oron N ickel 
B N b

R ad ia tlon = C u K a1  L am b d a= 1 . 5 4 0 5 6  
C alib ra tion = !n tem al(S i) 2 7 = 2 8 .2 7 7 - 1 0 8 .9 7 5  
R ef: G rier, D ., M cC arthy, G ., N orth D akota  S ta te  U niv., F a rg o , N D , U S A .

IC D D  G rant-In-Aid (1 9 9 3 )

Fiiter=G raph
l/!c (R !R )= S

O rthorhom bic -  P o w d e r  Diffraction, P n m a  (6 2 )
CELL: 5 . 2 1 1 2  X 6 .6 2  x  4 .3 9 5 5  < 9 0 .0  X 9 0 .0  x  9 0 .0 >
D e n s ity (c )= 8 .1 0 7  D en sity (m )=  M w t= 186 .91  V o l= 1 5 1 .6 4  
R ef: Ibid.

Z = 4  m p=
P .S = o P 1 6 ,0 0  
F (3Q )=11 9 (0 .0 0 8 ,3 0 /0 )

G en era l C o m m e n ts:  A v era g e  relative s tan d ard  deviation  In in ten sity  o f  th e  1 0  s t r o n g e s t  re flec tio n s  for 3  s p e c im e n  m o u n ts  *  11 .1 % . S u b je c t  
to  preferred  orien tation . V afldated  w ith a  ca lcu la ted  pattern. M ajor n ickel Impurity p r e s e n t .  A dditional P a ttern s: T o  r e p la c e  0 0 -0 1 9 -0 8 3 4 .  
Color: S ilvery  g r a y  m etallic . S a m p le  S o u r c e  or Locality: S a m p le  p u r c h a se d  from  C e r a c ,  In c ., M ilw aukee, W is c o n s in ,  U S A , 9 9 % . U nit C ell 
D ata  S o u rce :  P o w d er  D iffraction.

C o lo r  S ilvery  gra y  m etallic

S tron g  L ines: 1 .9 7 /X  2 .0 3 /0  2 .0 5 /7  1 .9 4 /7  2 .3 6 /7  2 . 1 2 / 6 1 .8 4 / 5 1 . 8 6 / 5

61  L in es , W a v e le n g th  to  C o m p u te  T h eta  =  1 .7 8 8 9 9 A (C o ), l% -T y p e a (U n k n ow n )
# d (A ) 1(f) h k  I 2 -T h eta T h eta 1 /(2 d ) # d (A ) Kf) h k 2 -T h eta T h eta 1 /(2 d )

3 .6 6 2 0  1 .0  0 1 1 2 8 .2 7 7 1 4 .1 3 8 0 . 1 3 6 5 3 2 1 .3 7 9 1 3 .0 3 8 0 .8 7 3 4 0 .4 3 7 0 . 3 6 2 6
2 3 . 3 5 8 0  4 .0  1 0  1 3 0 .B 9 S 1 5 .4 4 9 0 . 1 4 8 9 3 3 1 .3 3 6 6 1 .0 2 3 2 8 4 .0 1 6 4 2 .0 0 8 0 .3 7 4 1
3 3 . 3 1 4 0  5 . 0  0 2  0 3 1 .3 1 8 1 5 .6 5 9 0 . 1 5 0 9 3 4 1 .3 3 4 8 1 .0 3 1 2 8 4 .1 5 5 4 2 .0 7 7 0 . 3 7 4 6
4 2 .9 9 4 0  6 .0  1 1 1 3 4 .7 6 7 1 7 .3 8 3 0 .1 6 7 0 3 5 1 .3 3 1 4 1 .0 2 4 8 4 .4 1 9 4 2 .2 1 0 0 .3 7 5 5
5 2 .6 0 5 0  4 .0  2 0  0 4 0 .1 6 5 2 0 .0 8 3 0 .1 9 1 9 3 6 1 .3 0 3 1 2 .0 4 0 0 8 6 .6 9 7 4 3 .3 4 9 0 .3 8 3 7
6 2 .4 2 3 0  3 6 .0  2 1 0 4 3 .3 2 9 2 1 .6 6 4 0 . 2 0 6 4 3 7 1 .3 0 3 1 2 .0 3 3 8 6 .6 9 7 4 3 .3 4 9 0 .3 8 3 7
7 2 .3 5  BO 6 6 .0  1 2  1 4 4 .5 8 6 2 2 .2 9 3 0 .2 1 2 0 3 8 1 .2 9 7 5 1 3 .0 2 3 8 7 .1 6 5 4 3 .5 8 3 0 . 3 8 5 4
8 2 .2 4 1 0  3 4 .0  2 0  1 4 7 .0 5 0 2 3 .5 2 5 0 .2 2 3 1 3 9 1 .2 6 7 8 4 .0 0 5 8 9 .7 4 8 4 4 .8 7 4 0 .3 9 4 4
9 2 .1 9 7 0  7 .0  0 0  2 4 8 .0 5 1 2 4 .0 2 6 0 .2 2 7 6 4 0 1 .2 6 0 1 5 .0 3 2 2 9 0 .4 4 7 4 5 .2 2 4 0 .3 9 6 8

1 0 2 .1 2 3 0  5 7 . 0  2 1 1 4 9 .8 3 8 2 4 .9 1 9 0 .2 3 5 5 41 1 .2 5 3 8 5 .0 2 1 3 9 1 .0 2 9 4 5 .5 1 4 0 .3 9 8 8
11 2 .0 4 8 0  7 2 .0  2 2  0 5 1 .7 9 5 2 5 .8 9 8 0 .2 4 4 1 4 2 1 .2 4 9 0 1 0 .0 4 0 - 9 1 .4 7 8 4 5 .7 3 9 0 .4 0 0 3
1 2 2 .0 2 5 0  7 7 . 0  1 0  2 5 2 .4 2 8 2 6 ,2 1 4 0 .2 4 6 9 4 3 1 .2 3 1 8 4 .0 5 9 3 .1 3 2 4 6 .5 6 6 0 .4 0 5 9
1 3 1 .9 7 1 9  1 0 0 .0  0 3  1 5 3 .9 5 2 2 6 ,9 7 6 0 .2 5 3 6 4 4 1 .2 2 7 4 4 .0 4 1 9 3 .5 6 7 4 6 .7 8 4 0 . 4 0 7 4
1 4 1 .9 3 6 6  7 0 . 0  1 1 2 5 5 .0 1 8 2 7 .5 0 9 0 .2 5 8 2 4 5 1 .2 2 0 5 3 .0 0 3 3 9 4 .2 5 9 4 7 .1 2 9 0 .4 0 9 7
1 5 1 .8 5 5 9  4 8 .0  2 2  1 5 7 .6 2 9 2 8 .8 1 4 0 . 2 6 9 4 4 6 1 .2 1 1 9 3 .0 4 2 0 9 5 .1 3 8 4 7 .5 6 9 0 .4 1 2 6
1 6 1 .8 4 4 7  5 0 .0  1 3  1 5 8 .0 1 2 2 9 .0 0 6 0 .2 7 1 0 4 7 1 . 1 9 1 4 4 .0 2 2 3 9 7 .3 1 8 4 8 .6 5 9 0 .4 1 9 7
1 7 1 .8 3 0 4  8 .0  0 2  2 5 8 .5 0 9 2 9 .2 5 4 0 .2 7 3 2 4 8 1 .1 8 8 5 1 4 .0 3 3 9 7 .6 3 7 4 8 .8 1 8 0 .4 2 0 7
18 1 .7 2 7 3  3 1 .0  1 2  2 6 2 .3 7 7 3 1 .1 8 9 0 .2 8 9 5 4 9 1 .1 8 0 6 6 .0 2 5 0 9 8 .5 1 7 4 9 .2 5 8 0 .4 2 3 5
1 9 1 .6 8 3 8  1 6 .0  2 3  0 6 4 .1 7 8 3 2 .0 8 9 0 .2 9 6 9 5 0 1 .1 6 8 6 3 .0 4 2 9 9 .8 9 3 4 9 .9 4 6 0 .4 2 7 9
2 0 1 .6 7 9 5  1 1 .0  2 0  2 6 4 .3 6 2 3 2 .1 8 1 0 .2 9 7 7 51 1 .1 5 9 5 2 0 .0 3 3 2 1 0 0 .9 6 3 5 0 .4 8 4 0 .4 3 1 2
21 1 .6 5 5 0  7 . 0  0 4  0 6 5 .4 3 3 3 2 .7 1 6 0 .3 0 2 1 5 2 1 .1 5 6 2 1 4 .0 3 4 1 0 1 .3 6 6 5 0 .6 8 3 0 .4 3 2 5
2 2 1 .6 2 8 3  5 . 0  2 1 2 6 6 .6 4 4 3 3 .3 2 2 0 .3 0 7 1 5 3 1 .1 4 0 0 9 .0 2 5 1 0 3 .3 7 6 5 1 .6 8 8 0 .4 3 8 6
2 3 1 .6 1 5 5  2 1 .0  3 0  1 6 7 .2 4 2 3 3 .6 2 1 0 .3 0 9 5 5 4 1 .1 2 1 8 1 3 .0 4 3 0 1 0 5 .7 6 0 5 2 .8 8 0 0 .4 4 5 7
2 4 1 .5 7 2 3  4 .0  2 3  1 6 9 .3 4 8 3 4 .6 7 4 0 .3 1 8 0 5 5 1 .1 2 0 0 1 4 -0 3 0 3 1 0 6 .0 0 4 5 3 .0 0 2 0 .4 4 6 4
2 5 1 .5 6 9 8  5 .0  3 1 1 6 9 .4 7 5 3 4 .7 3 7 0 .3 1 8 5 5 6 1 .1 0 8 2 9 .0 5 2 1 0 7 .6 3 9 5 3 .8 1 9 0 .4 5 1 2
2 6 1 .4 9 8 0  3 .0  2 2  2 7 3 .3 2 9 3 6 .6 6 4 0 .3 3 3 8 5 7 1 .1 0 5 1 7 .0 2 3 3 1 0 8 .0 7 9 5 4 .0 4 0 0 .4 5 2 4
2 7 1 .4 9 2 0  2 .0  1 3  2 7 3 .6 7 2 3 6 .8 3 5 0 .3 3 5 1 5 8 1 .1 0 5 1 7 .0 4 1 2 1 0 8 .0 7 9 5 4 .0 4 0 0 .4 5 2 4
2 8 1 .4 8 4 6  4 .0  1 4  1 7 4 .1 0 1 3 7 .0 5 0 0 .3 3 6 8 5 9 1 .1 0 4 1 6 .0 3 1 3 1 0 8 .2 2 3 5 4 .1 1 1 0 .4 5 2 9
2 9 1 .4 5 1 8  0 .0  3 2  1 7 6 .0 6 8 3 8 .0 3 4 0 .3 4 4 4 6 0 1 .1 0 3 4 6 .0 0 6 0 1 0 8 .3 2 3 5 4 .1 6 2 0 .4 5 3 1
3 0 1 .4 3 0 1  1 .0  0 1 3 7 7 .4 3 4 3 8 .7 1 7 0 .3 4 9 6 61 1 .0 9 8 9 5 .0 0 0 4 1 0 8 .9 7 5 5 4 .4 8 8 0 .4 5 5 0
31 1 .3 9 7 0  5 .0  2 4  0 7 9 .6 2 8 3 9 .8 1 4 0 .3 5 7 9
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P D F # 0 0 4 )4 8 -1 2 2 2 (R D B ):  Q M = S ta r (S ); d - D i f f r a c t o m e t e r ;  l= D if fr a c to m e te r | P D F  C a r d

B o ro n  N ick el  
BNI2
R ad ia tlon = C u K a1  L am b d a= 1.5 4 0 5 6  
C a lib ra iion = ln tem al(S I) 2 T = 2 9 .3 6 6 -1 6 2 .1 1 6  
R ef; P a rk s , J ., M cC arthy, G ., North D ak ota  S ta te  U n iv ., F argo , N D , U S A .

IC D D  Grant-In-Aid (1 9 9 3 )

F ilter=G raph
l/lc (R IR )= S

T e tr a g o n a l -  P o w d er  Diffraction, 14 /m cm  (1 4 0 )
C ELL: 4 .9 9 0 5  x  4 .9 9 0 5  x  4 .2 4 7 4  < 9 0 .0  X 9 0 .0  X 9 0 .0 >
D e n s ity (c )= 8 .0 5  D ensfty(m )=  M w t= 1 2 8 .2 1  V o M 0 5 .7 8  
R ef: Ibid.

Z = 4  m p=
P .S = t!1 2 .0 0
F (2 5 )= 1 1 8 .7 (0 -0 0 7 ,2 8 /0 )

G e n e r a l C o m m en ts: A v e r a g e  relative sta n d a rd  d ev ia tio n  In In tensity  o f  th e  1 0  s tr o n g e s t  r e f le c t io n s  for 3  s p e c im e n  m o u n ts  =  3 0 .9 % . S u b je c t  
to  p re ferred  orientation . S ev era l un k n ow n  tr a c e  Im purity re flec tio n s  p r e se n t  In s a m p le . V a lid a ted  b y  a  c a lcu la ted  p attern . Additional P attern s:  
T o  r e p la c e  0 0 -0 2 5 4 )5 7 6 .  S a m p le  S o u r c e  or  L ocality: S a m p le  o b ta in ed  from C era c , Inc., M ilw au k ee, W is c o n s in ,  U S A . Unit C el) D ata  S o u rce :  
P o w d e r  Diffraction.

S tr o n g  L in es: 1 .9 8 /X  2 .4 9 /3 2 .1 2 /2 1 .6 2 /1  1 .8 2 /1  1 .2 0 /1  3 .5 3 /1  1 .5 8 /1
2 5  L in es , W a v e le n g th  to  C om p u te T h e ta  -  1 .7 8 8 9 9 A (C o ) ,  l% -T yp e = P e a k  H eight
# d (A ) l(f) h  k 1 2 -T h e ta  T h e ta  1 /(2 d ) # d(A ) W h k 1 2 -T h e ta T h eta 1 /(2 d )

3 . 5 2 9 0  1 1 .0  1 1 0  2 9 .3 6 6  1 4 .6 8 3  0 .1 4 1 7 1 4 1 .1 6 4 0 1 0 .0 4 1 1 1 0 0 .4 3 3 5 0 .2 1 6 0 .4 2 9 6
2 2 . 4 9 5 0  3 1 .0  2  0  0  4 2 .0 1 8  2 1 .0 0 9  0 .2 0 0 4 1 5 1 .1 1 5 9 1 .0 4 2  0  1 0 6 .5 6 5 5 3 .2 B 2 0 .4 4 8 1
3 2 .1 2 4 0  2 2 .0  0  0  2  4 9 .8 1 3  2 4 . 9 0 6  0 .2 3 5 4 1 6 1 .0 7 5 6 1 .0 4 0  2  1 1 2 .5 3 2 5 6 2 6 6 0 .4 6 4 9
4 1 .9 7 5 7  1 0 0 .0  2  1 1 5 3 .8 4 0  2 6 .9 2 0  0 .2 5 3 1 1 7 1 .0 6 1 8 2 .0 0 0  4  1 1 4 .7 9 6 5 7 .3 9 8 0 .4 7 0 9
5 1 .8 1 9 6  1 2 .0  1 1 2  5 8 .8 9 0  2 9 . 4 4 5  0 .2 7 4 8 18 1 .0 2 9 0 6 .0 3 3  2  1 2 0 .7 5 1 6 0 .3 7 6 0 . 4 8 5 9
6 1 .7 6 4 4  5 .0  2  2  0  6 0 . 9 2 4  3 0 . 4 6 2  0 .2 8 3 4 19 1 .0 1 6 9 0 .0 1 1 4  1 2 3 .1 9 5 6 1 .5 9 8 0 . 4 9 1 7
7 1 .6 1 7 0  1 3 .0  2  0  2  6 7 .1 7 1  3 3 . 5 8 6  0 .3 0 9 2 2 0 0 .9 8 7 8 0 .0 4 2  2  1 2 9 .7 8 3 6 4 .8 9 2 0 . 5 0 6 2
8 1 . 5 7 8 4  1 1 .0  3  1 0  6 9 .0 4 2  3 4 .5 2 1  0 .3 1 6 8 21 0 .9 7 8 7 1 .0 5 1 0  1 3 2 .1 1 2 6 6 .0 5 6 0 . 5 1 0 9
9 1 .3 5 7 2  1 .0  2  2  2  8 2 .4 5 9  4 1 . 2 2 9  0 .3 6 8 4 2 2 0 .9 7 7 1 1 .0 2 0  4  1 3 2 .5 5 3 6 6 .2 7 6 0 . 5 1 1 7
10 1 .2 6 6 6  4 .0  3  1 2  8 9 .8 5 6  4 4 .9 2 8  0 .3 9 4 8 2 3 0 .9 2 0 2 6 .0 4 1 3  1 5 2 .8 5 1 7 6 .4 2 6 0 . 5 4 3 4
11 1 .2 4 7 5  2 .0  4  0  0  9 1 .6 2 0  4 5 . 8 1 0  0 .4 0 0 8 2 4 0 .9 0 9 6 1 .0 2 2  4  1 5 9 .0 8 7 7 9 .5 4 4 0 . 5 4 9 7
12 1 .1 9 5 5  1 1 .0  2  1 3  9 6 .8 7 3  4 8 . 4 3 6  0 .4 1 8 2 2 5 0 .9 0 5 5 4 .0 5 2  1 1 6 2 .1 1 6 8 1 .0 5 8 0 .5 5 2 2
13 1 .1 7 6 3  4 .0  3  3  0  9 9 .0 0 4  4 9 . 5 0 2  0 .4 2 5 1
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P D F # 0 3 4 6 6 - 2 6 9 1 ( R D B ) :  Q M = ln d e x e d ( l) ;  d = C a lc u la te d ;  l= C a lc u !a te d | P D F C a r d

B oron  N ickel 
BN l2
R ad ia tion = C u K a1  
C alibration8  
R ef: T .B jurstrom

Ark. K em i, M in era l. G eo l., v 1 1 A  p 5  (1 9 3 3 )

L a m b d a = 1 .5 4 0 5 9 9 9  
2 T = 2 9 .3 7 0 -1 8 0 .0 0 0

Filter8
l/!c (R IR )-6 .0 5

T etragon a l • (U n k n o w n ), 14 /m cm  (1 4 0 )  
CELL: 4 .9 9  x  4 . 9 9  x  4 . 2 4 5  < 9 0 .0  x  9 0 .0  x  9 0  
D e n s ity (c )= 8 .0 5 7  D en sity (m )=
R ef: Ibid.

0>
M w t=12 0 .2 1  V o l= 1 0 5 .7 0

Z = 4  m p=
P .S = t l1 2 .0 0
F (3 0 ) -9 9 9 .9 (0 .0 0 0 ,3 2 /G )

A dditional P a tte r n s:  S e e  P D F  0 1 -0 8 2 -1 6 9 7 .  T em p eratu re Factor: lS = N i,B . M inor W arning: N o  e .s .d  rep orted /ab stracted  o n  th e  cell 
d im e n sio n . N o  R fa c to r  rep o rted /a b stra cted . N IST  C o llection  C od e: N  A L 2 2 3 6 .

S tro n g  L ines: 1 . 9 8 / X 2 . 1 2 / 3 2 4 9 / 2 1 .6 2 / 1  1 .5 8 /1  1 .2 0 /1  1 .1 6 /1  3 .5 3 /1

3 3  L in es, W a v e le n g th  to  C o m p u te  T h e ta  =  1 .7 8 8 9 9 A (C o ), l% -T ype = P e a k  H eight
# d (A ) 1 (0  h  k 1 2 -T h eta T h eta 1 /(2 d ) # d(A ) HO h k 1 2 -T h eta T h e ta 1A 2d)
1 3 .5 2 8 5 8 . 4  1 1 0  2 9 .3 7 0 1 4 .6 8 5 0 .1 4 1 7 1 8 1 .0 6 1 2 1.6 0 0 4  1 1 4 .8 8 9 5 7 . 4 4 4 0 .4 7 1 1
2 2 .4 9 5 0 1 9 .1  2  0  0  4 2 .0 1 8 2 1 .0 0 9 0 .2 0 0 4 1 9 1 .0 2 8 8 5.7 3 3 2  1 2 0 .7 9 9 6 0 . 3 9 9 0 .4 8 6 0
3 2 .1 2 2 5 2 5 . 6  0  0  2  4 9 .8 5 0 2 4 .9 2 5 0 .2 3 5 6 2 0 1 .0 1 6 3 0.1 4  1 2 3 .3 2 5 6 1 . 6 6 2 0 .4 9 2 0
4 1 .9 7 5 3 1 0 0 . 0  2  1 5 3 .8 5 3 2 6 .9 2 6 0 .2 5 3 1 21 0 .9 8 7 6 0.2 4 2 2  1 2 9 .8 3 3 6 4 .9 1 6 0 .5 0 6 3
5 1 .8 1 8 8 6 . 3  1 1 2  5 8 .9 1 9 2 9 .4 5 9 0 .2 7 4 9 2 2 0 .9 7 8 6 0.1 5 0  1 3 2 .1 3 9 6 6 .0 6 9 0 .5 1 0 9
6 1 .7 6 4 2 2 . 9  2  2  0  6 0 .9 3 1 3 0 .4 6 5 0 .2 8 3 4 2 3 0 .9 7 6 6 0.8 2 0 4  1 3 2 .6 3 2 6 6 .3 4 1 0 .5 1 2 0
7 1 .6 1 6 7 1 2 .9  2  0  2  6 7 .1 8 7 3 3 .5 9 4 0 .3 0 9 3 2 4 0 .9 1 9 7 3.7 4 1 3  1 5 3 .0 9 6 7 6 . 5 4 8 0 .5 4 3 6
8 1 .5 7 8 0 1 1 .4  3  1 0  6 9 .0 6 3 3 4 .5 3 2 0 .3 1 6 9 2 5 0 .9 0 9 4 0.4 2 2 4  1 5 9 .2 2 7 7 9 . 6 1 3 0 .5 4 9 8
9 1 .3 5 6 7 0 . 6  2  2  2  8 2 .4 9 3 4 1 .2 4 6 0 .3 6 8 5 2 6 0 .9 0 5 3 3.5 5 2 1 1 6 2 .2 7 5 8 1 .1 3 8 0 .5 5 2 3

1 0 1 .3 1 5 8 0 .1  3  2  1 8 5 .6 5 7 4 2 .8 2 8 0 .3 8 0 0 2 7 0 .8 8 8 7 0.7 5 1 2 —
11 1 .2 6 6 4 4 . 8  3  1 2  8 9 .8 7 9 4 4 .9 3 9 0 .3 9 4 8 2 8 0 .8 8 2 1 0.2 4 4 0  —

12 1 .2 4 7 5 1 .1  4  0  0  9 1 .6 2 0 4 5 .8 1 0 0 .4 0 0 8 2 9 0 .8 8 0 6 2.0 3 1 4 —
1 3 1 .1 9 5 0 1 1 .1  2  3  9 6 .9 2 4 4 8 .4 6 2 0 .4 1 8 4 3 0 0 .8 5 5 8 1.0 5 3 0 —

1 4 1 .1 7 6 1 4 . 0  3  3  0  9 9 .0 2 2 4 9 .5 1 1 0 .4 2 5 1 31 0 .8 3 1 7 1.5 6 0 0 —

1 5 1 .1 6 3 9 9 . 9  4  1 1 1 0 0 .4 4 7 5 0 .2 2 3 0 .4 2 9 6 3 2 0 .8 1 4 6 0.1 4 4 2 —
1 6 1 .1 1 5 8 0 . 7  4  2  0  1 0 6 .5 7 8 5 3 .2 8 9 0 .4 4 8 1 3 3 0 .8 0 8 3 0.4 4 0 4 ~
1 7 1 .0 7 5 5 1 . 9  4  0  2  1 1 2 .5 4 9 5 6 .2 7 5 0 .4 6 4 9
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P D F # 0 0 4 1 2 -0 4 1 6 (R D B ):  Q M = in d e x e d ( l) ;  d = G u in ie r ;  l« F i!n W is u a l | P D F  C a rd

B oron  N ickel 
NI4B3
R adiation=C rK a L a m b d a = 2 .2 9 0 9 Filter=
C alibration*
R ef: R undqvist.

A c ta  C h e m . S c a n d .,  v 1 3  p 1 1 9 3  (1 9 5 9 )

2 T = 2 6 .8 6 9 -6 5 .7 0 1 i/lc(R IR )= I

M o n o c lin ic -P o w d e r  D iffraction, C 2 /c  (1 5 ) Z = 4  m p =
CELL: 6 .4 3  x  4 .8 8 2  X 7 .8 1 8  < 9 0 .0  x  1 0 3 .3  x  90 .0 :*  P .S = m C 2 8 .0 0
D e n s ity (c )= 7 .4 3 2  D en slty (m )=  N tw t= 2 6 7 .2 3  V o l= 2 3 8 .8 3  F (2 5 )= 1 8 .6 (0 .0 4 8 ,2 8 /0 )
R ef: Ibid.

G en era l C o m m en ts: E x is ts  a l s o  in a n  orthorhom bic m odification . U nit C e ll D ata  S ou rce: P o w d er  D iffraction . 

S tro n g  L ines: 2 .0 5 /X  2 .1 8 /X  1 .9 2 /X  2 .2 7 /8  2 . 7 4 / 8 1 .9 0 / 8 1 . 9 6 / 8  2 .9 2 /6 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

2 5  L in es, W a v e le n g th  to C o m p u te  T h eta  3  1 .7 8 8 9 9 A (C o ) ,  !% -T ype =  (U n k n ow n )
# d(A) KO h k 2-T h eta T h e ta 1/(2d ) # d(A) Kf) h k 2 -T h eta T h e ta 1 /(2 d )
1 3 .8 5 0 0 4 0 .0 0 2 6 .8 6 9 1 3 .4 3 5 0 .1 2 9 9 1 4 1 .9 2 3 0 1 0 0 .0 2 2 0 5 5 .4 4 1 2 7 .7 2 0 0 .2 6 0 0
2 3 .8 0 0 0 2 0 .0 0 0 2 2 7 .2 3 0 1 3 .6 1 5 0 .1 3 1 6 1 5 1 .9 1 7 0 6 0 .0 3 1 0 5 5 .6 2 9 2 7 .8 1 5 0 .2 6 0 8
3 3 .2 5 0 0 4 0 .0 3 1 .9 5 1 1 5 .9 7 6 0 .1 5 3 8 1 6 1 .9 0 1 0 8 0 .0 0 0 4 5 6 .1 3 9 2 B .0 6 9 0 .2 6 3 0
4 2 .9 1 8 0 6 0 .0 -1 2 3 5 .7 0 2 1 7 .8 5 1 0 .1 7 1 4 1 7 1 .8 7 9 0 6 0 .0 -3 1 2 5 5 .8 5 5 2 8 .4 2 8 0 .2 6 6 1
5 2 .7 4 5 0 8 0 .0 - 2 0 2 3 8 .0 3 6 1 9 .0 1 8 0 .1 8 2 1 1 8 1 .8 2 3 0 4 0 .0 -2 2 2 5 8 .7 7 0 2 9 .3 8 5 0 .2 7 4 3
6 2 .5 3 0 0 2 0 .0 2 4 1 .4 1 0 2 0 .7 0 5 0 .1 9 7 6 1 9 1 .8 2 1 0 4 0 .0 - 2 0 4 5 8 .8 4 0 2 9 .4 2 0 0 .2 7 4 6
7 2 .4 4 0 0 2 0 .0 0 2 0 4 3 .0 1 2 2 1 .5 0 6 0 .2 0 4 9 2 0 1 .8 0 9 0 6 0 .0 -1 1 4 5 9 .2 7 0 2 9 .6 3 5 0 .2 7 6 4
8 2 .3 2 2 0 6 0 .0 0 2 4 5 .3 1 6 2 2 .6 5 8 0 .2 1 5 3 21 1 .8 0 5 0 6 0 .0 2 2 5 9 .4 1 4 2 9 .7 0 7 0 .2 7 7 0
9 2 2 7 0 0 8 0 .0 -1 3 4 6 .4 1 4 2 3 .2 0 7 0 .2 2 0 3 2 2 1 .7 7 1 0 4 0 .0 3 1 6 0 .6 7 3 3 0 .3 3 7 0 .2 8 2 3

1 0 2 .1 8 2 0 1 0 0 .0 2 0 2 4 8 .4 0 2 2 4 .2 0 1 0 .2 2 9 1 2 3 1 .7 5 7 0 4 0 .0 0 2 3 6 1 2 0 8 3 0 .6 0 4 0 .2 8 4 6
11 2 .0 5 4 0 1 0 0 .0 0 2 2 5 1 .6 3 3 2 5 .8 1 6 0 .2 4 3 4 2 4 1 .7 1 3 0 4 0 .0 - 3 1 3 6 2 .9 5 7 3 1 .4 7 9 0 .2 9 1 9
1 2 1 .9 6 0 0 8 0 .0 -3 1 5 4 .3 0 7 2 7 .1 5 3 0 .2 5 5 1 2 5 1 .6 4 9 0 4 0 .0 - 2 2 3 6 5 .7 0 1 3 2 .8 5 0 0 .3 0 3 2
1 3 1 .9 3 1 0 4 0 .0 - 2 2 1 5 5 .1 9 1 2 7 .5 9 6 0 .2 5 8 9
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P D F # 0 0 -0 1 2 -0 4 1 7 (R D B ):  Q M = !n d e x e d ( l) ;  d = G u in le r ;  i= F iim /V isu a l | P D F  C a rd

B oron  N ickel 
NUBa
R ad iation = C rK a  
C alibration- 
R ef: R u n d q v ist.

A cta  C h e m . S c a n d .,  v 1 3  p 1 1 9 3  (1 9 5 9 )

L am b d a= 2 .29Q 9  
2T = 1 7 .2 3 4 -6 5 .5 6 6

Filten=
l/Ic(R IR )=l

O rthorhom bic -  P o w d er  D iffraction , P n m a  (6 2 )
CELL: 1 1 .9 4 8  x  2 .9 7 9 1  x  6 . 5 6 3 7  < 9 0 .0  x  9 0 .0  x  9 0 .0 >
D e n s ity (c )= 7 .5 9 7  D e n s ity (m )=  M w t= 2 6 7 .2 3  V o i= 2 3 3 .6 3  
R ef: Ibid.

2 = 4  m p =
P .S = o P 2 8 .0 0
F (3 0 )= 3 3 .9 (0 .0 2 4 ,3 7 /0 )

G en era l C o m m e n ts:  E x is ts  a l s o  In a  m o n o c lin ic  m odification . U nit C ell D ata S o u r c e :  P ow d er  D iffraction .

S tron g  L in es: 2 .0 7 /X  1 .9 3 /8  2 .2 5 /8 1 .7 6 /8  2 .4 7 /8  1 .9 2 /8 1 .7 9 /8  1 .91  IQ
3 0  L ines, W a v e le n g th  to  C o m p u te  T h eta  =  1 .7 8 8 9 9 A (C o ), 1% -Type = (U n k n ow n )
# d (A ) l(0 h  k  I 2 -T h eta T h e ta 1 /(2 d ) n d(A) Kf) h k 2-T h eta T h eta 1/(2d )
1 5 .9 7 0 0  2 0 .0 2  0  0 1 7 2 3 4 8 .6 1 7 0 .0 8 3 8 1 6 2 . 1 1 0 0 8 0 .0 4 0 5 0 .1 6 6 2 5 .0 8 3 0 .2 3 7 0
2 4 .4 2 0 0  2 0 .0 2  0  1 2 3 .3 5 2 1 1 .6 7 6 0 .1 1 3 1 1 7 2 ,0 7 0 0 1 0 0 .0 2 2 5 1 .2 0 5 2 5 .6 0 2 0 .2 4 1 5
3 3 .2 B 0 0  2 0 .0 0  0  2 3 1 .6 5 1 1 5 .8 2 6 0 .1 5 2 4 1 8 2 .0 5 5 0 2 0 .0 2 0 3 5 1 .6 0 6 2 5 .8 0 3 0 .2 4 3 3
4 3 .1 7 0 0  4 0 .0 1 0  2 3 2 .7 8 0 1 6 .3 9 0 0 .1 5 7 7 1 9 2 .0 0 8 0 6 0 .0 4 5 2 .9 0 6 2 6 .4 5 3 0 .2 4 9 0
5 2 .9 9 0 0  6 0 .0 4  0  0 3 4 .8 1 5 1 7 .4 0 7 0 .1 6 7 2 2 0 1 .9 9 1 0 4 0 .0 6 0 0 5 3 .3 9 4 2 6 .6 9 7 0 .2 5 1 1
6 2 .8 7 6 0  6 0 .0 2  0  2 3 6 .2 4 1 1 8 .1 2 1 0 .1 7 3 9 21 1 .9 3 1 0 8 0 .0 5 0 2 5 5 .1 9 1 2 7 .5 9 6 0 .2 5 8 9
7 2 .7 1 8 0  2 0 .0 4  0  1 3 8 .4 2 8 1 9 .2 1 4 0 .1 B 4 0 2 2 1 .9 1 8 0 8 0 .0 3 0 3 5 5 .5 9 8 2 7 .7 9 9 0 2 6 0 7
8 2 .7 1 3 0  4 0 .0 0  1 3 8 .5 0 2 1 9 .2 5 1 0 .1 8 4 3 2 3 1 .9 0 6 0 8 0 .0 6 0 5 5 .9 7 8 2 7 .9 8 9 0 .2 6 2 3
9 2 .6 4 5 0  4 0 .0 1 1 3 9 .5 3 2 1 9 .7 6 6 0 .1 8 9 0 2 4 1 .7 9 3 0 8 0 .0 5 5 9 .8 5 2 2 9 .9 2 6 0 .2 7 8 9

1 0 2 .5 3 4 0  6 0 .0 3  0  2 4 1 .3 4 1 2 0 .6 7 1 0 .1 9 7 3 2 5 1 .7 7 4 0 4 0 .0 4 2 6 0 .5 6 0 3 0 .2 8 0 0 .2 8 1 8
11 2 .4 7 1 0  8 0 .0 2  1 4 2 .4 4 6 2 1 .2 2 3 0 .2 0 2 3 2 6 1 .7 6 4 0 8 0 .0 0 3 6 0 .9 3 9 3 0 .4 7 0 0 .2 8 3 4
1 2 2 .2 4 9 0  8 0 .0 5  0  1 4 6 .8 7 3 2 3 .4 3 6 0 .2 2 2 3 2 7 1 .7 4 4 0 6 0 .0 3 6 1 .7 1 4 3 0 .8 5 7 0 .2 8 6 7
1 3 2 .2 1 0 0  4 0 .0 4  0  2 4 7 .7 5 1 2 3 .8 7 5 0 .2 2 6 2 2 8 1 .7 0 2 0 6 0 .0 6 0 2 6 3 .4 1 1 3 1 .7 0 6 0 .2 9 3 8
1 4 2 .1 6 9 0  6 0 .0 1 2 4 8 .7 1 1 2 4 .3 5 6 0 .2 3 0 5 2 9 1 .6 9 1 0 4 0 .0 2 3 6 3 .8 7 2 3 1 .9 3 6 0 .2 9 5 7
1 5 2 .1 5 2 0  6 0 .0 1 0  3 4 9 .1 2 1 2 4 .5 6 1 0 .2 3 2 3 3 0 1 .6 5 2 0 6 0 .0 7 0 1 6 5 .5 6 6 3 2 .7 8 3 0 .3 0 2 7

199

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P D F # 0 0 * 0 0 4 -0 8 5 0 (R D B ):  Q M = S ta r (S ); d = (U n k n o w n );  { -D if f r a c to m e te r | P D F  C a r d
N ick el, sy n
NI

R ad ia tion = C u K a1 L sm b d a = 1 .5 4 0 5 Fliter=Ni
Calibration^ 2 T = 5 2 .1 7 9 -1 8 0 .0 0 0 l/lc (R IR )= S
R ef: S w a n s o n , T a tg e .

N atl. Bur. S ta n d . ( U .S .) ,  Clrc. 5 3 9 ,  v! p 1 3  ( 1 9 5 3 ) C A S # 7 4 4 0 -0 2 -0

C u b ic  -  P o w d e r  D iffraction , F m 3m  (2 2 5 )  Z = 4  m p=
CELL: 3 .5 2 3 8  X 3 .5 2 3 8  X 3 .5 2 3 8  < 9 0 .0  x  9 0 .0  X  9 0 .0 >  P .S = c F 4 .0 0
D e n s ity (c )= 0 .9 1 1  D en sity (m )=  M w t= 5 8 .7  V o I= 4 3 .7 6  F (8 )= 8 7 .9 (0 .0 1 1 ,8 /0 )
R ef: Ibid.

A dditional P a ttern s: S e e  P D F  0 1 -0 8 7 -0 7 1 2 .  A n a l / s i s :  S p ec tro g ra p h ic  a n a ly s is  s h o w  < 0 .0 1 %  e a c h  o f  M g, SI Bnd C a . C o lon  W h ite . S a m p le  
S o u r c e  or  Locality: S a m p le  obta ined  from  J o h n s o n  M atthey C om p an y , Ltd. T em p eratu re o f D a ta  C ollection: P attern  ta k en  a t 2 6  C . U nit C ell 
D ata  S o u r c e :  P o w d e r  D iffraction .

C o lon  W h ite

S tron g  U n e s :  2 .0 3 /X  1 . 7 6 / 4 1 2 5 / 2 1 .0 6 / 2  0 . 7 9 /2  0 .8 1 /1  1 .02 /1
6  U n e s ,  W a v e le n g th  to  C o m p u te  T h e ta  *  1 .7 8 8 9 9 A (C o ) ,  1% -Type =  (U nknow n)

d (A ) l(Q  h  k  I 2 -T h e ta  T h e ta  1 /(2 d ) d (A ) l(f) h k  I 2 -T h e ta  T h eta  1 /(2 d )
2 . 0 3 4 0  1 0 0 .0  1 1 1 5 2 .1 7 9  2 6 .0 8 9  0 .2 4 5 8
1 .7 6 2 0  4 2 .0  2  0  0  6 1 .0 1 6  3 0 .5 0 8  0 .2 8 3 8
1 .2 4 6 0  2 1 .0__  2  2  0  9 1 .7 6 2  4 5 .8 8 1  0 .4 0 1 3
1 .0 6 2 4  2 0 .0  3  1 1 1 1 4 .6 9 5  5 7 .3 4 7  0 .4 7 0 6

1 .0 1 7 2   7 .0 _  2  2 _  2  1 2 3 1 3 3

3  3  1 _ _ _ _ _ —
0 —

6 1 .5 6 6  0 .4 9 1 5
0 .8 8 1 0 _ _ _ 4 .0
0 .8 0 8 4  1 4 .0 _______
0 .7 8 8 0  1 5 .0  4  2
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P D F # 0 1 -0 7 1 -4 9 1 8 (R D B ):  Q M = ln d e x e d ( l) ;  d = C a lc u la te d ;  l= C a lc u la te d | P D F C ard

M agn etite
F e 30 4

R ad ia tion = C u K a1 L a m b d a = 1 .5 4 0 5 9 9 9 Fi!ter=
C alibration*
R ef: H o lg e r s so n , S .

L u n d s U niv. A rssk r ., A vd . 2 ,  v 2 3  p1 (1 9 2 7 )

2 T = 2 1 .2 5 7 -1 8 0 .0 0 0 l/lc (R IR )= 4 .9 2

C u b ic  -  (U n k n ow n ), F d 3 m  (2 2 7 )  Z = 8  m p *
CELL: 8 .4  X 8 .4  x  8 .4  < 9 0 .0  x  9 0 .0  x  9 0 .0 >  P ,S = c F 5 6 .0 0
D e n s ity (c )= 5 .1 8 9  D en sfty (m )=  M w t= 2 3 1 .5 4  V o i= 5 9 2 .7 0  F {3 0 )= 9 9 9 .9 (0 ,3 0 /0 )
R ef: Ibid.

C a lcu la ted  P attern  O riginal R em a rk s: M O F 19 * 6 2 9 . C e ll o f  s a m p le  from  N ordm arken , V erm land , S w e d e n :  8 .4 1 2 .  C e ll syn th etic  F e 2  F e  0 4 :  
8 .4 1 7 .  IC SD  C o llection  C o d e :  5 6 1 2 0 .  S a m p le  S o u r c e  o r  Locality: S p e c im e n  from  D a la m a , S w e d e n . A N X : A B 2 X 4 . W y c k o ff  S e q u e n c e :  e  d a  
(F D 3 -M S ). M inor W arn in g: N o  R  v a lu e  g iv e n  In th e  p a p er .

S tr o n g  L ines: 2 5 3 / X  1 .4 8 /3  2 . 9 7 / 3 1 .6 2 / 3  2 .1 0 /2  4 .B 5 /1  1 .0 9 /1 1 .7 1 /1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3 4  L in es, W a v e le n g th  to  C o m p u te  T h e ta  =  1 .7 8 8 9 9 A (C o ) , l% -T ype =  P e a k  H eight
# d(A ) KO h k I 2 -T h e ta T h eta 1 /(2 d ) # d (A ) KO h k 2 -T h e ta T h eta 1 /(2 d )
1 4 .8 4 9 7 1 0 .2 1 1 2 1 .2 5 7 1 0 .6 2 9 0 .1 0 3 1 1 8 1 .0 9 3 6 8 .3 7 3 1 0 9 .7 5 9 5 4 .8 7 9 0 .4 5 7 2
2 2 .9 6 9 9 2 9 .7 2 2 0 3 5 .0 5 8 1 7 .5 2 9 0 .1 6 8 4 1 9 1 .0 5 0 0 3.1 8 0 0 1 1 6 .8 3 8 5 8 .4 1 9 0 .4 7 6 2
3 2 .5 3 2 7 1 0 0 .0 3 1 4 1 .3 6 4 2 0 .6 8 2 0 .1 9 7 4 2 0 1 .0 2 6 2 0.1 7 3 3 1 2 1 .3 0 0 6 0 .6 5 0 0 .4 8 7 2
4 2 .4 2 4 9 7 .7 2 2 2 4 3 .2 9 4 2 1 .6 4 7 0 .2 0 6 2 21 1 .0 1 8 7 0.1 6 4 4 1 2 2 .8 3 2 6 1 .4 1 6 0 .4 9 0 8
5 2 .1 0 0 0 2 0 .4 4 0 0 5 0 .4 2 2 2 5 .2 1 1 0 .2 3 8 1 2 2 0 .9 8 9 9 1 .0 8 2 2 1 2 9 .2 6 5 6 4 .6 3 2 0 .5 0 5 1
6 1 .9 2 7 1 0 .6 3 3 1 5 5 .3 1 3 2 7 .6 5 6 0 .2 5 9 5 2 3 0 .9 6 9 9 4 .2 7 5 1 3 4 .5 0 2 6 7 .2 5 1 0 .5 1 5 5
7 1 .7 1 4 6 8.1 4 2 2 6 2 .8 9 0 3 1 .4 4 5 0 .2 9 1 6 2 4 0 .9 6 3 5 0 .9 6 6 2 1 3 6 .3 5 4 6 8 .1 7 7 0 .5 1 8 9
8 1 .6 1 6 6 2 6 .1 5 1 6 7 .1 9 1 3 3 .5 9 5 0 .3 0 9 3 2 5 0 .9 3 9 1 1 .8 8 4 0 1 4 4 .5 2 1 7 2 .2 6 1 0 .5 3 2 4
9 1 .4 8 4 9 3 4 .0 4 4 0 7 4 .0 8 2 3 7 .0 4 1 0 .3 3 6 7 2 6 0 .9 2 2 0 0 .2 9 1 5 1 .9 3 0 7 5 .9 6 5 0 .5 4 2 3
10 1 .4 1 9 9 0 .8 5 3 1 7 8 .0 9 8 3 9 .0 4 9 0 .3 5 2 1 2 7 0 .9 1 6 5 0 .1 8 4 2 1 5 4 .8 3 0 7 7 .4 1 5 0 .5 4 5 5
11 1 .4 0 0 0 0.1 4 4 2 7 9 .4 2 3 3 9 .7 1 2 0 .3 5 7 1 2 8 0 .8 9 5 4 0 .5 6 6 4 1 7 4 .7 2 7 8 7 .3 6 3 0 .5 5 8 4
12 1 .3 2 8 2 2 .5 6 2 0 8 4 .6 7 3 4 2 .3 3 7 0 .3 7 6 5 2 9 0 .8 8 0 6 3 .0 9 3
13 1 .2 8 1 0 6 .2 5 3 3 8 8 .5 7 9 4 4 .2 8 9 0 .3 9 0 3 3 0 0 .8 5 7 3 6 .2 8 4 4 _

1 4 1 .2 6 6 4 2 .6 6 2 2 8 9 .8 7 9 4 4 .9 3 9 0 .3 9 4 8 31 0 .8 4 4 2 0.1 9 3 3 _

1 5 1 .2 1 2 4 2 .0 4 4 4 9 5 .0 8 3 4 7 .5 4 1 0 .4 1 2 4 3 2 0 .8 2 3 7 1 .2 8 6 2 —

1 8 1 .1 7 6 2 0 .4 5 5 1 9 9 .0 1 1 4 9 .5 0 6 0 .4 2 5 1 3 3 0 .8 1 2 1 3 .7 9 5 —

1 7 1 .1 2 2 5 2 .3 6 4 2 1 0 5 .6 6 6 5 2 .8 3 3 0 .4 4 5 4 3 4 0 .8 0 8 3 0 .9 1 0 2 2
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P D F # 0 0 4 )3 9 -1 3 4 6 (R D B ):  Q M = S ta r{S ); d = D if fr a c to m e te r ;  l= D if f r a c to m e te r | P D F  C a rd

M a g h em ite -C , sy n  
F e 2 0 3

R a d la tio n ^ C u K a  L a m b d a = 1 .5 4 1 7 8  
C a lib ra tion = ln tem al(S i) 2 T = 1 7 .3 8 7 -1 1 7 .9 3 6  
R ef: S c h u lz ,  D ., M cC arthy, G ., North D akota  S ta te  U niversity , F argo , N orth  D ak ota , U S A . 

IC D D  G rant-In-Aid (1 9 8 7 )

FIlter^G raph
l /lc (R IR )= 1 .4

C u b ic  -  S in g le  C rysta l, P 4 i3 2  (2 1 3 )
CELL: 8 .3 5 1 5  X 8 .3 5 1 5  x  8 .3 5 1 5  < 9 0 .0  X 90 . 
D e n s ity (c )* 4 .B 5 6  D en s lty (m )= 4 .9  
R ef: L ln d sley , D.

D X 9 0 .0 >
M w t-1 5 9 .6 9  V o l= 5 8 2 .5 0

Z = 1 0 .6 7  m p=
P .S = c P 5 3 .3 3
F (3 0 )= 9 4 .9 (0 .0 0 9 ,3 5 /0 )

G en era l C o m m e n ts:  P attern  rev iew ed  by S yv in sid , W .t M cC arthy, G ., N orth  D ak ota  S ta te  U niversity, Fargo, N orth  D a k o ta , U S A , IC D D  
Grant-In-Aid (1 9 9 0 ) .  A g r e e s  w ell w ith experim ental pattern. A dditional w e a k  r eflectio n s (in d ica ted  by b rack ets) w e r e  o b s e r v e d .  A dditional 
P attern s: T o  r e p la c e  0 0 -0 0 4 -0 7 5 5  an d  0 0 -0 2 4 -0 0 8 1 .  C o lo n  Light b row n . S a m p le  S o u rce  or Locality: S a m p le  from  C on tro l D a ta  a s  u s e d  in  
hard  d isk s . S a m p le  Preparation: S p a c e  group d ep e n d e n t u p o n  p rep aration  (B ern a l e t  al.). U nit C ell Data S o u r c e :  S in g le  C rysta l.

C o lo n  Light brow n

S tro n g  L ines: 2 .5 2 /X  2 .9 5 / 4 1 .4 8 / 3 1 . 6 1 12 2 .0 9 /2  1 .7 0 /1  1 .0 9 /1  1 .2 7 /1
41  L in es, W a v e le n g th  to  C o m p u te  T h eta  « 1 .7 8 8 9 9 A (C o ) , 1% -Type = P e a k  H eight
# d(A) l ( 0  h  k I 2 -T h eta T h eta 1 /(2 d ) # d(A) KO h k 2 -T h e ta T h eta 1 /(2 d )

5 .9 1 8 0 5 .0  1 1 0  1 7 .3 8 7 8 .6 9 3 0 .0 8 4 5 2 2 1 .4 7 5 8 34.0 4 4 0 7 4 . 6 1 7 3 7 .3 0 9 0 . 3 3 8 8
2 4 .8 2 2 0 4 .0  1 1 1  2 1 .3 8 1 1 0 .6 9 0 0 . 1 0 3 7 2 3 1 .4 5 3 7 1.0 4 4 7 5 .9 5 1 3 7 .9 7 5 0 . 3 4 3 9
3 3 .7 4 0 0 5 .0  2  1 0  2 7 .6 7 5 1 3 .8 3 8 0 .1 3 3 7 2 4 1 .4 3 2 2 1.0 5 3 0 7 7 . 3 0 0 3 8 .6 5 0 0 .3 4 9 1
4 3 .4 1 1 0 5 .0  2  1 1 3 0 .4 0 6 1 5 .2 0 3 0 . 1 4 6 6 2 5 1 .3 9 1 9 0.0 4 4 2 7 9 . 9 7 8 3 9 .9 8 9 0 .3 5 9 2
5 2 .9 5 3 0 3 5 .0  2  2  0  3 5 .2 6 5 1 7 .6 3 3 0 .1 6 9 3 2 6 1 .3 7 3 0 1.0 6 0 8 1 . 3 0 8 4 0 .6 5 4 0 . 3 6 4 2
6 2 .7 8 4 0 2 .0  2  2  1 3 7 .4 8 3 18 .7 4 1 0 .1 7 9 6 2 7 1 .3 5 4 7 1.0 6 8 2 . 6 4 4 4 1 .3 2 2 0 .3 6 9 1
7 2 .6 4 3 5 2 .0  3  1 0  3 9 .5 5 6 1 9 .7 7 8 0 .1 8 9 1 2 8 1 .3 2 0 4 3.0 6 2 0 8 5 .2 8 8 4 2 .6 4 4 0 .3 7 8 7
8 2 .5 1 7 7 1 0 0 .0  3  1 1 4 1 .6 2 2 2 0 .8 1 1 0 .1 9 8 6 2 9 1 .3 0 4 2 1.0 5 4 0 8 6 . 6 0 6 4 3 .3 0 3 0 . 3 8 3 4
9 2 .4 1 1 9 3 .0  2  2  2  4 3 .5 3 8 2 1 .7 6 9 0 .2 0 7 3 3 0 1 .2 7 3 0 5.0 5 3 3 8 9 . 2 8 3 4 4 .6 4 1 0 . 3 9 2 8
10 2 .3 1 6 3 1 .0  3  2  0  4 5 .4 3 3 2 2 .7 1 7 0 .2 1 5 9 31 1 .2 5 9 0 2.0 6 2 2 9 0 . 5 4 8 4 5 .2 7 4 0 .3 9 7 1
11 2 .2 3 2 0 1 .0  3  2  1 4 7 .2 5 1 2 3 .6 2 6 0 .2 2 4 0 3 2 1 .2 4 5 0 0.0 6 3 0 9 1 .8 5 7 4 5 .9 2 8 0 . 4 0 1 6
12 2 :0 8 8 6 1 6 .0  4  0  0  5 0 .7 1 6 2 5 .3 5 8 0 . 2 3 9 4 3 3 1 .2 3 1 4 0.0 6 3 1 9 3 .1 7 2 4 6 .5 8 6 0 .4 0 6 0
1 3 2 .0 2 5 5 1 .0  4  1 0  5 2 .4 1 4 2 6 .2 0 7 0 . 2 4 6 9 3 4 1 .2 0 5 3 1.0 4 4 4 9 5 . 8 2 7 4 7 .9 1 4 0 . 4 1 4 8
1 4 1 .9 6 8 5 0 .0  3  3  0  5 4 .0 5 3 2 7 .0 2 7 0 .2 5 4 0 3 5 1 .1 9 3 1 0.0 6 3 2 9 7 .1 3 3 4 8 .5 6 6 0 .4 1 9 1
1 5 1 .8 2 2 4 2 .0  4  2  1 5 8 .7 9 1 2 9 .3 9 5 0 .2 7 4 4 3 6 1 .1 8 1 0 1.0 7 0 9 8 . 4 7 2 4 9 .2 3 6 0 . 4 2 3 4
1 6 1 .7 0 4 5 1 0 .0  4  2  2  6 3 .3 0 7 3 1 .6 5 4 0 .2 9 3 3 3 7 1 .1 3 6 5 0.0 7 2 1 1 0 3 .8 2 3 5 1 .9 1 2 0 .4 3 9 9
1 7 1 .6 7 0 3 1 .0  4  3  0  6 4 .7 6 0 3 2 .3 8 0 0 .2 9 9 3 3 8 1 .1 1 5 9 2.0 6 4 2 1 0 6 .5 6 5 5 3 .2 8 2 0 .4 4 8 1
1 8 1 .6 3 7 9 1 .0  5  1 0  6 6 .2 0 3 3 3 .1 0 1 0 .3 0 5 3 3 9 1 .0 9 6 6 0.0 7 3 0 1 0 9 .3 1 3 5 4 .6 5 6 0 .4 5 6 0
1 9 1 .6 0 7 3 2 4 .0  5  1 1 6 7 .6 3 1 3 3 .8 1 5 0 .3 1 1 1 4 0 1 .0 8 7 2 7.0 7 3 1 1 1 0 .7 2 2 5 5 .3 6 1 0 .4 5 9 9
20 1 .5 5 0 7 1 .0  5  2  0  7 0 .4 5 6 3 5 .2 2 8 0 .3 2 2 4 41 1 .0 4 3 9 3.0 8 0 0 1 1 7 .9 3 6 5 8 .9 6 8 0 .4 7 9 0
21 1 .5 2 4 8 2 .0  5  2  1 7 1 .8 3 7 3 5 .9 1 8 0 .3 2 7 9
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PDF#01 -071-6088(RDB): QMgStar(S); d=Calculated; l=Calculated | PDF Card

H em atite
F e 2 0 3 ______________________ ______________________________ ______________________________________________________________________

R ad ia tion = C u K a1  L am b d a= 1 .5 4 0 5 9 9 9  Filter=
C alib ra tion - 2 T = 2 8 .1 1 D -1 8 0 .0 0 0  l/lc (R IR )= 3 .2 3
R ef: W o ls k a ,  E ., S c h w e r tm a n n , U .

2 .  K ristallogr., v 1 8 9  p 2 2 3  ( 1 9 8 9 )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

R h o m b o h ed ra l -  (U n k n o w n ), R 3 c  (1 6 7 )
CELL: 5 . 0 3 8 5  x  5 .0 3 8 5  x  1 3 .7 4  < 9 0 .0  x  9 0 .0  x  12 0 .0 >
D e n s ity (c )= 5 .2 6 7  D e n s ity {m )“  M w t=15 9 .6 9
R ef: Ibid.

C a lcu la ted  P attern  O riginal R em a rk s: From  h ea ted  g o e th ite . T ransform ation  from  goeth'rte to  h e m a t ite  a t 4 5 3  K. S a m p le l  h ea ted  to  1 0 7 3  K, 
c o m p le te ly  d eh yd rated . A to m ic  c o o r d in a te s  a s  In 5 6 3 7 2 .  IC S D  C o llectio n  C o d e: 5 6 3 7 2 .  ANX: A 2 X 3 . W y c k o ff  S e q u e n c e :  e  c  (R 3-C H ).

S tron g  U n e s :  2 .7 0 IX  2 . 5 2 / 7 1 . 6 9 / 4 1 . 8 4 3  3 . 6 8 / 3 1 .4 9 / 3 1 . 4 5 / 3  2 .2 1 12_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
6 2  L in es , W a v e le n g th  to  C o m p u te  T h eta  =  1 .7 8 8 9 9 A (C o ), 1% -Type =  P e a k  H eigh t
# d(A) <<f) h k 2 -T h e ta T h eta 1 /(2 d ) # d(A) 1(f) h k I 2 -T h eta T h eta 1 /(2 d )
1 3 .6 8 3 3 3 2 .6 0 1 2 2 8 .1 1 0 1 4 .0 5 5 0 .1 3 5 7 3 2 1 . 0 X 2 0.1 1 3 7 1 2 0 .5 2 7 6 0 .2 6 3 0 .4 8 5 4
2 2 .6 9 9 0 1 0 0 .0 1 0 4 3 8 .7 0 9 1 9 .3 5 5 0 .1 8 5 3 3 3 0 .9 9 8 4 0.1 3 2 1 1 2 7 .2 5 5 6 3 .6 2 8 0 .5 0 0 8
3 2 .5 1 9 2 7 2 .9 1 1 0 4 1 .5 9 5 2 0 .7 9 7 0 .1 9 8 5 3 4 0 .9 9 5 7 0.1 1 2  11 1 2 7 .8 7 8 6 3 .9 3 9 0 .5 0 2 1
4 2 . 2 9 0 0 2 .0 0 0 6 4 5 .9 8 5 2 2 .9 9 2 0 .2 1 8 3 3 5 0 .9 8 9 3 2 .2 3 8 1 2 9 .4 2 7 6 4 .7 1 4 0 .5 0 5 4
5 2 .2 0 7 4 1 9 .6 1 3 4 7 .8 1 1 2 3 .9 0 6 0 .2 2 6 5 3 6 0 .9 7 1 6 0 .4 2 2 9 1 3 4 .0 3 9 6 7 .0 2 0 0 .5 1 4 6
6 2 .0 7 9 4 1 .9 2 0 2 5 0 .9 5 7 2 5 .4 7 8 0 .2 4 0 5 3 7 0 .9 6 1 1 5.1 3 2 4 1 3 7 .0 9 8 6 8 .5 4 9 0 .5 2 0 3
7 1 .8 4 1 7 3 4 .7 0 2 4 5 8 .1 1 7 2 9 .0 5 8 0 .2 7 1 5 3 8 0 .9 5 7 5 2 .6 0 1 4 1 3 8 .1 9 6 6 9 .0 9 8 0 .5 2 2 2
8 1 .6 9 4 5 4 2 .1 1 6 6 3 .7 2 3 3 1 .8 6 2 0 .2 9 5 1 3 9 0 .9 5 2 2 4.1 4 0 1 3 9 .9 0 6 6 9 .9 5 3 0 .5 2 5 1
9 1 .6 3 7 5 0 .5 2 1 6 6 .2 2 2 3 3 .1 1 1 0 .3 0 5 3 4 0 0 .9 4 0 6 0.1 2 3 5 1 4 3 .9 7 9 7 1 .9 9 0 0 .5 3 1 6

1 0 1 .6 0 3 7 2 .4 2 2 6 7 .8 0 5 3 3 .9 0 2 0 .3 1 1 8 41 0 .9 3 2 3 0 .5 1 4 3 1 4 7 .2 7 5 7 3 .6 3 7 0 .5 3 6 3
11 1 .5 9 8 2 7 .7 0 8 6 8 .0 7 1 3 4 .0 3 5 0 .3 1 2 9 4 2 0 .9 2 0 8 1.1 0 4 8 1 5 2 .5 2 9 7 6 .2 6 4 0 . 5 4 X
1 2 1 .4 8 6 8 2 6 .6 2 4 7 3 .9 7 6 3 6 .9 8 8 0 .3 3 6 3 4 3 0 .9 0 8 2 5 .0 1 3  1 0 1 6 0 .0 9 4 8 0 .0 4 7 0 .5 5 0 6
13 1 .4 5 4 5 2 6 .1 3 0 0 7 5 .9 0 2 3 7 .9 5 1 0 .3 4 3 8 4 4 0 .8 9 9 7 0 .3 3 0  1 2 1 6 7 .6 9 5 8 3 .8 4 7 0 .5 5 5 8
1 4 1 .4 1 4 1 0 .2 2 5 7 8 .4 7 7 3 9 .2 3 8 0 .3 5 3 6 4 5 0 .8 9 5 0 2 .5 2 0  1 4 1 7 6 .0 0 1 8 8 .0 0 1 0 .5 5 8 6
1 5 1 .3 4 9 5 2 .4 2 0 6 8 3 .0 3 1 4 1 .5 1 6 0 .3 7 0 5 4 6 0 .8 8 9 9 0 .1 2 1 3 —

1 6 1 .3 1 0 6 9 .0 0  1 0 8 6 .0 8 3 4 3 .0 4 2 0 .3 8 1 5 4 7 0 .8 7 9 2 5 .8 1 4 6 —

17 1 .3 0 5 6 2 .3 1 9 8 6 .4 8 7 4 3 .2 4 4 0 .3 8 3 0 4 8 0 .8 6 9 2 0.1 3 11 —

1 8 1 .2 5 9 6 5 .6 2 2 0 9 0 .4 9 1 4 5 .2 4 6 0 .3 9 6 9 4 9 0 .8 6 4 9 0 .9 2 3 8 —

1 9 1 .2 2 7 8 Z O 3 0 6 9 3 .5 3 0 4 6 .7 6 5 0 .4 0 7 2 5 0 0 .8 6 0 9 0 .3 1 1 5 —

2 0 1 .2 1 4 5 0 .9 2 2 3 9 4 .8 6 7 4 7 .4 3 4 0 .4 1 1 7 51 0 .6 5 4 3 2 .5 4 0  1 0 _

21 1 .2 0 5 5 0 .1 1 3 9 5 .8 0 2 4 7 .9 0 1 0 .4 1 4 8 5 2 0 .8 4 7 3 0 .3 2 2  1 2 _

2 2 1 .1 9 1 9 1 .5 3 1 2 9 7 .2 6 8 4 8 .6 3 4 0 .4 1 9 5 5 3 0 .8 4 5 a 2.1 0 5 4 —

2 3 1 .1 8 9 6 3 .5 1 2 8 9 7 .5 1 7 4 8 .7 5 8 0 .4 2 0 3 5 4 0 .8 4 3 4 4 .7 1 2  1 4
2 4 1 .1 6 2 6 4 .4 0 2  1 0 1 0 0 .5 9 3 5 0 .2 9 6 0 .4 3 0 1 5 5 r  0 .8 3 9 7 3 .3 3 3 0 —

2 5 1 .1 4 5 0 0 .3 0 0  1 2 1 0 2 .7 4 5 5 1 .3 7 2 0 .4 3 6 7 5 6 0 .8 2 6 0 0.1 3 3 3 __

2 6 1 .1 4 1 4 6 .5 1 3 4 1 0 3 .1 9 3 5 1 .5 9 6 0 .4 3 8 0 5 7 0 .8 2 3 1 0.1 2 4 __

2 7 1 .1 0 3 7 6 .1 2 2 6 1 0 8 .2 8 3 5 4 .1 4 1 0 .4 5 3 0 5 8 0 .8 1 8 7 0 .2 4 2 2 —

2 8 1 .0 7 7 4 0 .6 0 4 2 1 1 2 .2 5 0 5 6 .1 2 5 0 .4 6 4 1 5 9 0 . X 9 1 3.1 3 2  1 0 —

2 9 1 .0 5 5 6 6 .3 2 1 1 0 1 1 5 .8 4 7 5 7 .9 2 4 0 .4 7 3 6 6 0 0 .8 0 7 9 0 .6 1 4 9 —

3 0 1 .0 4 2 4 0 .4 1 1 2 1 1 8 .2 1 2 5 9 .1 0 6 0 .4 7 9 7 61 0 . X 1 8 3 .2 2 4 4 —

31 1 .0 3 9 7 2 .1 4 0 4 1 1 8 .7 0 9 5 9 .3 5 5 0 .4 8 0 9 6 2 0 .7 9 9 1 0 .6 0 2  1 6 —

2 0 3

Z = 6  m p=
P .S = h R 1 0 .0 0 ( d )  

V o l= 3 0 2 .0 8  F ( 3 0 )= 9 9 9 .9 (0 ,3 2 /0 )
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P D F # 0 0 4 4 1 > 1 4 8 7 (R D B ):  Q M = ln d e x e d ( l) ;  d = D if fr a c to m e te r ;  1 = D if fr a c to m e te r | P D F  C a r d

G raphite-2H
C

R adIation=C uK a1 L a m b d a = 1 .5 4 0 5 1 01 
C alIbration=E xtem al(S i) 2 T * 3 0 .7 3 2 -1 1 5 .6 6 2  
R ef: S a n e , 1., P o ly tech n a , F ore ign  T rad e  C orporation, P a n sk a , C z e c h o s lo v a k ia .

ICDD G rant-in -A id  (1 9 9 0 )

Fitter=Ni
l/lc (R IR )= 7 .7 8

C A S # 7 7 8 2 -4 2 -5

H exagonal -  P o w d e r  Diffraction, P 63/m m c  (1 9 4 )
CELL: 2 . 4 7 0 4  x  2 .4 7 0 4  x  6 . 7 2 4 4  < 9 0 .0  X 9 0 .0  x  12 0 .0 >  
D e n s ity (c )= 2 .2 4 5  D e n s ity (m )= 2 1 6  M w t= 1 2 .0 1  V o  
R ef: Ibid.

A u st. J .  C h e m .,  v 4 2  p 4 7 9  (1 9 8 9 )

= 3 5 .5 4

Z = 4  m p =
P .S = h P 4 .0 0  
F (1 0 )= 1 8 .5 (0 .0 4 2 ,1 3 /0 )

Additional P a tte r n s:  T o  r e p la ce  0 0 4 ) 0 1 - 0 6 4 0 .0 0 - 0 0 1  - 0 6 4 0 ,0 0 0 0 2 - 0 4 5 6 ,  0 0 - 0 0 3 4 ) 4 0 1 ,0 0 - 0 2 3 4 ) 0 6 4 ,  0 0 -0 2 5 4 )2 8 4  a n d  0 0 0 3 4 4 ) 5 6 7  a n d  
validated  b y  c a lc u la te d  pattern 0 0 0 2 5 - 0 2 6 4 .  C o lo r  B lack . S a m p le  S o u r c e  or Locality . S p e c im e n  from  N e to lice , C zech o slo v a k ia . 
T em p eratu re  o f  D a ta  C ollection: P attern  taken  at 2 5 (1 )  C . U n it C ell D a ta  S o u rce :  P o w d e r  Diffraction.

C olon  B lack

Strong L in es: 3 .3 8 /X  2 .0 4 /1
1 0  L ines, W a v e le n g th  to  C o m p u te  T h eta  ® 1 .7 8 8 9 9 A (C o ) ,  1% -Type = (U n k n ow n )
# d (A ) 1(f) h  k  1 2 -T h eta  T h e ta  1 /(2 d ) # d (A ) l(f)  h k I 2 -T h eta T h eta 1/ (2d)

3 .3 7 5 6  1 0 0 .0  0  0  2  3 0 .7 3 2  1 5 .3 6 6  0 .1 4 8 1 6 1 .5 4 7 8 1.0 1 0 3  7 0 .6 0 9 3 5 .3 0 5 0 .3 2 3 0
2 .1 3 8 6  2 .0  1 0  0  4 9 .4 4 9  2 4 .7 2 4  0 .2 3 3 8 7 1 .2 3 4 1 3 .0  1 1 0  9 2 9 0 9 4 6 .4 5 4 0 .4 0 5 2
2 .0 3 9 0  6 .0  1 0  1 5 2 0 4 1  2 6 .0 2 0  0 .2 4 5 2 8 1 .1 6 0 4 3 .0  1 1 2  1 0 0 .8 6 3 5 0 .4 3 2 0 .4 3 0 9
1 .8 0 7 4  0 .0  1 0  2  5 9 .3 2 8  2 9 .6 6 4  0 .2 7 6 6 9 1 .1 2 0 8 0.0 0 0 6 1 0 5 .8 9 0 5 2 .9 4 5 0 .4 4 6 1

5 1 .6 8 1 1  4 .0  0  0  4  6 4 .2 9 3  3 2 .1 4 7  0 .2 9 7 4 10 1 .0 5 6 7 0.0 2 0 1 1 1 5 .6 6 2 5 7 .8 3 1 0 .4 7 3 2

2 0 4
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PDF*00-060-1083(RDB): QM*Calculated(C); d=Calculaled; l=Calculaled | PDF Card

C arbon
_C_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

R ad iation = C u K a1 L sm b d a = 1 .5 4 0 5 9 9 9  Filter*
C alib ra tion - 2 T = 4 9 .1 4 8 -1 2 7 .1 4 0  l/ic (R IR )= C
R ef: O w n b y , P .,  Y a n g , X ., U u , J .

J .  A m . C era m . S o c . ,  v 7 5  p 1 6 7 6  (1 9 9 2 )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ C A S # 7 4 4 Q -4 4 -0

H ex a g o n a l -  (U n k n ow n ), P63/m m c  (1 9 4 )  Z = 1 2  m p a
CELL: 2 .5 2 2 1  X 2 .5 2 2 1  x  1 2 .3 5 5 7  < 9 0 .0  x  9 0 . 0  X 1 2 0 .0 >  P .S = h P 1 2 .0 0
D e n s ity (c )= 3 .5 1 6  D e n sfty (m )*  M w t= 12 .01  V o l* 6 8 .0 6  F (1 1 )= 2 5 0 (0 .0 0 2 ,2 2 /0 )
Ref: Ibid.

A dditional P a ttern s: T o  r e p la c e  0 0 - 0 2 6 - 1 0 8 2 .  S e e  P D F  0 1 - 0 7 9 - 1 4 7 0 .  

S tro n g  U n e s :  2 . 0 6 a  2 .0 6 /X  2 . 1 5 / 4 1 .2 6 / 4 1 . 2 6 / 4 1 .9 3 / 2 1 . 0 8 / 2 1 .0 8 / 2
1 5  U n e s ,  W a v e le n g th  to  C o m p u te  T h e ta  * 1 .7 8 8 9 9 A ( C o ) ,  i% -T yp e =  (U nknow n)
# d(A ) ICO h k 1 2 -T h e ta T h eta 1A2d ) # d (A ) 1(0 h k 2 -T h e ta T h eta 1/ (2d)

2 .1 5 0 9 4 1 .0 0 1 1 4 9 .1 4 8 2 4 .5 7 4 0 .2 3 2 5 9 1 .1 6 2 3 10.0 0 9 1 0 0 .6 3 4 5 0 ,3 1 7 0 .4 3 0 2
2 2 .0 5 9 3 100.0 0 1 2 5 1 .4 9 0 2 5 .7 4 5 0 .2 4 2 8 10 1 .0 8 7 9 2.0 0 2 1 1 0 .6 1 6 5 5 .3 0 8 0 .4 5 9 6
3 2 .0 5 9 3 100.0 0 0 6 5 1 .4 9 0 2 5 .7 4 5 0 .2 4 2 8 11 1 .0 7 5 4 1 6 .0 0 2 2 1 1 2 .5 6 4 5 6 .2 8 2 0 .4 6 4 9
4 1 .9 2 9 3 1 7 .0 0 1 3 5 5 .2 3 5 2 7 .6 1 7 0 .2 5 9 1 12 1 .0 7 5 4 1 6 .0 1 6 1 1 2 .5 6 4 5 6 .2 8 2 0 .4 6 4 9
5 1 .6 3 6 6 2.0 0 1 5 6 6 .2 6 2 3 3 .1 3 1 0 .3 0 5 5 1 3 1 .0 5 5 6 1.0 0 2 3 1 1 5 .8 5 6 5 7 .9 2 8 0 .4 7 3 7
6 1 .3 7 2 9 5 .0 0 1 7 8 1 .3 1 5 4 0 .6 5 8 0 .3 6 4 2 1 4 0 .9 9 8 9 0.0 0 11 1 2 7 .1 4 0 6 3 .5 7 0 0 .5 0 0 6
7 1 .2 8 1 0 3 6 .0 0 1 8 9 0 .3 6 5 4 5 .1 8 2 0 .3 9 6 5 1 5 0 .9 9 8 9 0.0 0 2 5 1 2 7 .1 4 0 6 3 .5 7 0 0 .5 0 0 6
8 1 .2 6 1 0 3 6 .0 1 1 0 9 0 .3 6 5 4 5 .1 8 2 0 .3 9 6 5
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PDF#00-03S-Q798(RDB): QM=Star(S); d=Diffractoroeter; 1-Diffractometer___________   1 PDF Card

B oron C arb ide
B4C_____________________________________
R ad la tion = C u K a1  L a m b d a = 1 .5 4 0 5 9 8 2  F ilter^G raph
C aIibration= intem ai(SI) 2 T = 2 2 .9 3 4 - 9 7 .6 1 1 l/Ic (R IR )= S
R ef:

Natl. Bur. S ta n d . (U .S .)  M onogr. 2 5 ,  v 21  p 4 3  (1 9 8 5 )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ C A S # 1 2 0 6 9 -3 2 -8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

R h o m b o h e d r a l-P o w d e r  D iffraction , R 3m  (1 6 6 )  Z = 9  m p =
CELL: 5 .6 0 0 3  x  5 . 6 0 0 3  x  1 2 .0 8 6  < 9 0 .0  X 9 0 .0  x  1 2 0 .0 >  P .S = h R 1 5 .0 0
D e n s ity (c )= 2 .5 1 5  D en srty(m )=  M w t= 5 5 .2 5  V o i= 3 2 8 .2 7  F (2 5 )= 5 8 (0 .0 1 2 ,3 4 /0 )
R ef:

Additional P a tte r n s:  T o  r e p la c e  0 0 4 3 0 6 4 )5 5 5 . C o lo r  G r e e n ish  b lack . S a m p le  S o u r c e  or Locality: T h e  c o m p o u n d  w a s  o b ta in e d  from th e  
A e s a r  D iv ision  o f  J o h n so n  M atthey , In c., S ea b ro o k , N e w  H am p sh ire , U S A . T em p era tu re  o f  D a ta  C o llection : T h e  m ea n  tem p eratu re  o f  d a ta  
co llec tio n  w a s  2 3 .5  C . Unit C ell: R h om b oh ed ral cell: a = 5 .1 6 6 ,  a ~ 6 5 .6 5 .  U n it C ell D ata  S o u r c e :  P ow d er  D iffraction .

C o lo r  G r e e n is h  b la ck

S tron g  L in es: 2 .3 6 /X  2 .5 6 /6  3 .7 8 /5  4 .0 3 /2  4 .5 0 /1  1 .4 6 /1  1 .4 0 /1  1 .7 1 /1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

2 5  L in es, W a v e le n g th  to  C o m p u te  T h eta  =  1 .7 8 8 9 9 A (C o ), l% -T ype =  P e a k  H eight
# d(A ) KO h k 1 2 -T h eta T h eta 1 /(2 d ) # d(A ) Kf) h k 2 -T h eta T h e ta 1 /(2 d )

4 .4 9 9 5 1 4 .0 0 2 2 .9 3 4 1 1 .4 6 7 0 .1 1 1 1 1 4 1 .4 6 0 5 1 3 .0 1 2 5 7 5 .5 3 5 3 7 .7 6 7 0 .3 4 2 3
2 4 .0 3 3 0 2 1 .0 0 0 3 2 5 .6 2 9 1 2 .8 1 4 0 .1 2 4 0 1 5 1 .4 4 2 3 1 0 .0 0 8 7 6 .6 6 0 3 8 .3 3 0 0 .3 4 6 7
3 3 .7 8 2 8 4 9 .0 0 1 2 2 7 .3 5 6 1 3 .6 7 8 0 .1 3 2 2 1 6 1 .3 9 9 5 1 2 .0 2 2 0 7 9 .4 5 7 3 9 .7 2 8 0 .3 5 7 3
4 2 .8 0 3 1 1 1 .0 1 0 3 7 .2 1 8 1 8 .6 0 9 0 .1 7 8 4 1 7 1 .3 3 6 9 8 .0 1 3 1 8 3 .9 9 0 4 1 .9 9 5 0 .3 7 4 0
5 2 .5 6 4 7 6 4 .0 0 4 4 0 .8 2 5 2 0 .4 1 2 0 .1 9 5 0 1 8 1 .3 2 2 8 7 .0 2 2 3 8 5 .1 0 0 4 2 .5 5 0 0 .3 7 8 0
6 2 .3 7 6 9 1 0 0 .0 0 2 4 4 .2 1 2 2 2 .1 0 6 0 .2 1 0 4 1 9 1 .3 1 2 8 8 .0 3 2 8 5 .9 0 0 4 2 .9 5 0 0 .3 8 0 9
7 2 .3 0 0 1 4 .0 1 3 4 5 .7 7 2 2 2 .8 8 6 0 .2 1 7 4 2 0 1 .2 8 2 0 2 .0 2 0 8 8 8 .4 9 2 4 4 .2 4 6 0 .3 9 0 0
6 1 .8 9 0 6 0 .0 0 2 4 5 6 .4 7 4 2 0 .2 3 7 0 .2 6 4 5 21 1 .2 6 0 5 3 .0 3 0 6 9 0 .4 1 0 4 5 .2 0 5 0 .3 9 6 7
9 1 .8 1 2 7 4 .0 2 1 5 9 .1 3 5 2 9 .5 6 7 0 .2 7 5 8 2 2 1 .2 5 7 1 6 .0 2 7 9 0 .7 2 2 4 5 .3 6 1 0 .3 9 7 7

1 0 1 .7 1 2 0 1 1 .0 2 0 5 6 2 .9 9 9 3 1 .4 9 9 0 .2 9 2 1 2 3 1 .2 1 1 2 0 .0 1 9 9 5 .2 1 3 4 7 .6 0 6 0 .4 1 2 8
11 1 .6 2 6 1 2 .0 0 7 6 6 .7 4 6 3 3 .3 7 3 0 .3 0 7 5 2 4 1 .2 0 6 5 1 .0 4 0 1 9 5 .6 9 7 4 7 .8 4 8 0 .4 1 4 4
1 2 1 .5 6 7 4 0 .0 2 1 4 6 9 .5 9 6 3 4 .7 9 8 0 .3 1 9 0 2 5 1 .1 8 8 7 4 .0 0 4 2 9 7 .6 1 1 4 8 .8 0 6 0 .4 2 0 6
1 3 1 .5 0 0 4 9 .0 3 0 3 7 3 .1 9 4 3 6 .5 9 7 0 .3 3 3 3
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P D F # 9 9 -0 0 0 -3 8 9 2 :  Q M - U n c o m m o n ( ? ) ;  d = O th e r /U n k n o w n ;  l= (U n k n o w n ) | P D F  C a rd

U n n am ed  029 0  

W C
R adiation=C uK a1
C alibration3
R ef: JA D E 's U se r file

L a m b d a = 1 .5 4 0 6  
2 T = 3 6 .7 1 7 -1 6 5 .2 0 8

Filter=
l/lc (R IR )=

H exagon a l, P 6 m 2  (1 8 7 )
CELL: 2 .9 0 3  x  2 .9 0 3  x  2 .8 3 5  *9 0 .0  X 9 0 .0  X 120.0>  

D e n s ity (c )= 1 4 .3  D en slty (m )=  M w t-  
R ef: Ibid.

2 = 1
P .S =

V o l= 2 0 .7

m p =

N O T E : H a r d n e s s  i s  g rea ter  th an  8 .  L ocality: M engyin , S h a n d o n g  p rov ., C hina. B lack , s te e l-g r e y . M in-G roup: T u n g s te n  C arbide. R ef:
A m erican  M in era log ist 7 4  (1 9 8 9 ) ,  9 4 8 .  R ef: A m erican  M ineralogist 8 4  (1 9 9 9 ) , 1 4 6 8 .  R ef: T r a n sa c t io n s  (D ok lad y) o f  th e  U S S R  A c a d e m y  o f  
S c ie n c e s ,  Earth  S c i e n c e  S e c t io n s  3 5 2  (1 9 9 7 ) ,  8 1 .  R ef: P o w d er  D iffraction  Pile (International C e n te r  for D iffraction  D ata) 2 5 -1 0 4 7 .

S tron g  U n e s :  2 .5 2 /X  1 .8 8 /X  2 .8 4 /4 1 .2 4 / 3 1 . 2 9 / 2 1 .1 5 / 2  0 .9 0 /2  1 .4 5 /2

8  L ines, W a v e le n g th  to  C o m p u te  T h e ta  g  1 .7 8 8 9 9 A (C o ), l% -T yp e  =  (U nknow n)
d(A ) i(f)  h  k  < 2 -T h e ta  T h eta  1 /(2 d ) h  k  I 2 -T h e ta  T h eta  1 /(2 d )

2 .8400  4 0 .0 3 6 .7 1 7  1 8 .3 5 9  0 .1 7 6 1 1 .2 9 3 0  2 0 .0 8 7 .5 4 5  4 3 .7 7 3  0 .3 8 6 7
2 .5 1 8 0  1 0 0 .0
1 .8 8 4 0  l O M  
1 .4 5 4 0  2 0 .0

4 1 .6 1 6  2 0 .8 0 8  0 .1 9 8 6 1 .2 3 6 0  3 0 .0
5 6 .6 9 1  2 8 .3 4 5  0 .2 6 5 4 1 .1 5 0 0  2 0 .0

9 2 .7 2 2  4 6 .3 6 1  0 .4 0 4 5
1 0 2 .1 2 3  5 1 .0 6 2  0 .4 3 4 8

7 5 .9 3 2  3 7 .9 6 6  0 .3 4 3 9 0 .9 0 2 0  2 0 .0 1 6 5 .2 0 8  6 2 .6 0 4  0 .5 5 4 3

2 0 7
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P D F # 9 9 -0 0 0 -3 8 1 6 :  Q M = U n c o m m o n (? );  d = O th e r /U n k n o w n ;  l= (U n k n o w n ) | P D F  C a r d

T u n g sten
W
R adiatlon=C uK a1 L a m b d a = 1 .5 4 0 6 Filter5
Calibration5 2 T = 4 7 .3 8 6 -1 2 6 .8 8 7 l/lc (R IR )=
R ef: J A D E 's U ser file

C u b ic, lm 3 m  (2 2 9 )  2 = 2  m p =
CELL: 3 .1 5 7  x  3 .1 5 7  x  3 .1 5 7  < 9 0 .0  x  9 0 .0  x  9 0 .0 >  P .S =
D e n s fty (c )= 1 9 .2 6  D ensrty(m )=  M w t"  V o l= 3 1 .5
R ef: Ibid.

N O T E : N ot a p p ro v ed  b y  C N M M N . Locality: B o lsh a y a  P otya  R iver, U r a ls  (su b -p o lar), R u ss ia , (F S U ). M in-G roup: C h rom iu m . R ef: D oklady  
A kadem lia N a u k  (In R u s s ia n )  3 4 0  (1 9 9 5 ) ,  6 8 1 .  R e f:  A m er ica n  M in era lo g ist 61 (1 9 9 6 ) ,  1 2 8 4 . R ef: D o ld ad y  A kad em lia  N a u k  (In R u ss ia n )  3 7 3  
(2 0 0 0 ) , 5 2 3 .  R ef: A m er ica n  M ineralogist 8 6  ( 2 0 0 1 ) ,  9 4 2 .  R ef: T r a n s a c t io n s  (D oklady) o f  th e  U S S R  A c a d e m y  o f  S c ie n c e s ,  Earth  S c ie n c e  
S e c t io n s  3 8 5 A  (2 0 0 2 ) ,  7 1 4 .

Stron g  L in es: 1 .0 0 / X 1 ,2 9 /X  2 .2 3 /X  1 . 5 8 /7 1 .1 2 /6 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

5  L ines, W a v e le n g th  to  C o m p u te  T h eta  °  1 .7 8 8 9 9 A (C o ) ,  1% -T ype =  (U nknow n)
# d(A) l(f) h  k 2 -T h e ta T h e ta 1 /(2 d ) # d(A) l(f) h  k I 2 -T h e ta T h e ta 1 /(2 d )

2 .2 2 6 0 1 0 0 .0 4 7 .3 8 6 2 3 .6 9 3 0 .2 2 4 6 4 1 .1 1 9 0 6 0 .0 1 0 6 .1 4 0 5 3 .0 7 0 0 .4 4 6 8
2 1 .5 7 7 0 7 0 .0 6 9 .1 1 2 3 4 .5 5 6 0 .3 1 7 1 5 1 .0 0 0 0 1 0 0 .0 1 2 6 .8 8 7 6 3 .4 4 4 □ .5 0 0 0
3 1 .2 9 2 0 1 0 0 .0 8 7 .6 3 0 4 3 .8 1 5 0 .3 8 7 0
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P D F # 0 1 -0 7 1 -3 8 1 7 (R D B ):  Q M = B la n k (B ); d = C a lc u la te d ;  l= C a I c u la te d | P D F  C a r d

T u n g sten
W

R a d ia tlo n -C u K a l
C alibration*
Ref: H artm ann , H .t E bert, F., B re tlsch n e ld er , 0 .  

Z . A n org . A llg . C h e m .,  v 1 9 8  p 1 1 6  (1 9 3 1 )

L a m b d a = 1 .5 4 0 5 9 9 9  
2 T = 2 9 .0 1 4 -1 8 0 .0 0 0

Filter*
l /lc (R IR )= 1 5 .5

C u b ic -  (U n k n o w n ), P m 3 n  (2 2 3 )
CELL: 5 .0 5  x  5 .0 5  x  5 .0 5  < 9 0 .0  x  9 0 .0  x  9 0 .0 >
D e n sity (c )= 1 8 .9 6 4  D ensrty(m )=  M w t= 18 3 .8 5  V o M  2 8 .7 9  
Ref: Ibid.

Z=B m p =  
P .S = c P 8 .0 0  (S) 
F (2 5 )= 9 9 9 .9 (0 ,2 7 /0 )

C alcu lated  P attern  O riginal R em arks: T h e  s tru ctu re  Is  prob ab ly  W 3  0  w ith  0  In 2 a , cp . too  lo w  D m , c p . C r3  0  -  1 5 9 0 4 .  IC SD  C ollection  
C od e: 5 2 3 4 4 .  A N X : N . W y c k o ff  S e q u e n c e :  c  a  (P M 3 -N ). M inor W a rn in g : N o  R  va lu e  g iven  In th e  paper. N o  e .s .d .  rep orted /ab stracted  on  th e  
cell d im e n sio n . S ig n if ica n t  W arning: IC S D  W arn in g: T h e  c o o r d in a te s  a r e  t h o s e  g iv en  In th e p a p e r  b ut t h e  a to m ic  d is t a n c e s  do n ot a g r e e  w ith  
th o se  ca lc u la te d  du rin g  te s t ln g .T h e  c o o r d in a te s  are  prob ab ly  correct.

Strong L ines: 2 . 2 6 / X Z 0 6 / 7  2 .5 3 / 4 1 .3 5 / 3 1 . 4 0 / 2 1 .1 0 / 1  1 .2 6 /1  0 .9 4 /1

2 5  L in es, W a v e le n g th  to  C o m p u te  T h eta  =  1 .7 8 B 9 9 A (C o ), 1% -Type = P e a k  H eight
# d (A ) 1(f) h k  1 2 -T h e ta T h eta 1/(2d ) # d(A ) KO h k 1 2 -T h e ta T h eta 1 /(2 d )

3 .5 7 0 9  0 .1  1 1 0  2 9 .0 1 4 1 4 .5 0 7 0 .1 4 0 0 1 4 1 .1 0 2 0 1 1 .5 4 2  1 1 0 8 .5 2 5 5 4 .2 6 3 0 .4 5 3 7
2 2 .5 2 5 0  3 5 . 7  2  0  0  4 1 .4 9 6 2 0 .7 4 8 0 .1 9 8 0 1 5 1 .0 7 6 7 5 .3 3 3  2  1 1 2 .3 6 3 5 6 .1 8 2 0 .4 6 4 4
3 2 .2 5 8 4  1 0 0 .0  2  1 0  4 6 .6 6 5 2 3 .3 3 3 0 .2 2 1 4 1 6 1 .0 3 0 8 0.1 4 2  2  1 2 0 .3 9 5 6 0 .1 9 7 0 .4 8 5 0
4 2 .0 6 1 7  7 3 .9  2  1 1 5 1 .4 2 7 2 5 .7 1 4 0 .2 4 2 5 1 7 0 .9 9 0 4 0.1 5 1 0  1 2 9 .1 5 8 6 4 .5 7 9 0 .5 0 4 9
5 1 .7 8 5 4  0 .1  2  2  0  6 0 .1 3 2 3 0 .0 6 6 0 .2 8 0 0 1 8 0 .9 3 7 8 9 .8 5 2  0  1 4 5 .0 5 5 7 2 .5 2 8 0 .5 3 3 2
6 1 .5 9 7 0  0 .1  3  1 0  6 8 .1 2 9 3 4 .0 6 5 0 .3 1 3 1 1 9 0 .9 2 2 0 6 .3 5 2  1 1 5 1 .9 4 0 7 5 .9 7 0 0 .5 4 2 3
7 1 .4 5 7 8  6 . 4  2  2  2  7 5 .6 9 9 3 7 .8 4 9 0 .3 4 3 0 2 0 0 .8 9 2 7 5 .9 4 4  0  —
8 1 .4 0 0 6  1 6 .3  3  2  0  7 9 .3 8 1 3 9 .6 9 1 0 .3 5 7 0 21 0 .8 6 6 1 0.1 4 3  3  —

9 1 .3 4 9 7  2 7 . 7  3  2  1 8 3 .0 2 0 4 1 .5 1 0 0 .3 7 0 5 2 2 0 .8 4 1 7 3 .3 6 0  0  —
10 1 .2 6 2 5  1 0 .4  4  0  0  9 0 .2 2 8 4 5 .1 1 4 0 .3 9 6 0 2 3 0 .8 3 0 2 2 .6 6 1 0  —
11 _ 
12

1 .2 2 4 8  0 .1  4  1 0  9 3 .8 2 6  
1 .1 9 0 3  0 .1  4  1 1 9 7 .4 3 9

4 6 .9 1 3
4 8 .7 1 9

0 .4 0 6 2
0 .4 2 0 1

2 4
2 5

q.61[92  _  
0 .7 9 8 5

J . 6 _
" o T "

5
6

3  2  —  
2  0  —

----
13 1 .1 2 9 2  6 . 4  4  2  0  1 0 4 .7 7 2 5 2 .3 8 6 0 .4 4 2 8

209

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P D F # 0 1 -0 7 1 -6 7 1 9 (R D B ): Q M = B la n k (B ) ; d = C a !c u la te d ; l s C a Ic u la te d | P D F  C a rd

N ickel O x id e  
NIO
R a d ia tio n -C u K a l L am b d a= 1 .5 4 0 5 9 9 9 Fitter3
C alibration3  2 T = 4 3 .5 S 3 -1 8 0 .0 0 0  
Ref: R o d ic , D ., S p a s o je v lc ,  V ., K uslgersM , V ., T e llgren , R ., R undlof, H .

P h y s .  S ta tu s  S o lid i B, v 2 1 8  p 5 2 7  (2 0 0 0 )

l/lc (R IR )= 4 .7 3

R h o m b o h ed ra l -  P ro file  A n a ly s is , R 3m  (1 6 6 )
CELL: 2 . 9 5 1 7  X 2 .9 5 1 7  X 7 .2 1 7  < 9 0 .0  X 9 0 .0  x  1 2 0 .0 >

Z - 3
P .S = h R 2 .0 0

m p =

D e n s ity (c )= 6 .8 3 4  D e n s lty (m )-  M w t= 7 4 .7  
R ef; Ibid.

V o l= 5 4 .4 5  F (1 7 )s 5 0 .1  ( 0 .0 1 6 ,2 1 /0 )

C a lcu la ted  P attern  O rig inal R em arks: IC S D  entry Z 9 2 1 2 7  Is  filen a m e  F IZ Z 9 2 1 2 7 . IC S D  C o llectio n  C o d e: 9 2 1 2 7 .  T em p e r a tu r e  o f  D ata  
C ollection : 1 0  K. A N X : A X . W y ck o ff S e q u e n c e :  b  a  (R 3-M H ). S ig n ifica n t W arn ing: R ep o r ted  tem p era tu re  factors  w e r e  o u ts id e  th e  r a n g e  
0 .0 0 1  < U < 0 .1. U = 0 .0 1 2  w a s  u s e d  in th e  ca lcu lation . U nit Cell D ata  S o u r c e :  R ietveld  or  profile fit a n a ly s is .

S tro n g  U n e s :  2 .0 9 /X  2 .4 1 / 6  2 .4 1 / 4 1 . 4 7 / 3 1 .48131 .2 6 /1  1 .26 /1  1 .20 /1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

2 0  L in es, W a v e le n g th  to  C o m p u te  T h e ta  =  1 .7 8 8 9 9 A (C o ), 1% -Type =  P e a k  H eig h t
# d(A) Iff) h k 2 -T h eta T h eta 1 /(2 d ) # d(A) ‘( 0 h k 1 2-T h eta T h e ta 1 /(2 d )
1 2 . 4 0 9 6 5 6 . 4 0 4 3 .5 8 3 2 1 .7 9 1 0 .2 0 7 5 11 0 .9 5 7 6 2.1 2 1 1 3 8 .1 5 8 6 9 .0 7 9 0 .5 2 2 1
2 2 . 4 0 5 7 4 3 .7 0 0 3 4 3 .6 5 7 2 1 .8 2 8 0 .2 0 7 8 1 2 0 .9 5 6 9 1 .5 2 0 5 1 3 8 .3 8 9 6 9 .1 9 5 0 .5 2 2 5
3 2 . 0 8 5 9 1 0 0 .0 0 2 5 0 .7 0 7 2 5 .3 9 3 0 .2 3 9 7 1 3 0 .9 5 6 2 1 .3 1 0 7 1 3 8 .6 2 1 6 9 .3 1 0 0 .5 2 2 9
4 1 .4 7 5 8 2 6 . 0 1 0 7 4 .6 1 4 3 7 .3 0 7 0 .3 3 8 8 1 4 0 .9 3 3 3 5 .2 1 2 2 14 6 .8 4 1 7 3 .4 2 1 0 .5 3 5 7
5 1 .4 7 4 1 2 7 .1 1 0 4 7 4 .7 2 0 3 7 .3 6 0 0 .3 3 9 2 1 5 0 .9 3 2 4 5 .3 1 6 1 4 7 .2 1 8 7 3 .6 0 9 0 .5 3 6 3
6 1 .2 5 8 0 1 0 .3 1 3 9 0 .6 4 2 4 5 .3 2 1 0 .3 9 7 5 1 6 0 .B 5 1 7 4 .4 3 0 0
7 1 .2 5 8 0 1 0 .3 0 5 9 0 .6 4 2 4 5 .3 2 1 0 .3 9 7 5 1 7 0 .8 5 1 7 4 .4 2 4 —

8 1 .2 0 4 8 8 .0 2 0 2 9 5 .8 8 2 4 7 .9 4 1 0 .4 1 5 0 1 8 0 .8 5 0 7 2 .2 0 8 —

9 1 .2 0 2 8 4 .0 0 0 6 9 B .0 8 8 4 8 .0 4 4 0 .4 1 5 7 1 9 0 .8 0 2 9 1 .7 1 2 5 —

1 0 1 .0 4 3 0 3 . 7 0 2 4 1 1 8 .1 0 9 5 9 .0 5 5 0 ,4 7 9 4 2 0 0 .8 0 2 9 1 .7 0 3 3 —
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P D F # 9 9 -0 0 0 -0 5 0 1 :  Q M = U n c o m m o n (? ) ;  d s O th e r /U n k n o w n ;  l* (U n k n o w n ) | P D F  C ard

B u n se n ite
NiO

R adiatlon=C uK a1
C alibration—
R ef: J A D E 's  U serfile

L a m b d a = 1 .5 4 0 6  
2 T = 4 3 .5 7 4 -1 8 0 .0 0 0

Filter^
l/lc (R IR )=

C u b ic , F m 3 m  (2 2 5 )
CELL: 4 . 1 7 9  x  4 .1 7 9  x  4 . 1 7 9  < 9 0 .0  x  9 0 .0  x  9 0 .0 >  
D e n s ity (c )= 6 .9  D e n s tty (m )a  M w t-  
R ef: Ibid.

Z - 4
P .S =

V o l= 7 3 .0

m p «

N O T E : Locality: J o h a n n g e o r g e n s ta d t ,  S a c h s e n  (S a x o n y ), G erm any. V itreo u s/a d a m a n tin e  d ark  p is ta c h io  g r e e n . M in-Group: P e r lc la se . PD F: 
0 4 -0 8 3 5 ;  4 7 - 1 0 4 9 .  R e f:  H a n d b o o k  o f  M ineralogy (A n th on y  e t  a l.), 3  (1 9 9 7 ) ,  8 5 .  R ef: U S A  N ational B u rea u  o f  S ta n d a r d s  Circular 5 3 9 , 1  
(1 9 5 3 ) ,  4 7 .  R ef: Q u a n tita tiv e  D ata  F ile  for O re  M inerals, 3rd  edition , (1 9 9 3 )  6 6 .  Ref: P r o c e e d in g s  o f  t h e  J a p a n  A c a d e m y  5 5  (1 9 7 9 ) ,  4 3 .

S tro n g  L in es: 2 .0 9 /X  2 . 4 1 1 9 1 .4 8 /6  Q .8S /2  0 .9 3 /2 1 .2 6 /2  1 .0 4 /1  1 -21/1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
8  L in es , W a v e le n g th  to  C o m p u te  T h eta  =  1 .7 8 8 9 9 A (C o ), l% -T ype -  (U nknow n)
# d{A) l(f) h  k 2 -T h e ta T h eta 1 /(2 d ) # d(A) l ( 0  h  k  I 2 -T h e ta T h eta 1 /(2 d )

2 .4 1 0 0 9 0 .0 4 3 .5 7 4 2 1 .7 8 7 0 .2 0 7 5 5 1 .2 0 6 0 1 0 .0 9 5 .7 5 4 4 7 .8 7 7 0 .4 1 4 6
2 2 .0 8 8 0 1 0 0 .0 5 0 .7 3 2 2 5 .3 6 6 0 .2 3 9 5 6 1 .0 4 4 0 1 0 .0 1 1 7 .9 1 7 5 8 .9 5 9 0 .4 7 8 9
3 1 .4 7 6 0 6 0 .0 7 4 .6 0 5 3 7 .3 0 3 0 .3 3 8 8 7 0 .9 3 4 0 2 0 .0 1 4 6 .5 5 3 7 3 .2 7 6 0 .5 3 5 3
4 1 .2 5 9 0 2 0 .0 9 0 .5 4 8 4 5 .2 7 4 0 .3 9 7 1 6 0 .8 5 3 0 2 0 .0 —
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D.O Thermodynamics.

Equation D-l shows the equation, which minimizes the total Gibbs energy of the system 

at T, n,, Xj and Pi.

(J=jn,(g;+R^)+  2 > g +  T ^ +Rllm:+R7lrw)+ £•■
ideal Pure Solution SolutiQrt
gas Condensed

Phases

Equation D-l

When a given system is at equilibrium, the Gibbs energy is minimized. Most systems do 

not behave in the ideal manner that is described in Equation D -l. There are several 

models to describe the behaviour of non-ideal systems. In FACTSage™’40 , the Redlich- 

Kister-Muggianu polynomial formulation is utilized to define an excess Gibb’s free 

energy term Equation D-2 shows this polynomial expression, which describes the liquid 

solutions.

^  ex —
3=0

Equation D-2

The solid solutions that are calculated use sublattice models, which consider the 

behaviour of interstitials and vacancies.
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D.l FACTSage™’40. 

D.1.1 Reaction Module of FACTSage™’40.

The reaction module of FACTSage™’40 was used to determine the heats of reaction for 

the formation of one mole of each of the binary compounds in the Ni-WC and Ni-B4C 

systems. The formation of WC from W and C reactants will be discussed as an example. 

Figure D. 1 shows the screen where the reactants are entered. It can be seen that the 

reaction requires lmol of W and 1 mol of C to form lmol of WC. The temperature is left 

as T for this screen.

F R e a c t a n t s  R e a c t io n

Fite Edit Unfts Data Search Help

D cS +i  ! + ;
1 - 3  I

Mm i (m I)

non standard states

T(K) Pjatm) Energy(J) Mass{mol) Volfttrel

S p e c ie * Phase

Next »

FactSage 5.4.1 Compound: 3/12 databases

T|K)
1

♦  ' i ..... .............

Iw

[C.................

;most stab le  

I most stab le .........t

“  ri
----

[WC
—

■most stab le r f

■Reactant 1: W 
-Reactant 2: C

-Product 1: WC

Figure D.l: Reactant input for reaction module of FACTSage™’40.
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The next screen of the reaction module is seen in Figure D.2. The input reaction 

temperature, in Kelvin, is entered at the bottom left of the screen. After a temperature is 

entered, the calculate button is clicked, giving the results of the reaction at the chosen 

temperature. The user may then enter another temperature to obtain the results of the 

calculation at that temperature and so on. It should also be noted that the results that are 

shown include the enthalpy change, the Gibb’s free energy change, the volume change, 

the entropy change as well as the heat capacity change for the system at the chosen 

temperature. Also included is the equilibrium constant, Keq for the calculated reaction.

F T a b le  R e a c t i o n

F8e Units Output Figure Help

T(K) P(atm) EnetgylJ) Mass(mol) Vopfe)

W ♦ C • WC
m , . . T  iTJ„

TpCj [ D e l t a  H (J ) 1 D e l t a  6 ( J )  j p e f t a  V o K tt te ll  D e l t a  ] P e t t a  C pC */K )[ K e g  j f
W(s-ELEM) Cfst-SGSLi WC(s-SGSL)

296.00 -40177.7 -38296 4 -9.5013E-03 -6.313 1.681 5.1590E+06
398.00 -398441 -37708 9 -3.5013E-Q3 -5.365 4.173 88898E+04

W(s-ELEMJ C(s1 -FACT) WQs-FACT]
498.00 -39280 9 -37246 5 -2.2686E-03 -4.085 3.728 8.G658E+03
598.00 -38944.4 -36871 0 -2.2686E-03 -3.467 2990 1 6617E+03

W(s-ELEM) Cftl-SGSL) WC(s-FACT)
698.00 -38684.8 -36546 0 3.0238E-03 -3.064 2.278 5.4305E+Q2

Reaction
Calculation
Results

Input
Reaction

<< B a c k  j

Input
Reaction
Temperature

(K)

Figure D.2: Reaction calculation results.
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D .l.2 Equilibrium module of FACTSage™’40.

In the equilibrium module is where most of the thermodynamic calculations for this 

report were carried out. Following is a description of how data is entered into this 

module. Figure D.3 shows an example of the input screen in the equilibrium module of

FACTSage™’40.

F  R e a c t a n t s  - f q u i l i b
Table

Row

2
1773 ,
1773
1773
1773
1773
1773
1773
1773
1773
1773
1773
1773
1773
1773
1773
1773
1773

P(atm) | Nfrnole)

FactSage 5.3.1 Compound: 1/4 databases Solution: 175 databases

B4C(mole) Reactants 
li, B4C

Moles of Ni, B4C 
Reactants

Temperature (K) 
Products

Figure D.3: Reaction Table for equilibrium module of FACTSage™’40.

After the reactant information has been added into the program, the next step is to add the 

reaction information. This is done on the second page of the equilibrium module (Figure 

D.4). Included in this information is the type of products that are desired, gaseous, liquid, 

solution and solid (Figure D.4).
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F  M enu - Equilib: la s t sy stem

Fife Unfcs Parameters Help

Djtfioj
Reactants (2)

T{K) P{atm) Energy{J) Mass(mol.l Vofllitrej

<table> Ni <tab!e> B4C
H?73KJq-S6SL.#1l l1773K.s-FACT.tt1l

Compound species
CT gas * ideal ' real 9

0
*  + pure liquids 4
* + pure sofcds 10

iy suppress duplicates apply :
* • custom selection

species: 23

Target

Solution species
“ 1 ♦ j Base-Phate f Futt Name A

+ SGSL-FCC FCC A1
SGSL-BCC BCC.A2
SGSL'HCP HCP A3

SGSL-CBCC CBCC A12
SGSL-CUBA CUB_A13

*  SGSL-LIQU LIQUID
SGSL-Fe4N FE4N V

Legend
V  Show al

species:
solutions:

selected

72 - Clear

Final Conditions
TOC)

;tabie>

v  Table

FactSage 5.4.1

Custom Solutions

Pseudonyms 

apply I List...

include molar volumes 

Total Species [may 70Q1 30
T otal Solutions froax 30) 2

Default :

- D e l t a  H P )
Equifibraon

normal 
r ' predorrwiant r  

Calculate »

S e le c t io n  of 
c o m p o u n d  s p e c ie s

S e le c t io n  o f  
s o lu t io n  s p e c ie s  

C a lcu la te  to  en ter  
r e s u lts  w in d o w

Figure D.4: Second Page of FACTSage™’40 Equilibrium Module.

The next step is to click on calculate to see the results of the thermodynamic calculations. 

The results screen will then be opened. On this screen, there is shown the reactant moles, 

the product moles, the product activities/ fugacities (Figure D.5).
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F Results - Equilib 1- (page 1/9)
Output Edit Show Pages 

Q j l ^ j  ' • /  T(K) P(atm) Enetgy(J) Mass(mol) Vol(ttre)

-1- j -2- 1 -3- ] -4- ] -5- 1 -6- | -7- ) -8- ] -9- |

| T = 1773.00 K 
P = 1.0GQ00E+0G atm 
V  = 0.00000E+GQ dm3

STREAK CONSTITUENTS AHOUNT/mol TEHPERATURB/K PRESSURE/atm
N i (liq}_SGSL 1.7000E+01 1773.00 1.OOOOE+OO
B4C (s)_FACT 1.80G0E-G1 1773.00 1.OOOOE+OO

EQTJIL AHOUNT HOLE FRACTION FUGACITY
PHASE: gas ideal mol atm.
Hi_FACT O.OOOOE+OO 1.OOOOE+OO 8. 3186E-06
B_FACT 0.0000E+00 6 .8435E-0? S.6928E-12
C_FACT O.OOOOE+OO 1.0789E-09 8. 9747E-15
C3__FACT O.OOOOE+OO 4.3659E-12 3.6318E-17
C2__FACT 0.OOOOE+OO 1.7317E-12 1.4405E-17
BC_FACT O.OOOOE+OO 1 . 5QS2E-13 1.2521E-13
B2_FACT O.OOOOE+OO 2.918SE-1S 2.4278E-20
C4_FACT O.OOOOE+OO S.7340E-18 4.31I5E-23
CS_FACT O.OOOOE+OO 7.181SH-19 5 .9739E-24

i TOTAL: O.OOOOE+OO 1.OOOOE+OO 3.3186E-Q6
PHASE: FCC_A1 mol HOLE FPACTION ACTIVITY
B1C1 0.0000E+00 5.2479E-06 9.6961E-07

I BlVal 0.OOOOE+OO 1.7251E-03 S.2270E-04
NilCl O.OOOOE+OO 3.Q276E-03 2. S0S1H-O3

1 HilVal 0.OOOOE+OO 9.9524E-01 9. 1502E-01
TOTAL: 0.OOOOE+OO 1.OOOOE+OO 9.19418-01
PHASE: LIQUID mol HOLE FPACTION ACTIVITY
B 7.2000B-01 4.G223E-Q2 1.3626E-03
C 1.8000E-01 1.00S6E-02 4.9629B-04
Mi 1.7QQ0E+01 9.4972E-01 9.4369E-01
TOTAL: 1.7900E+01 1.0GG0E+00 1.GG00E+00

Gaseous
product
species

Solid
solution
product

mol ACTIVITY
Hi <liq)_SGSL O.OOOOE+OO 9. 4370E-01
Ni_£cc_al<s)_SGSL O.OOOOE+OO 9. 1502E-Q1
C_graphite  ̂ s ) _SGSL O.OOOOE+OO 7. 3615E-Q2
Ni3C_cemantite(s<_SGSL O.OOOOE+OO 5.9363E-02
Hi3B_ni3b(s>_SGSL O.OOOOE+OO S.5775B-02
C _ diamond_a4(s 2 )_SGSL 0. OOOOE+OO 3.3368E-02
’NiZB ‘_m2b_tet (s)__SGSL 0. 0000E+00 2. 9083E-02
N i B _ n i b ( s )_SCSL 0.OOOOE+OO 9. E318E-03
B_beta_rhombo_ \ s ) ___SGSL 0.OOOOE+OO 3.11688-03
B (liq)_SGSL 0.OOOOE+OO 1.36268-03
C(lxqJ_SGSL 0.OOOOE+OO 4. 9629E-04
‘Ni4B3 *_rxi4b3 (s)_SGSL 0.0000E+00 2.24698-06
B4C(s)_FACT O.OOOOE+OO 3. 0437E-10
B4C ( liq> _FACT O.OOOOE+OO 2.0703E-11

Compound
'product
species

PELTA_Cp D ELTA_H DELTA^S DELTA_G DELTA_V
J.K-1 J J.K-1 J dm3

2.01843E+00 -3.30193E+04 2.23599E+01 -7.26634E+04 0. 00000B+00

Figure D.5: Results Screen from FACTSage™’40
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D.2 Thermodynamic Data.

D.2.1 Heat Capacities.

D.2.1.1 Cp of Elements.

55 , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    . ■

32 - 
31 - 

30 -

n
a.u 2" 
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24 -

23 I .........................................1. . . . . . . .  .1. ^  .1,--------  .... ._..L . ....... J. ■

2P8 448 5P8 "48 8P8 1048 U PS 1348 14P8 1648
T < K t

Figure D.6: Cp for solid W from 298K to 1773K.
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Figure D.7: Cp for solid C from 298K to 1773K.
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Figure D.8: Cp for B from 298K to 1773K.

The heat capacity of solid nickel, below the melting point, 1728K, is shown in Figure 

D.9.

298 448 598 "48 898 1048 1108 1348 1408 1948

T i K i

Figure D.9: Cp of solid Ni below 1728K.
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The heat capacity of liquid nickel is shown in Figure D.10 above 1728K.

~  4?~ •*?
i 44
s
Z 42
a 41 -
v' 40 .

#  '00 1850 2000

TiKi

Figure D.10: Cp of liquid Ni above 1728K.

D.2.2 Cp of Compounds.

D.2.2.1 Ni-WC System.

There are several compounds that may be present in the Ni-WC system. The compound 

WC is one of the reactant species in this system and was seen in the experimental results. 

The enthalpy and entropy of formation for this compound is shown in Table D .l. Also 

shown in this table is the thermodynamic data for the formation of the Ni-W compounds 

Ni4W, NiW and MW2 . These are the compounds that may form in the Ni-WC reaction 

system. As previously discussed, there are no stable Ni-C compounds formed.
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Table D.l: Thermodynamic data for compounds in the Ni-WC system.

Compound AH } m ( J / m o l ) AS ° f  2 9 % { J !  m o l  ■ K )

WC -40178 -6.31

NLtW -31379 -1.22

NiW -7047 0.185

NiW2 -7050 0.143

The other thermodynamic parameter that is important is the heat capacity, Cp, of the 

compounds. The Cp values are used to calculate the Gibb’s free energy change at a 

specified temperature.

Figure D.l 1, Figure D.12, Figure D.13 and Figure D.14 show the Cp values for WC, 

Ni4W, NiW and NiW2.
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Figure D .ll:  Cp vs. T for WC.
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Figure D.12: Cp vs. T for NLiW.
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Figure D.13: Cp vs. T for NiW.
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Figure D.14: Cp vs. T for NiW2.
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D.2.3 Ni-B4C System.

There are several compounds that may be present in the N1-B4C system. The standard 

enthalpy of formation and the standard entropy of formation for the nickel borides Ni2B, 

N13B, M 4B3 and NiB are shown in Table D.2.

Table D.2: Thermodynamic data for the compounds in the Ni-B4C system.

Compound A C /0
f ,  298 A S 0^ > •,298

b 4c -62676 -2.17

Ni2B -64119 -11.76

Ni3B -64482 -3.60

Ni4B3 -311706 -22.24

NiB -100415 -5.57

1 5 0  

1 4 0  

1 3 0  

120 

110
£

100
g
§ PO 
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"0 
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5 0  

4 0
3 0 0  4 5 0  6 0 0  7 5 0  POO 1 0 5 0  1 2 0 0  1 3 5 0  1 5 0 0  1 6 5 0  1 8 0 0  1 9 5 0

T<K)

Figure D.15: Cp vs. T for B4 C.
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Figure D.16: Cp vs. T for M 2 B.
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Figure D.17: Cp vs. T for M 3 B.
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Figure D.18: Cp vs. T for M 4 B3 .
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E.O Thermodynamic Tables/ Sample Calculations.

E.l Ni-WC System.

Table E.l: Comparison of parameter n to wt% WC reactant.
P aram eter n

Ni (mol) wt%WC
5 40.02

5.5 37.75
6 35.73

6.5 33.92
7 32.28

7.5 30.79
8 29.43

8.5 28.18
9 27.04

0.001 Ni + WC 
<1773,l,liq-SGSL,#l) <1773,l,s-FACT,#l)

0.11970E-02 mol ( 0.10413 C
+ 0.83541 Ni
+ 0.60461E-Q1 U

(1773.00 K, 1 atm., LIQUID)

SGSL
SGSL
SGSL)

0.49996 mol U2C
(1773.00 K, 1 atm, SI, a= 1.0000)

FACT

0.49991 mol C_graphite
(1773.00 K, 1 atm, SI, a= 1.0000)

SGSL

0.00000 mol Ni
(1773.00 K, 1 atm, LI, a=0.79130)

SGSL

0.00000 mol Ni_fcc_al 
(1773.00 K, 1 atm, SI, a=0.76726)

SGSL

+ 0.00000 mol UC__mc__shp SGSL
(1773.00 K, 1 atm, SI, a=0.63349)

DELTA H  DELTA G DELTA V  DELTA S Cp_SUM_PHASES PROD V
(J) (J) (1) (J/K) (J/K) (1)(J/K)

*  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

4.15733E+04 -6.48508E+03 O.OOOOOE+OO 2.71057E+01 1.14107E+01 O.OOOOOE+OO

Figure E.l: Sample calculation, Ni-WC system at 1773K.
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0.001 Hi + WC + 0.000001 02 
(1773,l,liq-SGSL,#l) (1773,1,s-FACT,#1) (1773,1,g-FACT,#1)

0.19998E-05 mol

0.11970E-02 mol

( 0.99990 CO FACT
+ 0.90770E-04 C02 FACT
+ 0.69752E-0S Hi FACT
+ 0.11312E-09 C302 FACT
+ 0.11250E-09 C20 FACT
+ 0.15782E-11 HiO FACT
+ 0.12799E-11 0 FACT
+ 0.12191E-12 C FACT
+ 0.91039E-13 C3 FACT
+ 0.26582E-14 C2 FACT
+ 0.2159SE-1S Ni (C O )4 FACT
+ 0.18828E-15 02 FACT
+ 0.81620E-16 WO FACT
+ 0.93092E-17 WO 2 FACT
+ 0.27633E-17 CS FACT
+ 0.16384E-17 C4 FACT
+ 0.13599E-18 W FACT
+ 0.39659E-19 W03 FACT
+ 0.10810E-27 (W03J2 FACT
+ 0.43609E-31 03 FACT
+ 0.1S217E-36 W308 FACT
+ 0.10826E-39 (W03) 3 FACT
+ 0.52S18E-53 (W03J4 FACT)

(1773.00 K, 1 atm, gas_ideal)

( 0.10413 C S G S L
+ 0.33541 Ni S G S L
+ 0.19540E-09 0 S G S L
+ 0.60461E-01 W S G S L )

(1773.00 K, 1 atm, L I Q U I D )

+ 0.49996 mol W2C FACT
(1773.00 K, 1 atm, SI, a= 1.0000)

+ 0.49991 mol C graphite S G S L
(1773.00 K, 1 atm, S I ,  a= 1.0000)

DELTA H  D ELTA G DELTA V  DELTA S Cp_SUH_PHASES PLOD V
(J) (J) (1) (J/K) (J/K) (1)

4.15731E+04 -6.48S62E+03 1.4S464E-04 2.71059E+01 1.14107E+01 2.9C953E-04

Figure E.2: Sample calculation, M-WC-O 2 system at 298K.
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E.2 Ni-B4C System.

Table E.2: Comparison of parameter m to wt%Ni reactant.

P a r a m e te r  m
B4C (m ol) wt%B4C

0.01 0.99
0.04 3.82
0.08 7.36
0.13 10.74
0.17 13.80
0.19 15.25
0.32 23.09
0.64 37.48
0.96 47.36

T = 1773.00 K 
P = 1.OOOOOE+OO atm 
V  = 0.OOOOOE+OO dm3

ST RE AH CONSTITUENTS AHOUNT/mol TEMPERATURE/K PRES SURE/at]
Ni(liq)_SGSL 1.000QE-03 1773.00 1.OOOOE+OO
B 4 C (s )_FACT 1.OOOOE+OO 1773.00 1.OOOOE+OO

EQUIL AMOUNT HOLE FRACTION ACTIVITY
PHASE: LIQUID mol
B 7.7234E-04 4.2847E-01 1.693SE-01
C 3.0222E-05 1.6766E-02 6.7417E-03
Ni 1.0Q00E-G3 S .S477E-01 2.2713E-01
TOTAL: 1.80Z6E-03 1.OOOOE+OO 1.OOOOE+OO

mol ACTIVITY
B4C fs)_FACT 9.9981E-01 1.0000E+00
C_gr aphit e (s)_S GS L 1.S286E-04 1.OOOOE+OO
C_diam.on.d_a4 £s2)_SGSL 0.OOOOE+OO £.2120E-01
B_bet a_rhomb o _ (s )_S GS L 0.0000E+00 3.8853E-01
NiB_nib(s)_SGSL 0.OOOOE+OO 2.8S98E-01
N i (liq)_SGSL 0.0000E+00 2.2713E-01
Ni_fcc_al(s)_SGSL O.OOOOE+OO 2.2023E-01
1Ni2 B 1_m2b_tet(s )_SGSL 0.0000E+00 2.0870E-01
B(liq)_SGSL 0.0000E+00 1.698SE-01
Ni 3B_ni3b(s )_S GS L O.OOOOE+OO 9.6937E-02
B 4 C (liq)_FACT 0.OOOOE+OO 6.7908E-02
'Ni4B3'_ni4b3i s)_SGSL 0.OOOOE+OO 1.4882E-02
Ni3C_cementite(s)_SGSL 0.OOOOE+OO 1.1243E-02
C(liq)_SGSL 0.0000E+00 6.7417E-03
************** ***************************************************** :

DELTA_Cp DELTA_H DELTA_S DELTA_G DELTA_V
J.K-1 J J.K-1 J dm3

2.16S11E-03 1.14563E+00 1.29701E-02 -2.18504K+01 O.OOOOOE+OO

Figure E.3: Sample Calculation, Ni-B4C system at 1773K.
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