The shape of the W,Bs particles do not indicate a large shape anisotropy. The
particles are approximately 2 microns in size and are homogeneously distributed
through the AIMgB;4 matrix. A spinel phase was detected, the light grey phase as
indicated in figure 6.3.9 b. Although not indicated on the diagram the epoxy used
when mounting the sample for polishing is the darkest phase and is found throughout

the polished surface on which EDS analysis was performed.

6.3.4: The Production of Dense AIMgB14

Literature reports indicate that 100% dense AIMgB 4 can be produced at temperatures
of 1400°C from powders prepared from the elemental starting components”. The
compacts prepared in sections 6.3.1 and 6.3.2 were all prepared at 1400°C and the

density of all the materials were well below 100%, as reported in table 6.3.1.

Various strategies were employed to densify the material. The effect of particle size
on elemental and pre-reacted powders as well as the effect of starting composition
(presence of Al liquid phase), temperature and pushing force were investigated to

establish a route to dense sintered compacts.

6.3.4.1: The Effect of Particle Size

The ductile nature of metals often limits their ability to be milled to fine particle sizes.
Although a range of variables including various milling speeds, milling media to
powder mass ratios and mass % stearic acid added as a surfactant were employed in
this study, it was found that aluminium (100 pm particle size) and magnesium
(100 pm particle size) when milled, in the planetary mill, on their own or together

weld together forming powders that are not less than 50 um in size.

Elemental powders of Al, Mg and B were milled together in a planetary mill for
different times. The particle sizes of the powders milled for different times were

determined using laser diffraction techniques, table 6.3.4 a.

Additionally Al, Mg and B powders were milled together for 2 hours, pressed into

green compacts and reacted at 1400°C in an uniaxial hot-press to from AIMgBia.
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These compacts (post reaction) were then crushed by pestle and mortar and this
powder, referred to as the pre-reacted powder, was then milled for various times in the
planetary mill. Particle sizes of these powders were also determined by laser

diffraction, table 6.3.4 b.

Green compacts of the elemental and pre-reacted powders were then hot-pressed at
1400°C in an uniaxial hot press and the densities and porosities of the sintered
compacts were determined using the Archimedes immersion method for density

determination.

TABLE 6.3.4 a: Properties of elemental powders hot-pressed at 1400°C, 20 MPa,

1 hour
Milling Time | Particle size Density Porosity Theoretical Density
(hours) (nm) (gem™) (“o) (gem™)
2 8.15 1.665 38.3 2.699
4 3.28 1.879 31.2 2.731
6 2.57 1.921 31.7 2.813
16 2.37 2.164 30.4 3.109

As the milling time increases the particle size of the elemental powder is reduced but
the sintered compacts remain porous, 32.9 + 3.6% . The increase in the theoretical
density of the compacts is due to the pickup of WC from the milling media. The
presence of WC was identified from XRD due to W,;Bs which become more

pronounced in samples milled for greater than 4 hours.

TABLE 6.3.4 b: Properties of pre-reacted powders hot-pressed at 1400°C, 20 MPa,

1 hour
Milling Time | Particle size Density Porosity Theoretical Density
(hours) (rm) (gem™) (%) (gem™)
2 7.35 2.154 27.0 2.949
4 2.87 2.366 20.7 2.983
6 2.11 2.650 25.4 3.554
16 1.55 3.143 24.6 4.167
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The brittle nature of AIMgB,4 correlates with the particle size of the pre-reacted
powder which is consistently smaller than the size of elemental powders obtained for
the same milling time. The compacts produced from the pre-reacted powders are
porous and the theoretical density is larger for the pre-reacted compacts than for the
elemental compacts at all milling times due to the pickup of WC during the milling

cycle.

As the milling time is increased, for both elemental powders and pre-reacted powders,
the particle size decreases. The porosities of all the compacts hot-pressed at 1400°C
are above 20%. Thus, dense compacts are not produced in the uniaxial hot-press at
1400°C for a load of 20 MPa for compacts prepared from smaller particle sized
starting powders. Because of the intrinsic hardness of AIMgB,4, wear of the milling
vessel is expected to be larger for the pre-reacted powders than for the elemental
powders. The X-ray diffractograms for all of the pre-reacted compacts indicated the
presence of W,Bs. ICP analysis was done on the pre-reacted composites and the

results are presented in figure 6.3.10.

The amount of tungsten introduced into the starting powders increases as the milling
time is increased. Based on the observed intensities in the XRD’s for the various
powders the amount of W is larger in pre-reacted powders than for elemental
powders. This is so because the ratio of the peak heights of W,Bs:AlMgB,4 is larger

for pre-reacted powders than for elemental powders, figure 6.3.11.
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Figure 6.3.10: Mass percent of tungsten versus milling time for pre-reacted powders
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Figure 6.3.11: Comparison of elemental and pre-reacted AIMgB 4 (6 hours milling)
with W2B5

6.3.4.2: The Effect of Composition

The presence of a liquid phase during sintering is very beneficial for densification.
This arises since the liquid phase facilitates mass transport thus enhancing the kinetics
of the sintering process. Also, infiltration of the liquid phase into pores further

densifies the material.

Aluminium and magnesium liquefy at 660 and 649°C respectively. Thus, in principle
both metals would be suitable to form a liquid phase. However, magnesium boils at
1090°C which means that any unreacted magnesium would simply volatilise at the
usual sintering temperature of 1400°C. Therefore, dependant on the phase diagram,
magnesium is not a suitable liquid phase to facilitate densification at the sintering
temperatures. Aluminium metal boils at 2467°C. Thus the excess liquid phase will

exist through the entire duration of the sintering cycle as was shown in chapter 4.
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Various amounts of each metal (values in wt.%) were added in excess to the starting
powders and then sintered at 1400°C. The values for the compacts are reported in

table 6.3.5.

TABLE 6.3.5: The densities, porosities and theoretical densities for elemental
AlMgB,4 prepared with excess magnesium and/or aluminium and hot pressed at

1400°C, 20 MPa and 1 hour

Composition Density Open Porosity Theoretical Density
(gem™) (%) (gem™)
AlMgB 4 1.696 36.0 2.649
+ 10 wt.% Mg 1.792 31.8 2.627
+ 10 wt.% Al 1.913 27.7 2.647
+ 10 wt.% (Al+ Mg) 1.829 31.6 2.675

The addition of excess aluminium increases the density of the sintered compact by
13% which is larger than the increase caused by addition of the magnesium metal
which only increased the density by 6%. The larger increase in the density for the
compact sintered with additional aluminium is expected since free Mg metal would

volatilise at temperatures above its boiling point.

The addition of 10 wt.% of a 1:1 mole ratio excess of Al and Mg produces a sintered
compact whose density is 8% denser than the sintered compact without any excess
metal added. The compacts produced at 1400°C with excess metal added as a liquid
phase during sintering produces compacts that are at best 28% porous for the

aluminium addition.

The composition of the compacts can also be tailored so as to maximise the amount of
AIMgB 4 present in the final sintered compact. As will be discussed in more detail in
chapter 5, the formation of the spinel phase is largely dependent on the amount of
oxide phase present in the starting powders. Thus, compacts produced from a 1:1
mole ratio of Al and Mg result in sintered materials that are deficient in Al and Mg

because of the formation of the spinel phase from the oxide phases present in the
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starting elemental powders. Based on Rietveld analysis, that was presented in
chapter 5, about 10 wt.% of the spinel phase is present in the final compact for a
material produced from a 1:1:14 mole ratio of Al:Mg:B. Therefore, compensation for
the loss of the metals, assuming 10 wt.% spinel formation can be offset by adding
additional amounts of Al and Mg in order to preserve the 1:1:14 stoichiometry of
AlMgB 4. A detailed description of the calculation of the ratio of Al and Mg to be
added in order to preserve the stoichiometry of AIMgBs can be found in the
experimental chapter. The abbreviation “CS” will be used to designate the additional
amounts of Al and Mg added to AIMgB 4. This terminology will indicate that the loss
of Al and Mg due to the formation of the spinel has been compensated for in the
synthesis. Figure 6.3.12 indicates the effect of the addition of Al and Mg to the
starting composition in order to maximise the amount of AIMgB 4 present in the final

sintered compact.
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Figure 6.3.12: A comparison of AIMgB,s and AIMgB4 + compensation for the

spinel phase

Due to the change in the relative heights of the XRD peaks for MgAl,O4 and
AlMgB /4 it is clear from figure 6.3.12 that the addition of Al and Mg to compensate
for the loss of these metals due to spinel formation, enhances the production of
AlMgB,4. Additionally, there is free Al in the composite compensated for the spinel
phase.
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6.3.4.3: The Effect of Temperature

Elemental powders of Al, Mg and B (1:1:14 mole ratio) were milled for 2 hours in a
planetary mill and pressed into green compacts and then hot-pressed at 900, 1000,
1200, 1400, 1500, 1600, 1700, 1800 and 1900°C (soak time 1 hour) at 20 MPa.
Figure 6.3.13 a gives a summary of the diffractograms obtained for the samples
prepared at 900, 1200, 1400, 1600 and 1700. Figure 6.3.13 b gives a detailed analysis
of the XRD trace at 1600°C. Table 6.3.6 gives a summary of the densities, porosities
of the sintered compacts and the ratio of the major XRD peak for AIMgB4 to the
major XRD peak for MgAL,Oy.
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Figure 6.3.13 a: Comparison of the XRD patterns for AIMgB;4 prepared at 900,
1200, 1400, 1600 and 1700°C

As can be seen from figure 6.3.13 a, AIMgB4 is not formed at temperatures of 900°C.
The reasons for this are most likely kinetic because, as was addressed in detail in
chapter 4, the formation of AIMgB,4 is predicted at temperatures of 900°C. The spinel
phase, MgAl,O4 and the boride phase AIMgB,4 are both formed at temperatures of
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1200°C and higher. The appearance of the peak at 23° 26 belongs to carbon. The
synthesis of this and all other composites take place in graphite dies. It is thus possible

that carbon is found in the sample.

1600C

10000 +

2500

0

1L

O T AMgB14 390459

10000
- 0
0-1cE00926
10000 -
2500 I
T 1 1 1 17T ‘ T 1

O\\\\\\\\\‘\\\\\\\\\‘\\\

T T
10 20 30 40 50 60 70
Position[*2Theta]

Figure 6.3.13 b: X-ray diffractogram for AIMgB4 prepared at 1600°C
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TABLE 6.3.6: Density, Relative Density and Porosity for AIMgB,4 prepared at 900°C,
1200°C, 1400 °C, 1500 °C, 1600 °C and 1700 °C

Temperature Density Relative Density Open Porosity
('C) (gem™) (%) (%)
900 1.313 48.9 51.1
1200 1.321 52.2 47.8
1400 1.665 62.6 38.3
1500 1.895 71.3 29.8
1600 2.111 79.4 21.1
1700 2.730 91.3 8.7

The decomposition of AIMgB,s into y-AlBj, at temperatures above 1600°C is
consistent with the literature which reports that AIMgB;4 decomposes into y-AlB); at
temperatures higher than 1550°C®. From these experiments the optimum density for
limited decomposition is achieved at 1600°C. Hence, subsequent samples were

prepared at 1600°C.

The effect of pressure at a fixed temperature of 1600°C was then investigated in order

to further attempt to densify the material.

6.3.4.4: The Effect of Pressure

Samples of molar composition AIMgB14 were prepared at 1600°C in the hot-press and
subjected to loads of 20 MPa and 75 MPa in the uniaxial hot-press. The results are
presented in table 6.3.7. In addition to the densities and porosities for the samples
prepared at the different loads the ratio of the major XRD peak for AIMgB4 to
MgAl,Oy is also given.
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TABLE 6.3.7: The density, porosity and AIMgB4:MgAl,Os major peak ratio for
samples prepared at 20 MPa and 75 MPa at 1600°C

Pressure Density Porosity Ratio
(MPa) (gem™) (%) AIMgB,,
MgAl, 0,
20 2.111 21.1 3.30
75 2.631 <1% 2.45

Porosity measurements determined from Archimedes densities are not accurate when
samples contain only closed porosity. At a load of 75 MPa all the porosity in the
compact is closed and an estimation of the exact porosity is given by image analysis

of the polished microstructure, the value of which is shown in table 6.3.7.

6.3.4.5: Pre-Reacted Powder versus Elemental Powders

As detailed in section 6.3.3 and 6.3.4, 99% dense compacts are obtained from
elemental powders that are sintered at 1600°C and 75 MPa in an uniaxial hot-press
under a steady flow of argon gas. The driving force for sintering is larger for
compacts in which a chemical reaction takes place. It is expected that compacts
prepared from elemental powders should densify better than compacts prepared from
pre-reacted powders. However, if the results from table 6.3.4 a and b are compared
then compacts prepared from the pre-reacted powders produce denser compacts than
compacts that are produced from the elemental powders. Table 6.3.8 summarises the

comparative results.
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TABLE 6.3.8: A comparison of the densities obtained from pre-reacted powders and

elemental powders at 1400°C and 20 MPa

Milling Time Elemental (E) Pre-Reacted (PR) | Open Porosity
(hrs) Relative Density | Relative Density (%)
(%) (%) E PR
2 61.7 73.0 38.3 27.0
4 68.8 79.3 31.2 20.7
6 68.3 74.6 31.7 25.4
16 69.6 75.4 30.4 24.6

A possible explanation for this is that because of the increased WC content for pre-
reacted powders there will be more energy available for sintering as a result of the
large AH =-702.5 kJ/mol (calculated from Factsage, a thermodynamics software
package) for the reaction 2WC + 13B — 2B4C + W;,Bs. Although the formation of
W3Bs occurs in compacts prepared from both the elemental powders and the pre-
reacted powders the amount of W,Bs formed in the pre-reacted powders is larger and
hence the driving force for sintering from the chemical reaction that forms W,Bs is

larger in the pre-reacted powders.

Table 6.3.8 indicates the densities and porosities associated with compacts produced
from elemental and pre-reacted powders at 1600°C at a pushing force of 75 MPa.
Additionally, the compositions of both the elemental powders and pre-reacted

powders have been varied as indicated in table 6.3.8.
Aluminium has been added in excess to facilitate mass transport. As was shown in

chapter 4 a persistent Al liquid phase will be in equilibrium with AlIMgB,4 at

temperatures above 1400°C.
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TABLE 6.3.8: Densities, porosities for elemental and pre-reacted powders prepared at

1600°C and 75 MPa
Elemental Pre-Reacted
Composition Density *Porosity Density *Porosity

(wt. %) (gem?) (%) (gem™) (%)
A 2411 6.2+1.1 2.677 1.0£0.2
"A+TCS 2.660 3.5£1.0 2.790 2.6+0.4
"A+TCS+3%Al | 2719 5.142.7 2.815 2.1+0.8
"A+TCS+5% Al | 2.691 4.3+1.1 2.795 2.4+0.4
"A+TCS+10% Al | 2.606 5.9+1.3 2.852 2.7+0.9

A= composition AIMgB 4

" CS = compensation for spinel

*porosity = closed porosity

The porosities of the compacts were determined by pixel counting using an image

analysis software package, the details of which are given in the experimental chapter.

As was the case for compacts prepared at 1400°C the pre-reacted powders produce

slightly denser compacts than the elemental compacts at 1600°C. This is expected due

to the higher uptake of WC during the milling of pre-reacted powders. Dense

compacts are produced for compacts prepared at 1600°C and 75 MPa from elemental

and pre-reacted powders. Also, as the amount of aluminium metal is increased the

amount of porosity does not seem to change significantly. Thus, the addition of more

liquid phase has very little effect on the further removal of the closed porosity present

in the compacts prepared from elemental and pre-reacted powders.
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Figure 6.3.14 a: A microscope image taken for a compact produced from the
elemental starting powder with composition A + CS + 3 wt.% Al at 1600°C and

75 MPa in an uniaxial hot-press

Figure 6.3.14 b: A microscope image taken at for a compact produced from the pre-
reacted starting powder with composition A + CS + 3 wt.% Al at 1600°C and 75 MPa

in an uniaxial hot-press
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Figure 6.3.14 a and b present the microscope images of the elemental and pre-reacted
powders with composition AIMgB4+ CS + 3 wt.% Al sintered in the uniaxial hot-
press at 1600°C and 75 MPa. The different grey levels indicate that the microstructure
formed for both composites are not homogeneous a more detailed analysis of the

microstructure by SEM for the pre-reacted powder will be presented in section 3.3.5.2

It is important to note that there is a distinct preferential alignment direction in the
compact prepared from the elemental powders. The direction of this alignment is
perpendicular to the pressing direction. When comparing the images shown in
figure 6.3.14 a and b, it is clear that the pre-reacted powders do not have any
preferential alignment in the compact Thus, compacts produced from pre-reacted
powders produce sintered compacts that have lower porosities than for the same
compositions prepared from the elemental powders and the microstructures that do

not have any structural anisotropy.

Based on this work the best synthesis procedure to produce dense AIMgBi4 is to
prepare pre-reacted AIMgB 4 at 1400°C and 20 MPa. The mixture is then milled for a
further 4 hours and the green compacts of this powder sintered at 1600°C and 75 MPa

under argon gas in an uniaxial hot-press.

6.3.5: Microstructure and Mechanical Properties of compacts based on
AlMgB4

In this section of work the mechanical properties of AIMgB4 will be addressed.
Specifically, the material’s hardness and fracture toughness, measured as explained in
chapter 2, will be presented. Because of the intrinsic hardness of AIMgB,4 the uptake
of WC from the milling vessel during the milling of pre-reacted AlMgB,s4 is
inevitable. Thus, composites produced as detailed in section 6.3.4.3 and 6.3.4.5 will
always contain WC. Hence, the composite discussed is actually AIMgB4-WC. The
presence of the spinel phase actually makes this material a composite of three phases;
AlMgB4-WC-MgAl,O4. For simplicity, this composite; AIMgB4-WC-MgALO4

prior to sintering at 1600°C, will be referred to as the pre-reacted powder or PR.
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6.3.5.1: The hardness of composites produced from pre-reacted AIMgB4

The hardness of the PR compositions prepared in table 6.3.8 were evaluated on a

Knoop hardness tester at a load of 500g. The results are presented in Table 6.3.9.

TABLE 6.3.9: The Knoop hardness of composites prepared in Table 6.3.8 at a 500 g
load

Pre-Reacted
Composition Hxkos *Density | *Closed Porosity

(wt. %) (GPa) (gem™) (%)
PR 199+0.3 2.677 1.0+0.2
PR + CS 21.2+0.8 2.790 2.6:£0.4
PR+ CS +3wt. % Al | 20.9+0.7 2.815 2.1+0.8
PR+ CS+5wt. % Al | 19.0+£0.8 2.795 2.4+0.4
PR+ CS+10wt. % Al | 17.8 + 1.1 2.852 2.7+0.9

*values presented in table 6.3.8

Because of the reduction in the amount of the spinel phase relative to AIMgB 4 by the
compensation for the loss of Al and Mg and the slightly lower porosity and almost
equivalent hardness to PR + CS, the composition PR + CS + 3wt. % Al (henceforth
referred to as PRjcs) was used to study the effect of various additives on the hardness
and fracture toughness of the PRicg system. The choice of additive and the reasons for
the choice will be discussed in each of the subsections to be presented. All samples up
to now have been prepared at a 10°C/min heating rate and a 20°C/min cooling rate. It
will be shown that samples prepared at heating rates of 100°C/min and cooling rates
of approximately 100°C/min have a slightly lower porosity, higher hardness and
fracture toughness for a PRs3cs + WC system. Thus, all samples presented in
subsections 6.3.5.2-9 were prepared at heating rates and cooling rates of 100°C/min.
The cooling rate is stated as approximate because at temperatures below 1000°C the

heating rate is less than 100°C/min.
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6.3.5.2: The PRj3cs system
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Figure 6.3.15a: Diffractogram for PR;scs reacted at 1600°C, heating rate 100°C/min,

soak time 1 hour, pressing force 75 MPa

The graphite pots in which all the samples have been prepared results in the presence
of carbon, which has been identified by XRD analysis, to be present in all the
samples. The presence of W,Bs dominates the diffractogram because of the high
electron density associated with W. Thus, the presence of AIMgB;4 even when in

large amounts, will present with smaller peak heights in the diffractogram.

The only source of boron in this sample is from AIMgB,4 and thus a reaction of WC
with AIMgB 4 would yield three products W;Bs, B4C and (Al,Mg)B,, equation 6.10.
The presence of the (Al,Mg)B, phase is not clearly identified by XRD and neither is
B4C. As indicated in figure 6.3.15 a, the labelled peak may be due to the solid solution
but because of the overlap with W,Bs it cannot be said with certainty that the solid
solution phase is present. Additionally, if any solid solution phase is present in the

sample the intensity of the peak will be very small. Free Al is not present in the
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diffractogram for the reacted sample. This is more clearly illustrated in
figure 6.3.15 b. The use of the words reacted and unreacted need to be clarified.
Unreacted PR refers to the pre-reacted powder (PRics) that has been prepared at
1400°C and milled for 4 hours. Reacted PR refers to the unreacted PR;3cs subsequently
hot-pressed at 1600°C, 1 hour soak time and 75 MPa. This convention will be adopted

for all the composites presented forthwith.
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Figure 6.3.15 b: A comparison of unreacted PR3cs with reacted PRscs

It is important to note that the broad peaks (especially at higher angles) in the
diffractogram for unreacted PRj3cs is a result of the reduction in crystallite size of the
WC that has been introduced during the milling cycle. The Al major peak is labelled
in figure 6.3.15 b. Due to the change in the ratio of the peak height of the Al peak
from the unreacted PR to the reacted PR, some of the excess Al must have reacted. It
is not clear from the XRD what the excess Al has reacted with. An SEM micrograph
is presented in figure 6.3.15 c. The major phases have been established from EDS
analysis. The very bright platelets have been designated as W,Bs. Due to the sample
processing route and sample preparation for SEM, carbon is detected by EDS
throughout the material. EDS analysis confirmed that the platelets have less carbon in

them than the more round shaped bright phase.
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Figure 6.3.15 ¢: An SEM image for PRjcs

6.3.5.3: PR3CS + 30 wt.% TiBz

Based on the results of Cook et alz, 30 wt.% TiB; was added to the PR3cs system.
This addition was made after the PR3cs had been synthesised at 1400°C and 20 MPa
and crushed by pestle and mortar to a powder. This mixture, PRj3cs + 30 wt.% TiB,
was then milled for a further 4 hours and then hot-pressed at 1600°C, soak time
1 hour, 75 MPa.
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Figure 6.3.16 a: Diffractogram for PR3cs + 30 wt.% TiB; reacted at 1600°C, heating

rate 100°C/min, soak time 1 hour, pressing force 75 MPa

The presence of 30 wt.% TiB, in the sample dominates the diffractogram. AIMgB4 is

also present. The spinel is confirmed by XRD. W;Bs is not detected by XRD.

Figure 6.3.16 b is a SEM image obtained in back scattered mode on a polished section

of this material.
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Figure 6.3.16 b: An SEM image for PR3cs + 30 wt.% TiB,

The TiB; phase (core) is surrounded by a brighter phase (rim). Both W,Bs and TiB,
have hexagonal crystal systems. A solid solution phase, (Ti,W)B,, is therefore
possible between these two phases. TiB; is a very stable solid and hence the diffusion
of W into the TiB, grains is slow. Therefore, only the outer rim of the TiB, grains
appears lighter as a result of the higher W content, which due to its higher electron
density has a brighter contrast in back scattered mode in the SEM. As W,Bs dissolves
into TiB, the W,Bs phase becomes less boron rich. Therefore, W,Bs adopts the
stoichiometry of WB;, which also has hexagonal symmetry. The lattice parameters of
TiB, (JCPDS 35-0741) and WB, (JCPDS 89-3928) are very similar. Thus, (T1,W)B,
does not result in a pronounced shift in the TiB, XRD peaks. The bulk of the material
is AIMgB,4 and the spinel phase is slightly darker than the TiB, phase but brighter
than the AIMgB4 phase.
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6.3.5.4: PR3cs +5 wt.% Si

Based on the results of Cook et alz, 5 wt.% Si was added in the same order as TiB,

was added to the PR3cg system.
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Figure 6.3.17 a: Diffractogram for PR3cs + 5 wt.% Si reacted at 1600°C, heating rate
100°C/min, soak time 1 hour, pressing force 75 MPa

Al has been identified in this sample by XRD. Three unidentified peaks U;, U, and U;
were found. These peaks could be related to the formation of some additional SiB
phases which could not be identified unequivocally from XRD. Further study of the
phase content as a result of the formation of silicon borides would need to be done to
fully understand what phases are formed in this composite. XRD evidence confirms
that AIMgB4 and MgAl,O4 and W,Bs are present in this sample. It is clear from
figure 6.3.17 b that Si has reacted. Additionally, some of the Si could enter the
AlMgB, 4 structure as was has been proposed by Cook et al*. No phases with a high Si
content could be detected from XRD.
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Figure 6.3.17 ¢ is an image of the microstructure of a polished section of this sample

in back scattered mode. W,Bs platelets can be seen in the microstructure.
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Figure 6.3.17 b: A comparison of unreacted PR3cs + 5 wt.% Si with reacted
PR3CS +5 wt.% Si
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Figure 6.3.17 ¢: An SEM image for PRscs + 5 wt.% Si
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6.3.5.5: PR3cs +25.8 wt.% TiC

Cook et al’ showed that the hardness of AIMgB,4 is improved by the addition of
30 wt.% TiB,. It was shown in section 6.3.2.3 that TiC reacts with AIMgB4 or B to
yield TiB,, reaction 6.3 and 6.4 respectively. Assuming a complete reaction of TiC
with AlMgBj4, 25.8 wt.% TiC is required in order to produce a 30 wt.% TiB;
composite with PR3cs. To minimise the reaction of TiC with AIMgB,4 a second
composite was made that contained additional boron (21.8 wt.%) so as to favour the
reaction of TiC with B rather than with AIMgB 4. The results of the two composites
PR3cs + TiC and PRj3cs + TiC + B are presented. Figure 6.3.18 a is a diffractogram
obtained for PR3cs + TiC. Figure 6.3.18 b is a comparison of unreacted and reacted
PR3cs + TiC. Figure 6.3.18 c and d is a comparison of the diffractograms obtained for
reacted PRjcs + TiC and PRj3cs + TiC + B. Figure 6.3.18 ¢ and f are SEM images of
the microstructures obtained on polished sections of PRscs+ TiC and

PR;scs + TiC + B.
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Figure 6.3.18 a: Diffractogram for PR3cs + 25.8 wt.% TiC reacted at 1600°C, heating

rate 100°C/min, soak time 1 hour, pressing force 75 MPa
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Figure 6.3.18 b: A comparison of unreacted PR3cs + 25.8 wt.% TiC with reacted
PR3cs +25.8 wt% TiC

When figure 6.3.18 a is compared to figure 6.3.16 a it is clear that TiC reacts with

AlMgB 4 to form (ALLMg)B,, TiB, and B4C according to reaction 6.3. Because of the

electron density associated with TiB, the less electron dense phases [(ALMg)B, and

B4C] are not clearly identified by XRD. Further evidence supporting the reaction of

TiC with AIMgB4 is the disappearance of the TiC peaks in the reacted composite as
highlighted in figure 6.3.18 b.
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Figure 6.3.18 c: A comparison of reacted PRscs + 25.8 wt.% TiC with reacted
PR3cs +25.8 wt% TiC +21.8 wt.% B

158



	Chapter 1: Introduction
	1.1: Background and Motivation
	1.2: Project Overview

	Chapter 2: Literature Review
	2.1: Hard Materials
	2.1.1 Hardness
	Figure 2.1.1: The scattering of the Vickers hardness measure
	Figure 2.1.2: A common load-hardness relationship12
	Figure 2.1.3: HV1 for a fine-grained sintered alumina cerami



	2.1.2: The traditional paradigm for a hard material

	2.2: Boride-based hard materials
	2.2.1: Chemical bonding and structure types of some borides
	Figure 2.2.1: A typical five-fold symmetric icosahedron
	Figure 2.2.2: The structure of B4C in the chain or polar str
	2.2.2: The structure of AlMgB14
	Figure 2.2.3: Crystal structure of AlMgB14 projection on the



	2.2.3: The production of dense polycrystalline AlMgB14 and a
	2.2.4: Electrical, Thermal and Magnetic Properties of AlMgB1
	Figure 2.2.5 b: A plot of the electrical resistivity in AlMg

	2.2.5: The microhardness of polycrystalline AlMgB14
	Figure 2.2.5: A plot of the mean microhardness as a function
	Table 2.1: Density, hardness, bulk and shear moduli of selec


	2.2.6: Elastic constants of polycrystalline AlMgB14
	Figure 2.2.6: Plot of microhardness (HV1) vs. shear modulus 
	Figure 2.2.7: Part of the structure of AlMgB14 showing the l


	2.2.7: Thermal Expansion of polycrystalline AlMgB14
	Table 2.2: Coefficient of thermal expansion of some importan
	Figure 2.2.8: Crack deflection around TiB2 particles in a B4


	2.2.8: Applications of AlMgB14
	Figure 2.2.9: Flank and nose wear vs. cutting time for uncoa

	2.2.9: Binary and Ternary Phase systems of interest


	Chapter 3: Experimental
	3.1: Chemicals
	Table 3.1.1: Chemicals used for processing

	3.2: Equipment
	3.2.1: Furnaces
	3.2.1.1: The Tube Furnace
	3.2.1.2: The Hot Isostatic Press
	3.2.1.3: The Uniaxial Hot Press
	Figure 3.2.1: The uniaxial hot press
	Figure 3.2.2: Hot-zone components used in the uniaxial hot p
	Figure 3.2.2: Calibration of the hot press’ optical pyromete



	3.2.1.4: Pyrolisis Furnace
	Figure 3.2.3: A thermo-gravimetric profile for AlMgB14 + 3 w


	3.2.2: The Planetary Mill

	3.3: The Reaction Procedure
	3.3.1: Preparing the Starting Powders
	3.3.2: Compositions of the Powders
	3.3.3: Sintering the Green Compacts

	3.4 Analytical Procedures
	3.4.1: Density Determination
	3.4.2: Porosity by Image Analysis
	3.4.3: Polishing of the Samples
	3.4.4: X-Ray Diffraction
	3.4.5: Particle Sizing
	3.4.6: Scanning Electron Microscopy
	3.4.7: Transmission Electron Microscopy
	3.4.8: Inductively Coupled Plasma Analysis
	3.4.9: Hardness and Fracture Toughness Testing
	3.4.10: Thermal Analysis


	Chapter 4: The Aluminium Magnesium Boron Ternary Phase Diagr
	4.1: Introduction
	4.1.1: The Aluminium-Boron Binary Phase Diagram
	Figure 4.1.1: The aluminium-boron binary phase diagram repro
	Table 4.1.1: Structural data for phases in the Al-B system


	4.1.2: The Magnesium-Boron Binary Phase Diagram
	Figure 4.1.2: The magnesium-boron binary phase diagram50
	Table 4.1.2: Structural data for the phases in the Mg-B syst


	4.1.3: The Al-Mg Binary System
	Figure 4.1.3: The Al-Mg binary phase diagram53
	Table 4.1.3: Structural data for the phases in the Al-Mg bin


	4.1.4: The Aluminium-Magnesium-Boron Ternary Phase Diagram
	Figure 4.1.4: An isothermal section of the Al-Mg-B ternary p
	Table 4.1.4: Structural data of AlMgB14


	4.1.5: The Solid Solution

	4.2: Experimental
	4.2.1: Qualitative XRD analysis
	4.2.2: Quantitative XRD analysis
	Figure 4.2.1: XRD pattern for composition 1 at 900oC with 5 
	4.2.2: The XRD Scan Criteria
	table 4.2.1: 2 Theta peaks for AlB2, MgB2
	Figure 4.2.2: Linear equation for the shifting of the diffra
	Table 4.2.2: Values of 1/d2 calculated and 1/d2 experimental





	4.2.3: The Rietveld Method

	4.3: Results and Discussion
	4.3.1: The Compositions
	Figure 4.3.1: Compositions for the study of the Al-Mg-B tern
	Table 4.3.1: Atomic percent for the compositions


	4.3.2: Results of the Qualitative Analysis
	Figure 4.3.2 a: Diffractogram for composition 1 at 900oC
	Figure 4.3.2 b: Diffractogram for composition 1 at 1000oC
	Figure 4.3.2 c: Diffractogram for composition 1 at 1200oC
	Figure 4.3.2 d: Diffractogram for composition 1 at 1400oC
	Figure 4.3.3: Comparison of the diffractograms for compositi
	Figure 4.3.4: Comparison of the diffractograms for compositi
	Figure 4.3.5: Comparison of the diffractograms for compositi
	Table 4.3.2: Summary of the major phases for composition 9
	Table 4.3.3: The shift in d-space for composition 9 at the d
	Table 4.3.4: Summary of the major phases for compositions 1-
	Table 4.3.5: Summary of the major phases for compositions 4-

	Figure 4.3.6: Comparison of the diffractograms for compositi
	Figure 4.3.7: Comparison of the diffractograms for compositi
	Table 4.3.6: Summary of the major phases identified for comp






	4.3.3: The Thermodynamic Stability of the Phases
	Figure 4.3.8 a: Composition 4 heated for 1 hour and 5 hours 
	Figure 4.3.8 b: Composition 5 heated for 1 hour and 5 hours 
	Figure 4.3.8 c: Composition 6 heated for 1 hour and 5 hours 
	Figure 4.3.8 d: Composition 9 heated for 1 hour and 5 hours 
	Figure 4.3.8 e: Composition 8 prepared at 1200oC for 1 hour 





	4.3.4: Quantifying the Phases using Rietveld Analysis
	Figure 4.3.9: Schematic of the equilibrium phases predicted 
	Table 4.3.7: Rietveld analysis data for the determination of
	Table 4.3.8: Atomic Percent for unshifted and spinel shifted
	Figure 4.3.10: Shifted compositions 1, 4 and 8 in the ternar




	4.3.5: The Error in the ‘a’ and ‘c’ Parameter
	Figure 4.3.11: Testing Vegard’s law for the change in the ‘a

	4.3.6: Quantifying the Solid Solution Boundary
	Table 4.3.9: The calculated cell parameters from the Rietvel
	Table 4.3.10: Calculated lattice parameters using method 1
	Table 4.3.11: Composition of the solid solution determined b
	Figure 4.3.12 a: Rietveld and Method 1 determination of the 
	Figure 4.3.12 a: Rietveld and Method 1 determination of the 
	Figure 4.3.13: Composition of the solid solution based on th





	4.3.7: Composition 9 and the Volatilisation of Magnesium
	Table 4.3.12: Concentration of. AlB2 in (AlB2)ss for composi
	Figure 4.3.14: Shifted composition 9 determined from the com


	4.3.8: Verifying the Phase Content for Composition 4
	Table 4.3.13: Composition of phases that contain all of Al, 
	Figure 4.3.15: Tie lines drawn in the isothermal section of 



	4.4: Summary
	Figure 4.4.1: A cross section at 66 at.% B in the Al-Mg-B te
	Figure 4.4.2 a: Isothermal section of the Al-Mg-B ternary ph
	Figure 4.4.2 b: Isothermal section of the Al-Mg-B ternary ph
	Figure 4.4.2 c: Isothermal section of the Al-Mg-B ternary ph





	Chapter 5: Limiting the Oxide Phase
	5.1: Introduction
	5.1.1: Conventional Methods for Limiting Oxide Phase Formati
	5.1.2: Measuring the Oxygen Content
	5.1.3: Limiting the Formation of the Spinel Phase in AlMgB14
	5.1.3.1: The MgAl2O4 system
	Figure 5.1.1: The structure of MgAl2O4 the grey coloured ato

	5.1.3.2: The AlMgB14 compound

	5.1.4: Boron Oxide as an oxidising agent
	5.1.5: Boron as a reducing agent
	5.1.6: Boron oxide and the formation of boron esters

	5.2: Experimental
	5.2.1: Solvent Properties
	Table 5.2.1: Properties of some organic compounds
	Table 5.2.2: The corresponding boron esters


	5.2.2: TEM analysis

	5.3: Results and Discussion
	5.3.1: Carbothermal Reduction
	Figure 5.3.1: Oxygen content in Mg powder determined by carb

	5.3.2: X-ray diffraction techniques
	5.3.2.1: The baseline material
	Figure 5.3.2: X-ray diffractogram for Rietveld analysis of p
	Figure 5.3.3: Rietveld analysis diffractogram
	Table 5.3.1: Table of phase content of baseline AlMgB14 dete



	5.3.2.2: Washing the boron powder versus milling the boron p
	Figure 5.3.4: X-ray diffractograms for samples prepared by d
	Figure 5.3.5: Diffractogram for the milled sample hot-presse


	5.3.2.3: The effect of milling Al, Mg and B in various solve
	Table 5.3.2: Values used in figures 5.3.6a-b
	Figure 5.3.6 a: Ratio of Boride/Oxide vs. solvent
	Figure 5.3.6 b: Ratio of Boride/Oxide vs. alcohol solvent po



	5.3.2.4: Predicting the amount of spinel phase present in Al
	Table 5.3.3: The percentage by mass of the spinel phase


	5.3.3: EDS analysis preformed by TEM on boron powders milled
	Table  5.3.4: Oxygen content in the polymer coating
	Table  5.3.5: Mass percent of oxygen in boron


	5.3.4: TEM analysis of the starting Mg and Al powders

	5.4: Summary

	Chapter 6: Processing AlMgB14
	6.1: Introduction
	6.1.1: The Ti-B-C Ternary Phase System
	Figure 6.1.1: An isothermal section at 1400oC for the Ti-B-C
	Table 6.1.1: Structural data for the phases in the Ti-B-C te


	6.1.2: The Ti-B-N Ternary Phase System
	Figure 6.1.2: An isothermal section at 1500oC for the Ti-B-N
	Table 6.1.2: Structural data for the phases in the Ti-B-N te


	6.1.3: The W-B-C Ternary Phase System
	Figure 6.1.3: An isothermal section at 1500oC for the W-B-C 
	Table 6.1.3: Structural data for the phases in the W-B-C ter



	6.2: Experimental
	6.3: Results and Discussion
	6.3.1 Preliminary investigations of the formation of AlMgB14
	Figure 6.3.1: A comparison of the diffractograms for AlMgB14
	Table 6.3.1: Phases, density and porosity for AlMgB14 prepar
	Figure 6.3.2: Microstructure of AlMgB14 made at 1400oC and 2



	6.3.2: A synthesis of AlMgB14 from AlB12 and MgB2
	Figure 6.3.3: Diffractogram for AlB12 + MgB2 prepared at 140
	Table 6.3.2: Density and porosity of AlB12, MgB2 and the com


	6.3.3: Additives in AlMgB14
	Table 6.3.3: Density, porosity and major phases for AlMgB14 
	6.3.3.1 AlMgB14 + 30 wt.% TiB2
	Figure 6.3.4a: Identified phases in AlMgB14 + 30 wt.% TiB2
	Figure 6.3.4 b: AlMgB14 + 30 wt.% TiB2 expanded 2θ region. T
	Figure 6.3.4 c: The microstructure of AlMgB14 + 30 wt.% TiB2



	6.3.3.2: AlMgB14 + 20 wt.% TiN
	Figure 6.3.5 a: Identified phases in AlMgB14 + 20 wt.% TiN
	Figure 6.3.5 b: AlMgB14 + 20 wt.% TiN expanded 2θ region. Th
	Figure 6.3.5 c: The microstructure of AlMgB14 + 20 wt.% TiN

	6.3.3.3: AlMgB14 + 20 wt.% TiC
	Figure 6.3.6 a: Identified phases in AlMgB14 + 20 wt.% TiC
	Figure 6.3.6 b: AlMgB14 + 20 wt.% TiC expanded 2θ region. Th
	Figure 6.3.6 c: The microstructure of 20 wt.% TiC + AlMgB14




	6.3.3.4: AlMgB14 + 20 wt.% TiCN
	Figure 6.3.7 a: Identified phases in AlMgB14 + 20 wt.% TiCN
	Figure 6.3.7 b: Identified phases in AlMgB14 + 20 wt.% TiCN.
	Figure 6.3.7 c: The microstructure of AlMgB14 + 20 wt.% TiCN
	Figure 6.3.8: Comparison of the diffractograms obtained for 




	6.3.3.5: AlMgB14 + 20 wt.% WC
	Figure 6.3.9 a: Identified phases in AlMgB14 + 20 wt.% WC
	Figure 6.3.9 b: The microstructure of AlMgB14 + 20 wt.% WC



	6.3.4: The Production of Dense AlMgB14
	6.3.4.1: The Effect of Particle Size
	Table 6.3.4 a: Properties of elemental powders hot-pressed a
	Table 6.3.4 b: Properties of pre-reacted powders hot-pressed
	Figure 6.3.10: Mass percent of tungsten versus milling time 
	Figure 6.3.11: Comparison of elemental and pre-reacted AlMgB




	6.3.4.2: The Effect of Composition
	Table 6.3.5: The densities, porosities and theoretical densi
	Figure 6.3.12: A comparison of AlMgB14 and AlMgB14 + compens


	6.3.4.3: The Effect of Temperature
	Figure 6.3.13 a: Comparison of the XRD patterns for AlMgB14 
	Figure 6.3.13 b: X-ray diffractogram for AlMgB14 prepared at
	Table 6.3.6: Density, Relative Density and Porosity for AlMg



	6.3.4.4: The Effect of Pressure
	Table 6.3.7: The density, porosity and AlMgB14:MgAl2O4 major

	6.3.4.5: Pre-Reacted Powder versus Elemental Powders
	Table 6.3.8: A comparison of the densities obtained from pre
	Table 6.3.8: Densities, porosities for elemental and pre-rea
	Figure 6.3.14 a: A microscope image taken for a compact prod
	Figure 6.3.14 b: A microscope image taken at for a compact p





	6.3.5: Microstructure and Mechanical Properties of compacts 
	6.3.5.1: The hardness of composites produced from pre-reacte
	Table 6.3.9: The Knoop hardness of composites prepared in Ta

	6.3.5.2: The PR3CS system
	Figure 6.3.15a: Diffractogram for PR3CS reacted at 1600oC, h
	Figure 6.3.15 b: A comparison of unreacted PR3CS with reacte
	Figure 6.3.15 c: An SEM image for PR3CS



	6.3.5.3: PR3CS + 30 wt.% TiB2
	Figure 6.3.16 a: Diffractogram for PR3CS + 30 wt.% TiB2 reac
	Figure 6.3.16 b: An SEM image for PR3CS + 30 wt.% TiB2


	6.3.5.4: PR3CS + 5 wt.% Si
	Figure 6.3.17 a: Diffractogram for PR3CS + 5 wt.% Si reacted
	Figure 6.3.17 b: A comparison of unreacted PR3CS + 5 wt.% Si
	Figure 6.3.17 c: An SEM image for PR3CS + 5 wt.% Si



	6.3.5.5: PR3CS + 25.8 wt.% TiC
	Figure 6.3.18 a: Diffractogram for PR3CS + 25.8 wt.% TiC rea
	Figure 6.3.18 b: A comparison of unreacted PR3CS + 25.8 wt.%
	Figure 6.3.18 c: A comparison of reacted PR3CS + 25.8 wt.% T
	Figure 6.3.18 d: A phase analysis of reacted PR3CS + 25.8 wt
	Figure 6.3.18 e: An SEM image for PR3CS + 25.8 wt.% TiC
	Figure 6.3.18 f: An SEM image for PR3CS + 25.8 wt.% TiC + 21




	6.3.5.6: PR3CS + 26.7 wt.% TiN
	Figure 6.3.19 a: Diffractogram for PR3CS + 26.7 wt.% TiN rea
	Figure 6.3.19 b: A comparison of unreacted PR3CS + 26.7 wt.%
	Figure 6.3.19 c: A comparison of reacted PR3CS + 26.7 wt.% T
	Figure 6.3.19 d: An SEM image for PR3CS + 26.7 wt.% TiN
	Figure 6.3.19 d: An SEM image for PR3CS + 26.7 wt.% TiN +15.




	6.3.5.7 PR3CS + WC
	Figure 6.3.20 a: Diffractogram for PR3CS + 15 wt.% WC reacte
	Figure 6.3.20 b: A comparison of PR3CS + 15 wt.% WC and PR3C
	Figure 6.3.20 c: A comparison of PR3CS + 30 wt.% WC reacted 
	Figure 6.3.20 d: Diffractogram for PR3CS + 30 wt.% WC reacte
	Figure 6.3.20 e: A comparison of reacted PR3CS + 30.0 wt.% W
	Figure 6.3.20 f: An SEM image for PR3CS + 15.0 wt.% WC, heat
	Figure 6.3.20 g: An SEM image for PR3CS + 15.0 wt.% WC, heat
	Figure 6.3.20 h: An SEM image for PR3CS + 30.0 wt.% WC, heat
	Figure 6.3.20 i: An SEM image for PR3CS + 30.0 wt.% WC, heat
	Figure 6.3.20 j: An SEM image for PR3CS + 30.0 wt.% WC + 17.




	6.3.5.8: PR3CS + 30 wt.% TiB2 + 30 wt.% WC
	Figure 6.3.21 a: Diffractogram for PR3CS + 30 wt.%TiB2 + 30 
	Figure 6.3.21 b: The phases present in reacted PR3CS + 30 wt
	Figure 6.3.21 c: An SEM image of Pr3CS + 30 wt.%TiB2 + 30 wt
	Figure 6.3.21 d: An SEM image of PR3CS + 30 wt.% TiB2 + 30 w
	Table 6.3.10: A summary of the crystalline phases identified





	6.3.5.9: The hardness and fracture toughness of the prepared
	Figure 6.3.22: A typical Vickers indent at a 10 kg loading
	Table 6.3.10: Density. Porosity, Vickers hardness and fractu
	Table  6.3.11: Comparison of the change in hardness





	6.4: Summary

	Chapter 7: Conclusions and Future Work
	References
	Appendix A
	Table 1: Compositions for the phase diagram
	Table 2: Mass and atomic percents for AlMgB14
	Table 3: Compositions for the composites prepared at 1600oC



	Title Pages_01.pdf
	Abstract

	Title Pages_01.pdf
	Abstract




