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Abstract

Different AIMgB, , composite materials were prepared from pre-reacted AIMgB , and starting elemental powders by
hot pressing. Only slightly different densification behaviours were found for the two types of starting materials. Full
densification without decomposition was achieved only with a hot pressing pressure of 75 MPa. Different additives
were tested to improve densification. The influence of the additives on the densification was found to be minor. A
strong increase in hardness was observed for materials with Si, TiC, WC, TiB, additions. The carbides react with the
AlMgB,, during sintering, forming TiB, and WB, or their solid solutions.
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I. Introduction

Modern industry operates increasingly under extreme
circumstances, demanding materials that exhibithigh wear
resistance under different conditions. Therefore the search
for new super-hard and wear-resistant materials is a main
thrust in the field of materials development. To date, su-
per-hard materials have been based on diamond and cubic
boron nitride. However, a disadvantage is that high pres-
sure (several GPa) is necessary for the production of these
materials.

Hardness approaching the microhardness of ¢cBN was
found for several boron-rich compounds: (B,C1, B,O
(45 GPa measured on single crystals) 24 B,,0 (60 GPa
HV0g°) or doped f-rombohedral boron with micro-
hardness up to 45 GPa 6. The boron-rich compounds are
allbased on the By,.icosahedral units. Another compound
having a similar structure is AIMgB 4 7.

The hardness of pure nanocrystalline AIMgB 4 has been
reported to range between 32-35GPa8. The micro-
hardness of the crystals has been measured and values
of 25.8 GPa recorded 9. Computational results suggest
that the high hardness of AIMgBy is primarily related
to the intrinsic hardness of the B, icosahedral units and
is less related to the linkage of the By, icosahedra by Al
and Mg 10. An analysis of the electron density distribu-
tion reveals that the magnesium and aluminium atoms are
predominantly ionically bonded to the icosahedra. The
calculations also show that the most stable composition
is not the stoichiometric one and in the stable structure
only about % of the position of the cation sites are occu-
pied 1. This has also been confirmed by investigations of
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the crystal structures 7>12. In summary, a consideration of
all the physical data indicates that the exact composition
of AIMgB, is not completely known. Therefore, in this
paper AIMgB , will be used as the synonym for
All-XMgl-XBl4 (X < 0,25)

Pure MgAIB, has been reported to have a Vickers hard-
ness (HV ;) value of 27.9 GPa 12. It has been observed that
AlMgB, composites containing TiB, and Si have hard-
ness values exceeding that of AIMgB 4 8 (35— 46 GPa), but
unfortunately the applied load used in the measurement
was not given. No increase in the hardness value on addi-
tion of up to 50 wt% of TiB, was found. Ahmed ez al. 13,14
have observed an increase of the hardness and wear resis-
tance with the addition of up to 80 wt% TiB,. The reason
for this hardening is still not clear. The fracture toughness
of the materials was determined as 3.0-3.5 MPam1/2 for
the pure material 13,15 with a slight increase on the addi-
tion of TiB, 13. The addition of TiC resulted in a reduction
of the hardness value 13.

The synthesis of AIMgB, has been performed based on
high-energy milling of the elemental powders in hardened
stainless steel vials for 12 to 20 hours 8:15. The most com-
mon impurity phase observed by Cook ez al. 8 was the
spinel phase MgAl,O, and Fe contaminants. The low-
est impurity level observed was between 2 and 10vol%
These powders were hot pressed at 1400 °C to 1500 °C and
100-140 MPa under a He atmosphere 8 or densified by
spark plasma sintering (SPS) at 1400 to 1500 °C at 125 and
63 MPa pressure respectively 15.

Recently the phase composition in the system Al-Mg-
B was investigated. The data showed that AIMgB 4 is in
equilibrium with liquid Al at temperatures higher than
1200 °C 16, Therefore the possibility exists that an excess
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of Al could be used as a sintering additive for liquid phase
sintering.

From the above overview, it is clear that materials based
on AlMgB 4 could be suitable materials for wear applica-
tions. However, the existing data regarding the synthesis,
composition, structure and properties of these materials
does not provide a basis for their reproducible prepara-
tion. The aim of this paper was to prepare and investigate
the properties of AIMgB 4 as a pure material as well as to
determine its interaction with different suitable reinforc-
ing components.

II. Experimental

Two sets of AIMgB 4 materials were prepared:

— Thefirstset of materials was produced starting with the
elemental powders. It was surmised that the chemical
reaction could accelerate the densification. These ma-
terials were labelled E.

— The second set of materials was prepared by densifica-
tion of a pre-reacted AIMgB, powder. These samples
are labelled PR.

All materials and the pre-reacted powder were pre-
pared from powders of Al (50 pm grain size, 99.9 % pure,
Saarchem), Mg (70 pm grain size, 99.9 %, Saarchem) and B
(2 - 5pm grain size, 99.5 % pure, Johnson Matthey). The
reinforcing components used were TiB, (1-2pm grain
size, HC STARCK) and WC (1-2pm grain size, HC
STARCK). Table 1 contains the composition data for the
AlMgB 4 materials prepared from the elemental powders
(Set 1). All samples (Table 1) were prepared from the ele-
mental powders by wet milling in methanol for 2 hours in
an Ar atmosphere in a planetary ball mill with WC milling
media (Pulverisette 5, Fritsch). Milling in Ar helps reduce
the oxidation of the AIMgB 4, but oxidation cannot be
completely avoided. Therefore the AIMgB 4 powders al-
ways contain some oxygen owing to the surface oxide
layers of the powders. This resulted in the formation of
MgAl,O,. In the case of our experiments the MgAl,O4
formed after hot pressing was 8 wt% (corresponding to
4vol%). This is consistent with results reported by Lewis
et al. 17. The use of methanol as milling media also re-
duces the amount of oxygen in the sample by removing
the B,O; present on the surface of B or formed as a result
of oxidation during milling.

Table 1: Mass percentages for AIMgB 4 materials.

Name Composition, wt%
Al Mg B

E 13.3 12.0 74.7
ES 19.2 13.6 67.2
ES3Al 21.5 13.2 65.3
ES5Al 23.0 13.0 64.0
ES10Al 26.5 12.4 61.1
Pre-reacted 19.1 13.6 67.2
powder

Vol. 2, No. 1

The effect of the formation of MgAl,O, on the ratio of
the elements in the material has to be taken into account.
The material with the corrected composition is labelled ES
orin the case of the pre-reacted powder, PRS. Additional-
ly, materials were prepared by addition of an excess of 3, 5
or 10 wt% aluminium to the reactants (Table 1).

Once the milling cycle was completed the powder was
removed from the milling vessel and the solvent was re-
moved in a rotary evaporator. The powder was sieved
through a 38-pm sieve.

The pre-reacted powder was prepared by reaction of the
stoichiometric amount of the elements at 1400 °C for 1h
in an Ar atmosphere.

XRD analysis of the powders showed that they con-
tained only AIMgB 4 and some MgAl,O,. This powder
was additionally milled for 2 h. The mean grain size after
two hours was 7 pm. Increasing the milling time resulted
in the formation of smaller grain sizes, but also a higher
content of WC impurity, the WC coming from the milling
process. SEM analysis of the pre-reacted powder showed
that the size of the crystallites was in the range of 1 -2 pm
and that the grains are agglomerated (Fig. 1).

)

Fig. 1: SEM Micrograph of the polished cross-section of the pre-
reacted powder before milling (the hard powder compact was in-
filtrated by mounting resin and polished; 1- AIMgB 4, 2- resin, 3-
MgAl,Oy),

The compositions of the composites investigated are
listed in Table 2. The amount of the additional compo-
nents was chosen such that they form MB, phases with
the same volume content (20vol%), e.g. 25.6 wt% TiC
30 wt% TiB,. Therefore the PRS 30TiB, and PRS 25.8TiC
samples are directly comparable. The added carbides are
not stable and react with AIMgB 4, forming less boron-
rich borides with lower hardness. To compensate for this
decomposition in some of the materials, additional B was
added, e.g. the amount of boron in PRS25.8TiC+B was
calculated on the basis of the following reaction:

TiC +6B — TIBZ + B4C

The mixtures were additionally milled for 2 h to mix the
pre-reacted powder with the additives. Also the material
with no additives was milled for 2 h to allow direct com-
parison with the above data. The resulting mean grain size
of all the samples was 2 pm. The procedure for the powder
preparation was the same as that used for the synthesis of
the elemental powders.
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Table 2: Compositions for the composites.
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Composite Pre-re- | Additive | added B Phase composition after sintering
acted
AlMgB,,
powder
Wt% Wt% Wt%
PRS 100.00 AIMgB, 4, MgALO, *, W,B,*
PRS 5Si 95.00 5.00 0.00 |AlMgB,,, MgALO,", W,B,*
PRS 30TiB, 70.00 30.00 0.00 |AIMgB,,, (Ti,W)B, MgAlL,O,*
PRS 25.8TiC 74.16 25.84 0.00 |AlMgB,, (Ti,W)B, MgALO,*
PRS 25.8TiC+B 57.90 20.20 21.90 |AIMgByy, (Ti,W)B, MgALO,*
PRS 46(WC TiB,) 53.85 46.00 0.00 |AIMgB,,, (Ti,W)B, W,B, MgALO,"
PRS46(WC TiB,)+B | 46.20 39.60 1420 |AIMgB,,, (Ti,W)B,, W,B,, MgAlL,O,"
PRS+30WC 70.00 30.00 AlMgB 4, W,B, MgAL,O,*

* present in small amounts

The samples were hot pressed (HP20; Thermal Technol-
ogy)inahBN-lined graphite die in an argon atmosphere at
temperatures up to 1700 °C and pressures of 20—70 MPa
for 1 hour. The various phases were measured by X-ray
diffraction (XRD 7, Seifert FPM; step size 0.02°, 26 range
12-110°). Mounted samples were polished with a 9-um di-
amond grit, a 6-im diamond grit, a 3-m diamond gritand
finally with a 1-pm diamond grit, all at 300 rpm.

Polished samples were analysed with Vickers hardness
testers. The hardness was determined at a load of 98 N.
Fracture toughness was evaluated based on indentation
fracture toughness measurements as in 1415 using the An-
stis formula 18. The elastic constant was taken from 1924,
The ratio of ¢/a in the measurements was between 2.5 and
3. The authors realize that the fracture toughness mea-
surement method is not the standard one and gives values
which can be systematically shifted in comparison to the
values determined with the standard method 25, but it al-
lows at least comparison of the materials with the data ob-
served in the literature based on the same method 12-15.
Bending bars for the accurate SEVNB method were not
available. Therefore further fracture toughness measure-
ments are necessary.

III. Results and Discussions

The synthesis of AIMgB 4 was achieved from elemen-
tal powders of Al, Mg and B that were pressed into green
compacts and then hot-pressed in the temperature range
12001700 °C (soak time 1 hour) at 20 MPa. Additional-
ly some experiments were conducted at higher pressure.
AlMgB, was formed at temperatures above 1200 °C. At
1700 °C evaporation of Mg was observed, which result-
ed in the formation of detectable amounts of AlB,. The
decomposition of AIMgB, into y-AlB, at temperatures
above 1600 °C is consistent with literature reports stating
that AIMgB, decomposes into y-AlB, at temperatures
higher than 1550 °C 8,17 Atan applied pressure of 20 MPa

none of the materials could be densified, even at 1700°C
(Fig.2). The higher density of the pre-reacted powder (PR)
is primarily caused by the higher starting density and not
caused by better densification behaviour.

100

I 75 MPa

©
=]

20MPa
80 1
PR, 20 MPa

60 +

70

Relative density, % theoret. Density

50 T T T T T
1200 1300 1400 1500 1600 1700 1800
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Fig.2: Dependence of the densification of the material E on the
temperature at 20 MPa and 75 MPa pressure; additionally the data
for the PR samples at 1200 and 1400 °C are given.

From the preliminary experiments, the optimum den-
sity for limited decomposition was found to be achieved
at 1600 °C. Hence, subsequent samples were prepared at
1600 °C and 75 MPa.

AIMgB 4+ Al: In a second series of experiments the in-
fluence of an excess of Al on the densification of AIMgB 4
was tested. The results (Fig. 3) revealed that an excess of
aluminium has no positive influence on the densification
behaviour. The densification process with excess Al is in-
dependent of the use of the pre-reacted powder or the el-
emental powder. The densification of the elemental pow-
deris slightly better than that observed for the pre-reacted
powder.

The microstructures of the materials ES3Al and PRS3Al
are shown in Fig. 4. The micrographs showed that the ma-
terials produced by densification of the elemental powders



58 Journal of Ceramic Science and Technology — M. Hermann et al.

have a pronounced texture. This was the case also for the
other prepared samples (E and ES). A variation of the pres-
sure application did not help. The inhomogeneous struc-
ture thus obtained was the reason that the composites were
produced using the pre-reacted powder route in this work.
Itis possible that intensive high-energy milling, which re-
sults in at least partial formation of the borides during the
milling, can prevent such texture in the materials.

The density of the composites (Table 3) was found to
be in the range of 95-99 % of the theoretical densities.
The observed hardness HV g = 24.0 + 1.9 GPa of the PRS
material is in agreement with the HV data observed for
MgAlB 14 (26 -28 GPa) 1215,

—+—Elemental powder -8 Prereacted

100.0

Density, %

90.0 -

85.0

o] 2 4 6 8 10 12

Excess of aluminum, wt.-%

Fig. 3: Density of the materials prepared from the starting elemental
powders and the pre-reacted powders at 1600 °C and 75 MPa as a
function of the excess of aluminium in the composition (materials

ES, ES3ALES5AI, ES10Al and PRS...PRS10 Al).

AlMgB 4 + WC: The small amounts of WC introduced
either by milling or by actual WC addition react with the
AlMgB 4 to form W,B, (not W,B520). In PRS samples
the formation of W,B, was confirmed by EDX and XRD
analysis. Additionally the carbon from the WC additive
could be expected to form some boron carbide. However,
the presence of the B,C could not be confirmed either by
XRD measurements or from SEM micrographs.

Table 3: Density, porosity, Vickers hardness and fracture
toughness of the composites.

Composite Density | HVy, Kic
(gem3) | (GPa) |(MPam®)

PRS 3.051£0.01 | 24.0£1.9 | 4.7£1.0
PRS30 TiB, 3.41+0.01| 29.5+1.7 | 3.8%0.6
PRS5 Si 3.024£0.01 | 31.2+£1.5 | 4.3%1.1
PRS25.8TiC 3.43+0.01| 32.1£2.7 | 3.5%0.8
PRS25.8TiC + B 3.1940.01 | 30.9£2.3 | 3.8%+0.8
PRS30WC 3.6240.01| 17.1£1.2 | 5.5%0.8
PRS46(TiB, WC) 4.2710.01| 29.1£1.6 | 4.5+0.8
PRS46(WC TiB,)+B | 3.93+0.01 | 33.8£1.4 | 5.0+0.8

AlMgB 14 + TiB,: The data reveal TiB, is in equilibrium
with AIMgB 4. Therefore in this material no change in the
composition takes place. The WC introduced by milling
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precipitates on the surface of the TiB, grains as W,By
(Fig.5). Both compounds — TiB, and W,B, — have sim-
ilar structures and epitaxial growth of the formed W,B,
on the TiB, can be expected. Also some mutual solubility
of both compositions exists. In the TiB,-W,B 4 system the
solubility range decreases to around 8 — 10 mol% WB, in
TiB, at 1500 °C 21. The growth of WB, platelets can also
be initiated by heterogeneous nucleation close to the grain
boundaries of the (Ti,W)B, grains 22,23, Such platelet-like
growth of the W,B, was also partially determined in the
PRS+30WC sample.

- Tihas

Fig. 4: Light microscope image of Material ES3AL (a) and PRS3Al
densified at 1600 °C and 75 MPa (b).

AlMgB 4 + TiC: TiC is not in the equilibrium with
MgAlIB 4 and it can react with MgAIB 4 to form TiB,
in the following reaction:

2TiC + AlMgBl4 - ZTIBZ + (Al,Mg)BZ + 2B4C

The formation of TiB, was observed with both XRD
and SEM analysis. The presence of the (ALLMg)B, phase
was not clearly identified by XRD and neither was B4C.
The main peaks in the XRD pattern of the solid solu-
tion (ALMg)B, overlap with the other phases and would
have only a low intensity. Therefore small amounts of the
(ALLMg)B, phase will not be detectable.
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Additionally the carbon can partially react with the ox-
ides to form CO. The peaks in the XRD pattern of the
MgAl,0O, are slightly reduced, but do not disappear com-
pletely. Therefore the role of the carbon as an additive to
AlMgB 4 is not completely clear. Sigl has mentioned the
possibility of reduction of oxide scales in B4,C-TiB, com-
posites by using carbon 23. While the reduction of B,O3
is possible as a consequence of the reaction with carbon,
the reduction of Al,Oj is not possible under the applied
conditions (thermodynamic calculations using the FACT-
SAGE program). Carbon can enhance only the evapora-
tion of Al,O3 owing to increased Al,O gas formation.

Fig. 5: SEM micrograph of the material PRS30TiB,.

The addition of amorphous B will reduce the decompo-
sition of AIMgB 4 caused by TiC:

TiC +6B — TiB, + B,C

This addition does not result in visible changes in the
phase composition and the microstructure of the material.
TiB,- and WB,-rich solid solutions form in the material
with the combined additives WC and TiB,.

AlMgB 4 + Si: Addition of 5 wt% Si to AIMgB, yield-
ed an increase in hardness. EDX measurements on the
AlMgB 4 grains in the material PRS5Si reveal an incorpo-
ration of approximately 1 at% Siin the AIMgB 4. Another
Si containing compound could not be detected with XRD
analysis.

The hardness and the fracture toughness values of all the
materials prepared in this study are given in Table 3. The
data reveal that the addition of TiB,, TiC, or TiB,/WC in-
creases the hardness in comparison to the PRS materials.
The properties of the AIB4/TiB, composites are in agree-
ment with the previous data® 12-14, The addition of TiB,
or TiC results in nearly the same values independently of
any reaction taking place during sintering. The compensa-
tion of the B, which would be consumed by reaction with
the carbide, does not result in significant changes in the
mechanical properties.

The material with only WC addition shows the lowest
hardness. This is probably caused by the slightly higher
porosity (5 %) and the lower intrinsic hardness of W,B,
that is formed in the reaction (26 —27 GPa in comparison
with34 GPafor TiB, GPa 24). Similar high hardness values
(32 GPa) and fracture toughness values (4 — 5 MPam1/2)
were determined for the B4C-TiB,-WB, composite?3.
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The increase in the fracture toughness of this material was
attributed to the internal stresses generated by the dif-
ferent thermal expansion coefficients and enhanced crack
deflection of the W,B, platelets. A similar toughening
mechanism can take place in the case of MgAlIB4-based
composites. The differences in the thermal expansion co-
efficients are not as pronounced in the AIMgB  4-materials
and therefore also the toughening mechanism is less pro-
nounced. Additionally the (W,T1)B, inclusions are under
compression and not under tension as in the B,C compos-
ite materials. This can explain the nearly constant fracture
toughness values measured.

The reason for the pronounced change of the hardness
on addition of small amounts of silicon is not complete-
ly clear. Beside the incorporation of Siinto AIMgB 4 oth-
er mechanisms could be responsible for the behaviour. A
similar effect of Si additions has been found for HIPed
B,4C-TiB,-W,B, 23. This effect needs further investiga-
tion using TEM.

IV. Conclusions

Different AIMgB, composite materials were prepared
and their fracture toughness and hardness were measured.
The densification was strongly dependent on the applied
pressure. This has been found for other materials contain-
ing a high amount of boron. This makes the commercial
use of these materials less attractive. The attempt to accel-
erate densification by the addition of some extra Al, which
forms a liquid phase under sintering conditions, was not
successful. The final density was nearly independent of the
excess of aluminium added to the material.

The “pure” AIMgB {4 materials contained a small amount
of MgAl,O,4 and a small amount of W,B,. The MgAl,Oy4
formation is caused by the oxidation of surface layers of
the starting powders. The WB, is formed by reaction with
the milling media, WC.

The 98-% dense, pure AIMgB 4 has a HV o hardness of
24 GPa. The addition of 30 wt% WC, which transforms
during densification into W,By, reduces the hardness of
the material, but the addition of TiC increases the hard-
ness. Therefore it can be expected that the hardness of the
AlMgB 4 materials increases slightly if the WC content
(approx. 5-8wt%) can be reduced by more sophisticat-
ed processing procedures.

The composites made by addition of TiC, TiB, or
TiB,/WC to AIMgB, show a significant increase in hard-
ness in comparison with the pure AIMgB 4. This could be
caused by the change in the grain boundary chemistry and
structure. Further, the intrinsic high hardness of TiB, and
solid solutions of W,B 4 with TiB, could also enhance the
hardness.

It was found by EDX measurements that some Si incor-
porates into the lattice of AIMgB (4. This can be one reason
for the increased hardness of the Si-doped materials.

Further detailed microstructural analysis of this promis-
ing group of wear-resistant materials is necessary to un-
derstand their mechanical properties.
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