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Ductile and strong aluminium-matrix titanium 
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titanium dioxide and sodium hexafluoroaluminate 
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An aluminium-matr ix TiAla-particle (1-2 lam) composite exhibiting high tensile ductility 
(22%), high tensile strength (235 MPa) and a grain size of 50 I~m was made by a new in situ 
method involving reactions between AI, TiO2 and Na3AIF6, which were subjected to stir 
casting at 900 ~ The strength and ductility were higher than those of an aluminium-matr ix 
TiAI3-particle AI2Oa-particle composite made in situ by reacting AI with TiO2 (without 
Na3AIF6). This is due to the ability of Na3AIF6 to enhance the reduction of TiO2 and AI203, thus 
resulting in more TiAla and a smaller grain size. 

1. In t roduc t ion  
Materials that are both strong and ductile are the 
dream of engineers. Unfortunately, the reality is that 
a strong material tends to be not very ductile, while 
a ductile material tends to be not very strong. For  
example, aluminium metal is rather weak but ductile, 
while aluminium-matrix composites commonly con- 
taining SiC particles or whiskers as the reinforcement 
is strong but rather brittle. Aluminium alloys that are 
relatively strong, e.g. A1 Cu, AI-Si and AI-Zn, also 
tend to be relatively brittle. In this work, we have 
developed an aluminium-matrix composite (or disper- 
sion-strengthened metal) which is both ductile and 
strong; the tensile strength is even higher than those of 
aluminium-matr~x composites containing SiC 
whiskers or particles, while the tensile ductility is al- 
most as high as that of pure aluminium. This new 
composite (or alloy) contained about 5 vol % titanium 
aluminide (TiA13) particles of size about 1-2 gm and 
was formed in situ from aluminium, titanium dioxide 
(TiO2) particles and sodium hexafluoroaluminate 
(Na3A1F6). The in situ formation caused the reinforce- 
ment (TiA13) to be fine and well bonded to the alumi- 
nium matrix. 

The in situ formation of composites is a 
subject of considerable recent research [1]. A com- 
monly used reaction for the in situ formation is 

5Al(liquid) + 3MO(sol id )~  A1203(solid) 

+ 3A1 M(liquid) 

where MO is a certain metal oxide. This reaction 
results in an A1-M matrix composite containing 
A120 3 particles as the reinforcement [2]. In particular, 
this reaction had been conducted for the case of 
the metal oxide being TiO2 [3]. In this case, the 
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reaction takes the form 

7Al(liquid) + 3TiO2(solid) 

2A1203(solid) + 3A1 Ti(liquid) 

A second reaction scheme, which is less commonly 
used, is 

2AI + 3MO ~ A1203 + 3M 

M + A1 ~ MA1 

where MA1 is a metal aluminide. This sequence of 
reactions results in an aluminium matrix composite 
containing AlzO3 particles as well as MA1 particles. 
It has been carried out for the case of the metal 
oxide being TiOz [4] ; in this case, the sequence of 
reactions is 

4A1 + 3TIO2 ~ 2A1203 + 3Ti 

Ti + At ~ TiA1 

and 

Ti + 3A1 ~ TiA13 

and results in two kinds of titanium aluminides, i.e. 
TiA1 and TiA13. 

In this work, a third reaction scheme was used for 
the first time for in situ composite formation. This 
scheme involves the sequence 

2TiOz + 2Na3A1F6 ~ 2Na2TiF6 

+ N a2 0  + A1203 

2Na2TiF6 + 6A1 ~ 4NaF + 4F2 + 2TiA13 

A1203 + 2Na3A1F6 ~ 3NaO + 4A1 + 6F2 

and results in an aluminium-matrix composite 
containing TiA13 particles as the reinforcement. The 
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reactant Na3A1F6 is a flux that is commonly used in 
foundry work for reducing metal oxides. Due to the 
ability of Na3A1F6 to reduce TiO2 as well as A1203, 
TiO2 was consumed fully in the reaction and no 
A1203 remained in the resulting composite. 

Although in situ composites are the subject of 
numerous papers, the papers are focused on the 
processing methods and provide rather little data, 
if any, on the tensile properties of the resulting 
composites. In this work, the tensile properties of 
the authors' new in situ composite were measured, 
thereby revealing the unusual combination of 
high ductility and high strength exhibited by the 
composite. 

For  the sake of comparison, this paper reports on 
the comparison of the composite made from TiO2 and 
Na3A1F6 using the third reaction scheme with that 
made from TiO2 using a combination of the other two 
reaction schemes. The former composite exhibited 
higher tensile strength, modulus and ductility than the 
latter composite, thus indicating the virtue of the third 
reaction scheme. 

2. Experimental procedure 
2.1. Materials 
The aluminium used was commercial 6061 alumi- 
nium alloy. The TiO2 particles of size 40 gm were 
obtained from Johnson Matthey Co. The Na3A1F6 
particles of size 40 gm were obtained from J. T. Baker, 
Inc. 

2.2. Composite fabrication 
Two in situ composite fabrication methods were used, 
corresponding to a combination of the first and sec- 
ond reaction schemes and to the third scheme men- 
tioned in the Introduction, and labelled method A and 
method B, respectively. 

In method A, TiO2 particles were heated in air at 
300~ for 4 h and then added to the surface of the 
liquid aluminium at 900 ~ The amount of TiOz was 
20% of the weight of the aluminium. After this, the 
slurry was stirred intermittantly at 900 ~ for a period 
of about 30 min in order to allow the reactions to 
occur. About 20% of the TiO2 powder was not reac- 
ted and remained on the surface of the liquid alumi- 
nium; it was removed before casting. 

In method B, TiO2 particles were mixed with 
Na3A1F6 particles in the weight ratio 1:1 and then 
heated at 300 ~ for 4 h. The mixture was then slowly 
added to the surface of the liquid aluminium at 900 ~ 
The amount of the mixture was 40% of the weight of 
the aluminium. After this, the slurry was stirred inter- 
mittantly at 900 ~ for a period of about 30 rain in 
order to allow the reactions to occur. All of the TiO2 
was reacted, so that no TiO2 particle remained on the 
surface of the liquid aluminium. 

In both methods A and B, immediately after stirring 
the slurry and subsequently allowing the slurry to sit 
for 5-10 min, the slurry was poured into a cylindrical 
steel mould of diameter 30 mm and height 40 mm at 
room temperature. After casting and subsequent sol- 
idification at a cooling rate of about 200 ~ min-a 
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Figure 1 X-ray diffraction pattern of composite A, i.e. composite made by method A. Each peak is labelled by the phase and its Miller indices. 
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(unless stated otherwise), the composite was heated at 
519~ for 1 h, then quenched into water at room 
temperature, and then heated at 165 ~ for 18 h, in 
accordance with the T6 heat treatment procedure for 
the 6061 aluminium alloy. 

For the sake of comparison, the 6061 alloy by itself 
was subjected to the same casting and heat treatment 
procedure, and its properties were compared to those 
of the composites. 

2.3. Composite characterization 
X-ray diffraction (using CuK= radiation) of the com- 
posites obtained by methods A and B showed that the 

composite obtained by method A consisted of alumi- 
nium, TiA13 and ~-A1203 (Fig. l), whereas that ob- 
tained by method B consisted of aluminium and TiA13 
(Fig. 2). No phase other than these was observed. To 
help observe the phases other than A1, most of the A1 
in both composites had been etched away (in a solu- 
tion with 20% HC1, 20% H2SO4 and 60% H20) at 
room temperature for 30 min prior to diffraction. Fur- 
thermore, to help the collection of the composite par- 
ticles (after etching) for diffraction, the particle sizes of 
the phases other than A1 were made larger by using 
a lower cooling rate of 10 ~ min- 1. When the ordinary 
cooling rate of 200 ~ min- 1 was used, the phases other 
than A1 could not be observed by X-ray diffraction. 
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Figure 2 X-ray diffraction pattern of composite B, i.e. composite made by method B. Each peak is labelled by the phase and its Miller indices. 

Figure 3 Optical micrographs of (a) the aluminium matrix, (b) composite A, and (c) composite B. All samples were etched in 10% NaOH 
solution at about 70 ~ for 3 min. 
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Figure 4 Optical micrographs of (a) the aluminium matrix, (b) composite A, and (c) composite B. The magnification is higher than that of 
Fig. 3. All samples were lightly etched in Keller's agent (15 vol % HNO3, 10 vol % HC1, 5 vol % HF and 70 vol % HzO ). 

Figure 5 SEM photographs at various magnifications of composite B after heavy etching in 20% NaOH solution. 
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Optical microscopic examination was conducted of 
the polished and lightly etched sections of 

1. the aluminium by itself, 
2. the composite made by method A, and 
3. the composite made by method B. 

The aluminium by itself exhibited columnar grains 
of size 2 x 15 mm (Fig. 3a) and columnar dendrites 
within the grains (Fig. 4a), while the composites 
exhibited much finer microstructure (Fig. 3b,c and 
4b,c). The microstructure of the composite made by 
method B (Fig. 3c) was even finer than that of the 
composite made by method A (Fig. 3b). Both com- 
posites were uniform in microstructure. The A1 
grains were equiaxed and of 0.2 and 0.05 mm size 
for the composites made by methods A (Fig. 4b) 
and B (Fig. 4c), respectively. The dendrites were 
equiaxed in both composites. The TiA13 particles were 

TAB LE I Microhardness and hardness, The standard deviations 
(based on six data points for each type of specimen) are shown in 
parentheses 

Material Microhardness (HV) Hardness (BHN) 

A1 matrix 51.2( + 0.6) 38.1( _+ 2.1) 
Composite A 57.5( • 0.7) 44.9( • 2.6) 
Composite B 62.7( + 0.7) 64.8( • 2.3) 

T A B L E I I Tensile properties. The standard deviations (based on 
three data points for each type of specimen) are shown in paren- 
theses 

Material Strength (MPa) Ductility (%) 

At matrix 164( • 3.0) 18.7( • 1.2) 
Composite A 214( • 1.5) 17.3( • 1.3) 
Composite B 235( + 2.0) 22.0( • 1,0) 

Figl, tre 6 SEM photographs at various magnifications of composite A after light etching. 
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Figure 7 SEM photographs at various magnifications of the tensile fracture surface of the aluminium matrix. 

Figure 8 SEM photographs at various magnifications of the tensile fracture surface of composite B. 
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of 1-2 gm size in the composites made by methods 
A and B, as shown by scanning electron microscopy 
(SEM) for the composite made by method B (after 
heavy etching in 20% NaOH solution) in Fig. 5d 
(which is a high magnification view of the centre of 
Fig. 5c), in which the bright region is relatively rich in 
Ti (as shown by X-ray spectroscopy). The TiA13 par- 
ticles were not visible at lower magnifications 
(Fig. 5a, b). The volume fraction of TiA13 was esti- 
mated to be 5% in the composite made by method 
B, but was significantly lower in the composite 
made by method A, due to the fact that not all of the 
added TiO2 was reacted in method A. The grain 
boundaries were relatively rich in Si and Mg (origin- 
ating from the 6061 A1 alloy matrix); the grain bound- 
aries are shown by SEM in Fig. 6 for the composite 
made by method A (after light etching). The dendrites 
within a grain are shown in Fig. 6d for the composite 
made by method A. 

Table I gives the microhardness (Vicker's) and 
hardness (Brinell) of the aluminium by itself and of the 
composites made by methods A and B. The composite 
made by method B (abbreviated composite B) was 
considerably harder (in both scales) than that made by 
method A (abbreviated composite A). Both com- 
posites were harder than the aluminium by itself. 

Table II gives the tensile properties, which were 
obtained on dog-bone shaped specimens using a Sin- 
tech two-dimensional screw-type mechanical testing 
system. The ductility was obtained by measuring the 
change in distance between two lines drawn perpen- 
dicular to the stress axis. The tensile strength and 
ductility were higher in composite B than composite 
A. Both composites exhibited higher strength than the 
A1 matrix. The ductility of composite B was even 
higher than that of the matrix alloy, because of its 

much finer microstructure. Figs 7 and 8 
show the fracture surfaces (viewed by SEM) of the A1 
matrix and composite B, respectively. Indeed Fig. 8 
shows a larger proportion of dimples on the fracture 
surface than Fig. 7. In addition, Fig. 8d (a high magni- 
fication view of the left central part of Fig. 8c) shows 
a relatively Ti rich region (as shown by X-ray spectro- 
scopy) inside a hole in the fracture surface. 

Table III gives the coefficient of thermal expansion 
(CTE), which was obtained by using a Perk• 
model 7 dynamic mechanical analyser operated at 
a heating rate of 5 ~ min- 1. The CTE was similar for 
composites A and B. Both composites exhibited lower 
CTE than the matrix alloy. 

3. Discussion 
The new composite (alloy) provided by this work is 
composite B. (It is debatable whether this material 
should be classified as a composite or an alloy.) Its 
tensile properties (without secondary processing for 
mechanical property enhancement) are compared to 
those of other aluminium matrix composites and alu- 
minium alloys in Table IV. Comparison shows that 
composite B is outstandingly high in ductility com- 
pared to other composites and alloys, and is higher in 

TABLE III  Coefficient of thermal expansion (10 6~ 1) for 
various temperature ranges. The standard deviations (based on 
three specimens of each type) are shown in parentheses 

Material 3(~100 ~ 30-200 ~ 30-300 ~ 

A1 matrix 23.12( _+ 0.01) 23.35( _+ 0.07) 24.05( ,+ 0.03) 
Composite A 19.40( ,+ 0.31) 19.72( + 0.23) 20.49( ,+ 0.07) 
Composite B 19.29( + 0.21) t9.80( _+ 0.30) 20.46( _+ 0.14) 

TABLE IV Comparison of the tensile properties of the aluminium matrix composites of this work and those of previous work, together 
with selected aluminium alloys 

Material Ductility Strength Reference 
(%) (MPa) 

Composite B 22 235 This work 
Composite A 17.3 214 This work 
aA1/12 vol % SiCw 6.9 181 [5] 
aA1/10 Mg/10 vot %SiCw 5.4 227 [51 
hA1/10 vol % SiCp 24 145 [61 
hA1/10 vol % SiCw 14 191 [6 l 
UAl/20 vol % SiCp 10 200 [6] 
~ vol % SiCp 4.5 223 [7] 
~F3s/t0vol % SiCp 1.57 221.4 [81 
~ vol % SiCp 1.30 228.2 [8] 
~LM25/5 vol % graphite 2.3 136 [9] 
a2024/20 wt% A120 3 0.3 207 [10] 
3033H 14 (Al-l.2 Mn) 17 159 [111 
5052H34(A1 2.5 M~0.25 Cr) 4 262 [-111 
2024T6(A1-4.4 Cu-l.5 M~0.6 Mn) 5 442 1-11] 
6061T6(AI 1.0 Mg-0.6 Si-0.27 Cu 0.2 Cr) 10 290 E11] 
7075T6(A1-5.6Zn 2.5 Mg-l.6Cu 0.23Cr) 8 504 [11] 
413.0(A1-12 Si 2Fe) 2.5 297 Ell] 
356.0(A1 7Si-0.3 Mg), T 6 3 229 [11] 

a Made by liquid metal infiltration. 
b Made by powder metallurgy and rolling. 

Made by casting. 
d Made by compocasting. 
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strength than ali composites listed and some alloys. 
Thus, both high ductility (very high) and high strength 
(moderatetyhigh) are exhibited by composite B. These 
properties' of composite B are attributed to the fine 

"microstructure (small AI grain size and small TiAI3 
particle size)and the good bonding between TiA13 and 
the A1 matrix, as made possible by the in situ com- 
posite formation. Composite B was higher in strength 
and ductility than composite A because of composite 
B's smaller grain size, and higher TiA13 volume frac- 
tion; the smaller grain size was a consequence of the 
higher TiA13 volume fraction.. The in situ formation 
involved stir casting and made use of inexpensive 
equipment and raw' materials, Moreover, the process 
can be easily scaled ups. Thus, composite B is also 
attractive economically.. It is expected to be valuable 
for a large variety of structural and industrial applica- 
tions. 

4. Conclusions 
A new in situ composite fabrication method was used 
to produce an aluminium-matrix composite contain- 
ing about 5 vol % TiA13 particles of 1-2 ~tm size. The 
composite exhibited high tensile strength and high 
ductility. The method involved stir casting in air 
a slurry consisting of molten aluminium, TiO2 par- 
ticles and Na3A1F6 particles. Reactions among these 
ingredients resulted in TiA13. The composite had 
a grain size of 50 gm. It exhibited higher tensile 
strength, ductility, microhardness and hardness than 
an in situ aluminium-matrix A1203-particle TiA13-par- 
ticle composite made by stir casting a slurry consisting 
of molten aluminium and TiO2 particles. This is due to 

the ability of Na3A1F6 to enhance the reduction of 
TiO2 and AlzOa, thus resulting in more TiA13. The 
ductility of the new composite was much higher and 
its strength was higher than those of ex  situ alumi- 
nium-matrix SiC whisker (up to 12 vol %) or particle 
(up to 20 vol %) composites. 
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