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Composites of 2014 aluminium alloy containing dispersions of metallic glass particles
(51.5wt% Ni, 38.0wt% Mo, 8.0wt% Cr and 1.5wt% B) have been prepared by a conven-
tional powder metallurgy route involving powder mixing, compaction, sintering and heat treat-
ment. Physical and mechanical properties of the composites, such as dimensional changes,
hardness, electrical resistivity and corrosion behaviour, were studied. Dimensional growth up
to a maximum of 6% in a linear direction was observed in all sintered composites. Hardness
Hv increased from 40 to 55 kg mm™2 with the addition of 4 vol % of dispersoid, followed by a
gradual decrease with increasing additions of dispersoid. The decrease in hardness above

4 vol % of dispersoid was attributed to the presence of increasing amounts of porosity. Elec-
trical resistivity increased from 50 nQm (for 2014 aluminium alloy) to 180 nQ2m at 20 vol %
dispersoid. The corrosion rate in an artificial sea water environment decreased linearly with the
volume fraction of dispersoid. Re-pressing and re-sintering (in an argon atmosphere) of com-
posites containing 4 vol % of metallic glass particles resulted in an increase in Hv from 55
(argon sintering) to 83kgmm™, and a decrease in electrical resistivity from 57 to 52nQm due
to the increase in density. The corrosion rate in an artificial sea water environment of com-
posites containing 4 vol % of metallic glass decreased from 70 x 107® to 50 x 10 mgdm™

per day due to re-pressing and re-sintering.

1. Introduction

Aluminium, in addition to its inherent properties, can
attain a wide range of properties by the addition of
alloying elements, the incorporation of dispersoids
and by thermomechanical processing. The variation in
properties of powder-metallurgy (P/M) produced alu-
minium alloy compacts have been discussed by a
number of authors [1-4] as a function of compaction
pressure, sintering time, temperature and atmos-
pheres. The effects of ceramic dispersoids on the
properties of aluminium alloys have also been reported
[5-8].

Recently, some work has been reported on the effect
of the addition of second-phase particles on the age-
hardening characteristics of aluminium alloys [9, 10].
It was observed [9] that, in the presence of more than
1.5vol% of AlLO;, Guinier—Preston (GP) zone
formation was completely inhibited during natural
ageing and the advantage of artificial ageing was also
lost. However, Wilcox [10] has reported that addition
of 12vol % Al O, resulted in higher recrystallization
temperature and creep strength at elevated tem-
peratures in 7075 and 2024 aluminium alloys. The
effects of dispersoids of varying hardness on the
properties of sintered 2014 aluminium alloy have been
reported by the present authors [11, 12].
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In this paper studies on composites of 2014 alu-
minium alloy as matrix, and metallic glass particles
(Ni-Mo-based) as dispersoids, have been carried out.
The preparation and properties of such composites
are reported here.

2. Experimental details

Aluminium premix 2014 powder (MD 24 grade)
obtained from Alcan Ingot and Powders, Elizabeth,
New Jersey, and MarkoMet 1064 metallic glass pow-
der obtained from Marko Materials Inc., Billerica,
Massachusetts, were used in the present study. Table
I lists the powder characteristics of the raw materials
used in the present investigation.

The aluminium alloy (powder premix) was blended
with 4, 8, 12, 16, and 20 vol % of the dispersoid (metal-
lic glass) thoroughly for 2h, in a double cone blender
(Model 529 from Netzsch, Selb/Bayern, West
Germany). Green cylindrical pellets of 12.7mm
diameter and ~ 15mm height were compacted at a
pressure of 310MPa on a single-acting hydraulic
press. Green compacts were sintered in argon (dew
point < —35°C), vacuum (1.33 x 1077 MPa pressure)
and nitrogen (dew point > — 20°C) at temperatures
of 550 and 570° C for 0.5h. A proportional tempera-
ture controller was used to give temperature control to
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TABLE I Powder characteristics of 2014 aluminium alloy pre-
mix and metallic glass

Material Composition (wt %)
Aluminium premix (2014)

Aluminium 93.8

Copper 4.4

Magnesium 0.5

Silicon 0.9

Manganese 0.4

Lubricant 1.5

Flow rate: not free flowing
Apparent density: 1.28 mgm™
Particle size (mesh)

3

+ 200 43
+250 11
+ 325 12
+400 5
—400 21
MarkoMet 1064
Nickel 51.5
Molybdenum 38.0
Chromium 8.0
Boron 1.5

Flow rate: 20secper S0 g
Apparent density: 4.5mgm™
Particle size: —250 to 325 (all)
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within +1°C. Sintered composites were solution-
treated at 510° C for 0.5 h, quenched in water and aged
at 175°C for 8 h. One set of composites, sintered at
570° C, was re-pressed under a pressure of 780 MPa in
a tungsten carbide lined die, and re-sintered at 510° C
in the respective atmosphere for 0.5h followed by
quenching and ageing as mentioned earlier.

The physical dimensions and weights of green and
sintered compacts were measured. Densities and por-
osities were obtained by a method described by Arthur
[13]. The densification parameter was calculated from
the following formula:

AD — (sintered density) — (green density)
~ (theoretical density) — (green density)

Vickers hardness was measured using a load of 25 N.
Optical metallography of selected specimens was also
carried out. The electrical resistivity of age-hardened
samples was measured on a conductivity meter Type
757 (Technofour, Pune, India), which works on an
eddy-current principle. The corrosion behaviour of
composites sintered at 570°C in argon, aged and
re-pressed, and re-aged was studied using an artificial
sea water medium at room temperature for 70 days.
Plots of corrosion loss in mgdm 2 per day (MDD)
against the volume fraction of dispersoid were
recorded.

3. Results
3.1. Effect of sintering atmosphere and
temperature

Fig. 1 shows the changes in the dimensions of com-
posites with respect to the volume fraction of the
dispersoid. The dimensions increased with an increase
in the amount of dispersoid in all cases. Compacts
swelled more after sintering at 570° C than after sinter-
ing at 550°C. Maximum swelling was observed in
composites after vacuum sintering. In many cases the
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Figure I Properties of 2014 aluminium alloy based composites as a
function of volume percentage of metallic glass particles, sintering
atmosphere (argon, vacuum or nitrogen) and sintering temperature:
(a) 550°C, (b) 570° C; (®) vacuum, (O) nitrogen, (a) argon.

plots reveal the presence of maxima at some specific
dispersoid fraction. The sintered density of com-
posites increased with increasing amount of dispersoid
irrespective of the sintering atmosphere (Fig. 1).
At the sintering temperature of 550°C, dispersoid
additions up to 20 vol % had hardly any influence on
densification except in the case of vacuum sintering.
At elevated sintering temperature (570° C), the growth
of compacts decreased with increase in dispersoid
content, in the order vacuum —» nitrogen — argon
(Fig. 1).

Fig. 1 also shows the hardness of compacts in the
as-sintered condition. Sintering at 570° C resulted in
greater hardening as compared to sintering at 550° C
in almost all cases. The hardness of all compacts
sintered at 550° C remained more or less the same
irrespective of the amount of dispersoid, with the
exception of the composite containing 12vol % of
dispersoid sintered in a vacuum. Composites having
4vol % of dispersoid attained peak hardness in the
as-sintered condition. Sintering in an argon atmos-
phere resulted in maximum hardness.

Optical micrographs of the aluminium alloy and its
composites are shown in Fig. 2. It can be seen that
there is a considerable amount of porosity in both the
base alloy and the composites. While the dispersoids
show an even distribution, they are quite frequently
surrounded by interfacial porosities in composites.

3.2. Effect of re-pressing and age-hardening
Figs. 3 to 5 show the hardness variation in composites
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Figure 2 Optical micrographs of (a) 2014 aluminium alloy, and 2014 alloy containing (b) 4 vol % (c) 12 vol % and (d) 20 vol % of metal glass

particles, sintered at 570° C in an argon atmosphere.

after re-pressing, re-sintering and ageing treatments.
Corresponding densities and porosities of sintered,
re-pressed and quenched composites have been incor-
porated in the plots. Re-pressing-re-sintering improved
the densificiation. For example, the porosity of the
composite containing 20 vol % dispersoid decreased
from 39 to 33% (Fig. 3) due to re-pressing and re-
sintering.

Age-hardening after sintering considerably improved
the hardness values of the composites, the peak hard-
ness still being obtained at 4 vol % of dispersoid. After

re-pressing, the hardness of the composite increased
considerably; the maximum increase is of the order of
50% (in the case of argon-sintered composites). Age-
hardening treatment of re-pressed compacts was effec-
tive, but not to the extent observed for the as-sintered
compacts.

Plots of electrical resistivity show that it increased
with increase in volume fraction of the dispersoid.
After re-pressing, the resistivity of the compacts
decreased in almost all cases.

Fig. 6 shows the effect of dispersoid on the
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Figure 3 Effect of re-pressing and age-
hardening on the properties of 2014 alumi-
nium based composites sintered in an
argon atmosphere. S = sintered, R =
re-pressed, Q = quenched.
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corrosion rate of composites held in artificial sea water
for 70 days at room temperature. It shows that the
corrosion rate decreased with increasing amount of
dispersoid. It is also evident from Fig. 6 that re-pressed
and re-aged samples showed a lesser corrosion rate
than as-sintered and aged ones.

4. Discussion

4.1. Dimensional behaviour

Dimensional growth of compacts of either 2014 base
aluminium alloy or composites occurred after sinter-
ing at both temperatures, i.e. 500 and 570°C, the
higher temperature giving more dimensional growth.
Similar observations have been explained in the litera-
ture on the basis of an enhanced volume fraction of
liquid phase aiding sintering [14]. The eutectic tem-
perature of Al-Cu binary is 548° C [15] and hence it is
probable that at 550° C adequate eutectic liquid may
not have formed to activate densification. In order to
test this hypothesis, electron probe microanalysis
(EPMA) traces were taken on metallographic sections
of composites containing 4 vol % of dispersoid sin-
tered at 570°C (Fig. 7a) and 550°C (Fig. 7b). The
region shown between the arrows in Figs. 7a and b

200

indicates the dispersoid particles shown in the corre-
sponding micrographs of Fig. 8a and b. It can be seen
from the copper trace in Fig. 7b that copper is not
uniformly distributed in the matrix of the sample
sintered at 550° C, whereas the EPMA traces of the
sample sintered at 570° C (Fig. 7a) shows a uniform
distribution of copper over the entire region of the
scan. It has been reported [16] that sintering at a
temperature lower than 560°C produces a small
amount of eutectic liquid from a fraction of alu-
minium and copper particles, the rest of the copper
particles remaining in an elemental form in premixed
Al-Cu compacts. Uneven copper peaks in Fig. 7b
suggest the possible presence of copper particles in
elemental form. In contrast, the uniform distribution
of copper in composites after sintering at 570°C
suggests adequate liquid-phase sintering. Secondly,

enhanced swelling at higher sintering temperature
could be due to the presence of closed porosity which

is likely to exert a hydrostatic pressure under the
influence of temperature. It should also be noted from
Fig. 1 that at the lower sintering temperature (550° C),
the densification parameter was practically unaffected
by the addition of dispersoid.

1100
—_ k 4+
S )
G L
NITROGEN £ 9 / s+r 120
3 L
: ’ * X
100k 60
-q%) I /S+R x]
4.5 ¢ AGED  CONDITION x *
50l Juo
‘.:" G ~° & Q —0——0
o = -
> 5 T 9
—25 510 ” o
> « StR| P
‘B 4.5 50 70 ©
z —_ T
o © L
= S+R /o % ;V—-x—x
35 G 3oF +/ ° o 50 Figure 5 Effect of re-pressing and age-
— /xf g };/ S+R -\'\Sx P, hardening on 2014 aluminium alloy based
2.5 T, . . g 10 Y T D — ¥ J30 composites sintered in a nitrogen atmos-
0 4 8 12 16 20 0 4 8 12 168 20 0 4 12 16 20

Metallic glass (vol %)

phere. S = sintered, R = re-pressed, Q =
quenched.

1505



&
=]
>
=)
S 80§,
[
h=4 3
E 50"\ 0
c
©
(2]
o401 2 °
5 A\
O \
l 20f A\
O (1 3 [ 1 1
0 4 8 12 16 20

Dispersoid {vol o)

Figure 6 Variation with volume fraction of metallic glass particles of
corrosion rate of 2014 aluminium alloy and its composites sintered
at 570° C, re-pressed and re-sintered. MDD = mgdm™? per day.
(0) sintered, (a) re-pressed and re-sintered.

4.2. Hardness

It has been observed that the hardness of composites
sintered at 570°C is higher than that of composites
containing the same volume of dispersoid sintered at
550°C (Fig. 1). This again could be attributed to
liquid-phase sintering occurring at 570° C. A hardness
increase in Hy from 40 to 50kgmm™2 with the
addition of 4vol% dispersoid was followed by a
gradual decrease. The reduction in the hardness
beyond 4 vol % of dispersoid could be attributed to
the higher amount of porosity (>20%), when the
amount of dispersoid exceeded 4 vol % of dispersoid.
It is also evident from EPMA data (Figs. 7 and 8) that
there is practically no interaction between the matrix
and the dispersoid. Optical micrography (Fig. 2)
clearly shows localized porosity around the particles.
This is why the addition of very hard particles (metal-
lic glass with Hv = 900) to the relatively soft matrix
did not result in the corresponding increase in
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Figure 7 X-ray elemental line analysis of chromium, nickel, molybdenum, aluminium and copper across a metallic glass particle in 2014
aluminium alloy (a) sintered at 570°C and (b) sintered at 550°C. (Units of count rate: k counts sec™ 1)
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Figure 8 Photomicrographs of the particles through which a probe was run in the EPMA study: (a) composite sintered at 570° C, (b) sintered

at 550°C.

hardness predicted by the rule of mixtures [17]. In fact
the system should be treated as a three-phase material
containing aluminium alloy matrix, metallic glass
particles and porosity.

The maximum hardness after argon sintering com-
pared to that for other atmospheres is attributed to
the relatively low dew point of argon, and the lack of
any volatilization of the alloying element (mag-
nesium). Dudas and Dean [1] previously reported the
above behaviour for 2014 aluminium alloy. An
increase in hardness after re-pressing is a natural
consequence of the reduction in pores and the work-
hardening of composites.

4.3. Electrical resistivity

The resistivity value of sintered and aged 2014 alu-
minium alloy without any dispersoids (50nQm at
16% porosity) as presently reported, is higher than the
resistivity of wrought 2014 aluminium alloy (34 nQ m)
reported earlier [18)]. This was due to the presence of
large amounts of porosity in P/M compacts compared
to the wrought product, which contains hardly any
porosity. The variation in electrical resistivity with
dispersoid content in the composites shows that the
resistivity increased with increase in the dispersoid
content. Porosity, together with the fact that the
metallic glass has a higher resistivity than the alu-
minium alloy, would result in an increased resistivity
of composites as compared to the matrix (Figs. 3 to 5).
A nitrogen atmosphere, due to its relatively high dew
point, could result in more oxide formation in the
composites as compared to other sintering atmos-
pheres (argon and vacuum), leading to a higher elec-
trical resistivity for composites sintered in nitrogen.
The low resistivity of re-pressed and re-sintered com-
posites is due to the lower porosity of such com-
posites.

4.4. Corrosion behaviour

It has been reported that amorphous metallic glass is
highly resistant to corrosion [19]. With the incorpor-
ation of metallic glass in aluminium alloy matrix, one
would normally expect a decrease in the corrosion rate
of the composite as compared to the matrix alloy.

However, the potentials between the matrix and dis-
persoid are also different and this might result in an
increase in the corrosion rate of the composite as
compared to the matrix alloy. It can be seen from
Fig. 6 that the corrosion rate of composites decreased
with increasing amount of dispersoid. This obser-
vation requires comprehensive investigation before
possible mechanisms can be proposed. It can also be
seen from Fig. 6 that re-pressed and re-sintered com-
posites showed a further decrease in the corrosion
rate. This decrease in corrosion rate could be due to
the decrease in porosity in re-pressed and re-sintered
composites.

5. Conclusions

1. The hardness Hv of power-metallurgy produced
composites of 2014 aluminium alloy with metallic
glass (Ni—Mo based) increased from 40 to 55 kg mm 2
with the dispersion of 4 vol % of metallic glass. Above
this volume fraction the hardness was found to
decrease, apparently due to increasing porosity. A
maximum hardness of 83 kg mm 2 was attained by the
same composite after re-sintering and re-pressing.

2. Dimensional growth of up to 6% in a linear
dimension was observed for the composite containing
20 vol % of metallic glass sintered in a vacuum.

3. The electrical resistivity was found to increase
with increasing amount of metallic glass particles. A
maximum electrical resistivity of 180nQm was
observed for composites containing 12 vol % of metal-
lic glass sintered in a nitrogen atmosphere.

4. The corrosion rate of composites in an artificial
sea water environment decreased linearly with the
volume fraction of metallic glass from 80 x 1073 (for
the base alloy) to 18 x 107 >mgdm™? per day (for
composites containing 20vol % of metallic glass).
Re-pressing and re-sintering resulted in a further
decrease of 28% in the corrosion rate.
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