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Sintering of aluminum alloys is usually performed by the formation of a liquid phase. A liquid
phase in 2xxx series alloys is formed from a+Al,Cu eutectic. In this work, the influences of
trace elements like Sn or Pb, and the addition of a ceramic reinforcement, such as TiCN, on
2014 alloys are studied. Mechanical properties as well as a microstructural study show
improved results. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Supersolidus liquid phase sintering involves sintering of
a prealloyed powder at a temperature between the solidus
and the liquidus to give a liquid phase, which results
from the partial melting of the solid phase. Sintering of
an aluminum prealloyed powder which belongs to series
2xxx also involves transient liquid phase sintering, due
to the formation of the a+Al,Cu eutectic at 548°C. In
the transient liquid phase sintering, the liquid phase has
a high solubility in the solid phase. As a consequence, it
diffuses into the solid phase and solidifies by diffusional
homogenization.

To delay the transient aspect of the liquid phase due
to the solubility of copper in the aluminum matrix, some
trace elements can be added. It have been shown that some
elements (Pb, Sn, Bi, Sb and In) acting by their high va-
cancy binding energies or modifying the liquid surface
tension, can enhance the sintering process. It is possible
that the trace element binds with the vacancies in the Al,
thereby reducing the rate of Cu diffusion in the Al. This
would hinder the dissolution of copper and hence delay
the transient aspect of the system. The liquid persists for
longer times, thereby improving sintering [1-6]. Also, el-
ements like Sn and Pb diminish the liquid surface tension,
modifying the contact angle and improving, therefore, the
sintering process. On the other hand, it has been concluded
that the presence of TiCN enhances thermo-mechanical
properties of Al-Mg;Si cast alloys [7, 8]. Adding TiCN to
2014 alloy, the behaviour expected from the metal matrix
composite formed would be a combination of the great
strength of the ceramic while avoiding the brittle failure
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and the ductility of the metals. Nevertheless, it could be
also expected a decrease on the material densification, as
a consequence of the impossibility of sintering the metal
particles and the ceramic particles [9-11]. In this paper
the influence of Sn, Pb and TiCN addition on the liquid
phase, and hence, on the sintering process of an Al-Cu-
Mg-Si alloy is reviewed.

2. Experimental
The compositions of the powders employed are shown
in Table I. Powder alloys were prepared by mixing the
2014 alloy powder with the Sn or Pb powders and/or the
TiCN powder for 30 min in a Turbular powder mixer. The
compositions of the alloy studied are shown in Table II.
Compaction of the specimens was performed using a
hydraulic press and a floating flexural strength die. The
die lubricant employed was zinc stearate. Specimens were
pressed to reach ~85% of green density, using a pressure
of 400 MPa. The sintered density was determined using
the Archimedes$S method, and the densification ¥, was
calculated to determine the amount of shrinkage or ex-
pansion:

Ps — Pg
Pt — Pg

V= )]

where py, p, and p; are the sintered, green and theoreti-
cal density, respectively. A positive value of W indicates
shrinkage; W approaches unity as full density is attained.
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TABLE I Characteristics of the as-received powders
Size fraction
Powder Source (um) Element %
AA2014 Aluminum <75 Cu 4.4
Powder Mg 0.4
Company Si 0.7
Al bal.
TiCN H.C. Starck  1.0-1.3 CroTtaL 9.3-10.3
CFREE 0.05 Max.
N 10.3-11.3
(6] 1.5 Max.
Sn Goodfellow <45 99.75
Pb Goodfellow <45 99.9
TABLE II Compositions of the alloys studied
Base alloy % wt Sn %wt Pb %wt TICN
2014 - - -
2014 0.15 -
2014 - 0.15 -
2014 - - 5
2014 0.15 - 5
2014 - 0.15 5
0.2
0.11
0.0
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Figure 1 Densification values obtained for 2014 alloy, 2014+Sn alloy,
2014+-Pb alloy and 2014+TiCN alloy, sintered for different times.

Sintering and delubrication occurred in a horizontal
furnace with a gas mixture of H, (4.98%)-N, (bal.). The
heating rate for dewaxing was 10°C min~!, until the fur-
nace reached 300°C. The temperature was maintained for
30 min for dewaxing. After that, the samples were heated
to 570°C at a heating rate of 10°C min~'. At this point,
the temperature was maintained for 20, 40 or 60 min.
A complete microstructural study was made by scanning
electron microscopy (SEM). Hardness of the samples was
evaluated by Vickers indentation using a 30 kg load. Bend-
ing strength was carried out following MPIF standard 41.

3. Results

3.1. Densification and microstructure

The obtained results for the densification of the alloys are
represented in Fig. 1. Additions of Sn, Pb and TiCN to
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2014 alloy cause different effects on the alloys densifica-
tion. As can be seen in Fig. 1, 2014 alloy experiences a
decrease in the swelling which is produced by the liquid
phase formation and its influence on the wetting angles,
when the sintering time is increased. When the sintering
time is 60 min, the densification value is above zero. The
addition of TiCN to the alloy increases the densification
value compared to 2014 alloy (after 60 min of sintering),
opposite to what was expected. This enhancement of the
densification parameter can be checked by the evolution
of the microstructure.

Although 2014 alloy densification value is increased
with longer sintering time, it is clear that the alloy after
60 min of sintering time does not look properly sintered
(Fig. 2). The main reason could be an inadequate diffusion
of aluminium through the liquid phase during the sinter-
ing process. In the figure, the light areas correspond to
copper rich zones, coming from the liquid formed during
the sintering process, and the aluminum particles can be
identified as the grey particles.

However, the opposite behaviour (analysing the densi-
fication parameter) can be observed for 2014 4 0.15 wt.%
Sn alloy, also represented in Fig. 1. As can be seen in this
figure, Sn addition does not aid 2014 densification; as
sintering time is increased, densification values decrease.
Densification values are negative, indicating swelling, at
every time investigated. Looking at the microstructures
obtained for the alloy sintered for 20, 40 and 60 min re-
spectively (Fig. 3), it can be seen how the porosity is high
in all the microstructures obtained, and how the copper
rich zones are not homogeneously distributed between the
aluminum particles.

I£2014 + 0.15 wt% Pb alloy sintering behaviour is now
analysed through the densification parameter in Fig. 1, it
can be seen that this alloy exhibits a different densification
evolution with the sintering time if it is compared to the
alloy in which Sn is added. After 60 min of sintering time,
densification reaches a value close to zero.

Through the analysis of the microstructure (Fig. 4), it
is clear that the densification process is aided when the
sintering time is increased. The porosity of the samples
diminishes at the same time as the aluminum particles are
closer to each other. Looking at the copper rich areas, the
liquid phase diffusion seems to be more homogeneous,
filling the pores between the aluminum particles. The Pb
addition affects material densification through modifica-
tion of the liquid phase. Instead of the behaviour observed
when Sn is added to the 2014 alloy, Pb addition can aid
material densification and, as a consequence, improve the
sintering process.

Analysing now the influence of the ceramic reinforce-
ment addition, TiCN, on the alloy densification (Fig. 1), it
can be firstly pointed out that densification is always im-
proved for all the sintering times studied. 2014 + 5 wt%
TiCN material reaches better densification values com-
pared to 2014 + 0.15 wt% Sn and 2014 + 0.15 wt% Pb
alloys. After 40 min of sintering time, the alloy is shrink-
ing. After 60 min, the alloy reaches the highest densifica-



(a) 20 min o (b) 40 min

Figure 2 2014 alloy microstructure evolution with the sintering time.
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(a) 20 min (b) 40 min

Figure 4 2014+4-0.15 wt% Pb alloy microstructure evolution with the sintering time.

(b) 40 min (c) 60 min
Figure 5 201445 wt% TiCN alloy microstructure evolution with the sintering time.
tion value of all the alloys. It is clear that the addition of the 2014 + 5 wt% TiCN alloy microstructure is shown in
ceramic reinforcement has a positive effect on the material ~ Fig. 5. In the microstructures, the ceramic reinforcement

densification, which would affect the rest of the measured  can be identified as bright zones. After 20 min of sinter-
properties. ing time, the material porosity is reduced compared to the
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Figure 6 Densification values obtained for 2014 alloy, 201445 wt%
TiCN+4-0.15 wt% Sn, 2014+5 wt% TiCN+0.15 wt% Pb alloy and
201445 wt% TiCN, sintered for different times.

rest of alloys (Figs 2(a), 3(a) and 4(a)). The main differ-
ence can be observed when a sintering time of 60 min is
employed, the copper rich zones are completely located
inside the aluminum particles.

The influence on densification of Sn and Pb additions
to 2014 alloy reinforced also with TiCN is shown in
Fig. 6. The densification values for 2014 + 0.15 wt%
Sn+5% TiCN and 2014+0.15 wt% Pb+5% TiCN alloys
are shown in comparison to 2014 and 201445 wt% TiCN
alloys (Fig. 6).

As can be seen in Fig. 6, densification is improved
for both alloys (2014+5 wt% TiCN+0.15 wt% Sn and
201445 wt% TiCN+-0.15 wt% Pb) when the sintering
time is increased. The densification values obtained when
Pb and Sn are added are always between the ones obtained
in the case of 2014 and 2014+5 wt% TiCN alloys sintered
for 20 and 40 min. However, when longer sintering times

are employed, the obtained densification values (Fig. 6)
reveal shrinkage for the 2014 and 201445 wt% TiCN
alloys but swelling for the 2014+5 wt% TiCN+0.15 wt%
Sn and 201445 wt% TiCN—+0.15 wt% Pb alloys.

The microstructural evolution with sintering time of
201445 wt% TiCN when Sn and Pb are added is shown
in Fig. 7.

If the influence of Sn and TiCN additions to 2014 base
alloy on the microstructure is studied in Figs 3(c) and
7(c) respectively, differences can be seen in the obtained
microstructure due to the reinforcement addition. In Fig.
7(c) where both TiCN and Sn, are added, the microstruc-
ture is a single compact body. The aluminum particles
are bounded by TiCN particles and copper rich zones.
The copper rich zones appear more homogeneously dis-
tributed compared to the rest of alloys microstructures
and the porosity has been widely reduced. The sintering
process appears more advanced than in 20144-0.15 wt%
Sn case after the same sintering time (Fig. 7). Bonding
between particles reveals a better sintering process com-
pared to microstructures where the aluminum particles
can be perfectly distinguished.

However the differences in the microstructures between
2014+0.15 wt% Pb and 2014+5 wt% TiCN+-0.15 wt%
Pb are not so marked (Figs 4(c) and 7(c) respectively).
Microstructurally, important differences can not be de-
tected.

3.2. Bending strength and hardness
Hardness and bending strength are represented in Figs 8
and 9, respectively. As can be seen in these figures the

Figure 7 Microstructure evolution with the sintering time of 2014+5 wt% TiCN+-0.15 wt% Sn (a), (b), (c) and 2014+5 wt% TiCN+0.15 wt% Pb alloys
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Figure 8 Alloys hardness evolution with sintering time.
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Figure 9 Alloys bending strength evolution with sintering time.

tendency is the same as shown above for the densification
parameter; when the sintering time is longer, the hard-
ness is also increased, except for the 20144-0.15 wt%
Sn alloy, for which hardness decreases with the sintering
time. The distribution of the copper rich zones and the
high porosity level not only affects densification, but con-
sequently influences hardness and bending strength. The
highest hardness value is from 2014+5 wt% TiCN after
60 min of sintering time. MMCs are reported to present
improved properties since these materials combine metal-
lic with ceramic properties [12—15]. The addition of both
ceramic particles and trace elements cause intermediate
values in hardness, compared to 2014, 20144-0.15 wt%
(Pb, Sn) and 201445 wt% TiCN. The combination of trace
elements and ceramic enhances properties compared to
the alloy without reinforcement but decreases properties
compared to MMC. The same tendency can be observed
in the bending strength of the samples, shown in Fig. 9,
where the best results are obtained for the metal matrix
composite based in 2014 and reinforced with TiCN.

4. Discussion

In order to explain how the addition of the trace elements,
like Sn, can affect the material densification and mechani-
cal properties, several explanations have been given. One
of them explains how elements like Sn diffuse into the
Al matrix ahead of the copper. This ties up the vacancies
and delays the transient aspect of the liquid phase during
sintering [2]. On the other hand, it has been reported [1,
2,5, 6] that Sn additions can enhance prealloyed powders

sintered properties. Sn and Pb were added to prealloyed
alloys, 2124 and 6061, improving sintering. The mecha-
nism of how trace additions aid the sintering of 2xxx series
aluminum alloys was explained by means of the reduction
of the liquid phase surface tension. Sn and Pb trace addi-
tions promote changes in the distribution and spreading of
the liquid during sintering. When Sn and Pb are melted in
the liquid phase (230°C and 330°C are the melting points,
respectively) according to the Gibbs adsorption isotherm
and due to their low surface tension, these components
will segregate to the surface of the liquid.

The reason why these melted elements segregated on
the liquid surface could improve sintering is related to the
liquid wetting and the contact angle. To enhance liquid
phase sintering, the most important factor is the liquid
spreading. The liquid spreading is determined by the wet-
ting angle (9), given by the Young’s equation [16]:

Vig €COSO = ysg — Va1 ()

where y|, liquid-gas surface tension, ys, solid-gas surface
tension, y, solid-liquid surface tension. From expression
(2) when a liquid wets a solid (6 <90°) all the factors that
reduce the liquid-gas or the solid-liquid surface tension
will reduce the contact angle, which consequently means
a better spreading, densification and finally the improve-
ment of sintering. Looking at the data shown in Table III,
the trace elements, which present lower surface energy,
are supposed to diminish the surface tension of the lig-
uid (since these elements would segregate to the liquid
surface), improving the wetting of the liquid phase to the
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TABLE III Surface tension values measured at melting point

Surface tension Surface tension

Composition (Nm™1) Element (Nm™1h)
Al (99.54%)- 0.797* Sn [16] 0.544
Sn(0.46%)
[17]
Al (99.84%)- 0.573* Pb [16] 0.468
Pb(0.16%)
[17]
Al1(82.7%)-Cu  0.160 Cu[16] 1.36

(17.3%) [18]

*Surface tension calculated at the sintering temperature (570°C).

Figure 10 Particle detail of 2014+4-5% TiCN sintered for 60 min.

aluminum particles and as a consequence, sintering. It is
important to note that surface tension of liquid Pb is lower
than liquid Sn, and also, when both elements are added to
aluminum in the same percentage, the surface tension of
the liquid alloy with Pb is also lower than the liquid alloy
with Sn [17].

Looking at the results shown above, it can be seen
that Sn additions to 2014 do not improve the mechanical
properties. Analysing the results obtained and the samples
microstructures, it can be concluded that Sn additions do
not aid the sintering of 2014 alloy. However, the solubility
of Sn in aluminium may be high enough at the sintering
temperature so that the amount of free Sn is insufficient to
reduce the liquid’s surface tension preventing the benefi-
cial effect from being detected [6]. It is important to note
that the solubility of Sn in Al is approximately 0.11% at
570°C [19] and only 0.15 wt% of Sn has been added to
2014 alloy.

However, Pb additions to 2014 alloy improved densifi-
cation and mechanical properties if they are compared to
the results obtained for 20144-0.15 wt% Sn alloy. Never-

theless, Pb additions did not improve the sintered proper-
ties if they are compared to those of the 2014 alloy. The
quantity of Pb addition could have also been insufficient to
enhance the mechanical properties compared to the 2014
alloy. The improved results of Pb additions compared to
Sn additions could be expected due to the lower solubility
of Pb in aluminum and its lower surface tension. Hence,
Pb addition could be expected to be more effective, as
can be observed in parameters such as densification and
hardness.

The influence of the ceramic reinforcement should be
also analysed. The main difference with the other mate-
rials can be detected in the microstructure obtained after
60 min of sintering time (Fig. 5c). In this micrograph,
the copper rich zones are completely inside the aluminum
particles. The appearance of the copper rich zones in-
side the aluminum particles (for 2014+5% TiCN) can be
observed with more detail in Fig. 10.

After 60 min of sintering time, as it is shown in Fig.
10 copper rich zones are inside the aluminium particles
among the former aluminum grain boundaries. It could
be possible that TiCN particles aid the liquid diffusion
inside the aluminum particles, making easy the liquid dif-
fusion between the grain boundaries. The TiCN particles
may help to break the aluminum oxide layer that covers
the aluminum particles during the pressing step. When
the sample is heated and the liquid phase is formed, this
liquid could diffuse between the particles through the bro-
ken oxide layer into the particles. A schematic where the
possible broken points could be located after compaction
is shown in Fig. 11.

It is also important to point out the possible effect de-
rived from the lack of wettability between melted alu-
minum and TiCN. The contact angle of liquid aluminum
on TiCN is always above 90° in the 720°-900°C temper-
ature range. Although the alloy employed is not pure alu-
minum and the sintering temperature is not in this range,
it has been proven that Si or Si and Mg added to aluminum
do not significantly improve the wetting of TiCN by alu-
minum [8]. It is possible that the combination of both
factors, one, the disrupted aluminum oxide layer together
with the unwettability of the liquid on the TiCN, promotes
the liquid phase diffusion into the aluminum particles.

Itis important to remark that the importance of the TICN
additions is not only related to an increase in the material
densification since the ceramic improved both hardness
and bending strength of the aluminum alloys. Materials
containing the ceramic reinforcement show enhanced me-
chanical properties than the base alloys, probably due to

Figure 11 Compacted body showing the possible oxide layer breaking points and TiCN particle location.
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