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The Alumix 13 (wt.%) (Al–4.5 Cu 0.5 Mg 0.2 Si) powder with and without 5 wt.% Saffil short fibers specimens
were hot pressed in the range 580–620 °C. The densification during pressure increase was fitted using the
Konopicky model and an agreement with the associated linear plot P vs. ln(1/(1−D) was found for both
materials, where P is applied pressure and D is the relative density of the porous material.
The transient liquid phase formed from the elemental Al and Cu powder particles above the eutectic temper-
ature of 548 °C at low hot pressing pressures, allows to increase the densification due to the reduction in the
yield stress of the porous material. The active liquid flow enhanced the deformation between Al particles in
the beginning of the pressure ramp.
For higher pressures, a sudden break to a higher slope in Konopicky plot was found. This hardening behavior
was detected from 610 °C for pure Alumix 13 and it was systematically developed at 580, 600, 610 and
620 °C for the composites, and it can be assigned to diffusion of Cu into the Al grains.
During the constant pressure stage the densification was well fitted using the Power Law Creep model with
exponents of n=1 and n=2, which are related to Newtonian viscous flow and superplastic deformation,
respectively. Besides, final hot pressed composites samples retained an important quantity of solidified liquid
phase located in between the Saffil fibers agglomerates.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

An amorphous or crystalline oxide layer is always present on alumi-
num surface powder particles due to its high negative enthalpy of oxide
formation [1]. This thermodynamically stable ceramic layer prevents
any solid state sintering between Al particles [2]. One way to reduce
that contamination is by chemical reaction considering that Mg is an
element that reduces Al oxide [1.5 Mg+2Al2O3→1.5MgAl2O4+Al],
therefore the spinel MgO.Al2O3 can be produced from that reaction [3].
When the powder is pressed at high pressures (during cold pressing for
instance), due to cold plastic deformation, the oxide layers can be frac-
ture providing an interlocking of the Al particles. If the temperature of
the pressed Al powderwith Cuparticles is raised, over the eutectic bina-
ry Al–Cu system temperature TEU=548 °C (during sintering for in-
stance), then both metals react forming a transitory liquid phase [3,4].
The eutectic liquid formed betweenAl and CuAl2 enhances the sintering
and welding of Al particles, but not necessarily the porous material in-
creases its density [4]. Some attempts, such as adding trace elements,
to improve the wettability between Al–Cu liquid and Al2O3 were stud-
ied [5,6] but no significant changes were obtained in wetting angles
[5]. During Al–Cu sintering at T>TEU another important process is
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observed: the Cu diffusion from the liquid into Al grains in short times
[3]. Those processes related to Al–Cu liquid phase during hot pressing
[7] are further studied in this work for a commercial mixture powder
(Alumix 13), which contains (wt.%) Al–4.5 Cu 0.5 Mg and 0.2 Si. Addi-
tionally a 5 wt.% Saffil alumina short fibers were used to reinforce the
powder matrix.

Earlier works [7–9] have shown that Konopicky model, based on
the micromechanical model developed by Torre [10], can adequately
describe the densification behaviors for both temperature ranges:
during cold [8] and hot pressing.

kP ¼ ln 1= 1−Dð Þ½ � þ BMK ð1Þ

where D, is the relative density (dimensionless) obtained as the
ratio: ρ instantaneous/ρ theoretical, BMK is a constant depending on
D0 (initial relative density) and k is equal to 3/(2σYS). Therefore,
σYS (is the yield stress of the whole material, agglomerates and
pores) can be calculated from this linear plot P vs. ln(1/(1−D),
henceforth be called ‘Konopicky plot’. Such agreements with the
model were obtained for a wide range of powder compositions
based on pure Al, rapid-solidification Al alloy [7] and Alumix 13 in-
cluding composites reinforced with Saffil fibers [7–9]. It is common
to find in the open literature, many studies related to aluminum
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Table 1
Parameters of hot pressings.

Sample Composition
powder/wt.%
fibers

Temp.
[°C]

ΔP/t
[MPa/s]

PMAX

[MPa]
Constant
pressure
time [min]

DRP

A13-1 100 Alumix 13 580 0.58 22.0 70 0.99
A13-2 100 Alumix 13 600 0.58 21.8 32 0.99
A13-3 100 Alumix 13 610 0.14 20.3 69 0.97
A13S5-1 Alumix 13/5 Saffil 580 0.58 22.1 32 0.85

620 0.58 22.1 45 0.97
A13S5-2 Alumix 13/5 Saffil 600 0.58 22.1 39 0.85

620 0.58 22.1 50 0.95
A13S5-3 Alumix 13/5 Saffil 610 0.58 22.1 40 0.91

620 0.58 22.1 60 0.96
A13S5-4 Alumix 13/5 Saffil 620 0.58 20.2 105 0.91
AS081 100 Al AS081 630 0.14 15.14 26 0.94
AS081-5% Saffil Al AS081/5 Saffil 630 0.14 15.13 73 0.81
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powder metallurgy synthesis, including hot pressing, where ceramic
particles [11] or whiskers were used as reinforcements, but only few
works are concerned to the use of short fibers [6,7,9,12].

In references [12,13] it was considered that the hot pressed pure
and SiC short fibers reinforced Al powder over 350 °C deforms
under Power Law Creep mechanism, approximated as:

ε
• ¼ A0σ

n ð2Þ

where ε• is the strain rate, A0 is a microstructural constant depending on
temperature and thematerial,σ can be taken as an effective stress and n
is the stress exponent, which represents the deformation mechanism.
It is considered the plastic material deforms under creep conditions
due to the temperatures and pressures applied to the whole material
(aluminum particles, pores and ceramic fibers).

For the final stage of closed porosity (D>0.9) the densification at
constant pressure and temperature can be fitted by the Power Law
Creep mechanism [7,12–14]. Then the densification rate can be
expressed as a function of D and n as

dD=dt ¼ 3A0=2ð Þ D 1−Dð Þ= 1− 1−Dð Þ1=n
h in� o

3Pe=2nð Þn:
n

ð3Þ

The expression D (1−D)/[1−(1−D)1/n]n decreases with an in-
creasing D, during densification. It was found this model agreed for
pure Alumix 13 as well as for Alumix 13–11 wt.% Saffil fibers compos-
ite during hot pressing [7,12]. The densification rate can be plotted as
a function of D(1−D)/[1−(1−D)1/n]n, for a fixed P=PMAX and the
controlling mechanism can be assessed if this plot is linear for a cer-
tain n exponent. The value n=1 represents a viscous flow process
[15] and n=2 is found for the case of superplastic deformation [16].
The case of n=3 applies to the viscous glide mechanism [17].

In this work the axial hot pressing densification, during the in-
crease in pressure stage as well as during the isobaric and isothermal
stage, of pure and reinforced powder materials based on Alumix 13
alloy and Saffil short fibers are further studied using new composi-
tions. The final microstructures were carefully examined and corre-
lated to the processing steps.

2. Experimental

2.1. Materials

The materials were based on Alumix 13 (Eckart-Werke, Germany)
powder, a commercial mixture of elemental pure Al particles (95 μm
mean diameter) obtained by atomization and 4.5 wt.% of pure Cu
dendritic particles. The other alloying elements present are Mg (0.5%)
and Si (0.2%). The ceramic reinforcements used were Saffil (Saffil Ltd.,
UK) short fibers. The fibers were mainly composed by δ−γ-alumina
phases with a content 2–3 wt.% of SiO2 and they were classified having
mean diameter of 2–5 μm and lengths of about 50–200 μm. The theo-
retical densities were 2.78 and 3.3 g cm−3 for Alumix 13 and Saffil
fibers respectively. The rule ofmixturewas used to calculate the density
of 2.8 g cm−3 for the composite material. The composite was obtained
by mixing Alumix 13 with 5 wt.% Saffil fibers in ethyl alcohol with a
mechanical stirrer and followed by Cole Palmer ultrasonic headmixing.
The pure Alumix 13 and composite materials were heated at 200 °C
under vacuum to eliminate the original wax content of Alumix 13
(about 1.5 wt.%) after drying in muffle at 80 °C. The Eckart Werke
AS081 pure aluminum powder (45 μm mean diameter) is made of
99.5% Al atomized ligamentary shaped particles with the same compo-
sition impurities than the Al base powder of Alumix 13.

Additionally, two samples based on AS081 aluminum powder,
one of pure AS081 and the other reinforced with 5 wt.% of Saffil
short fibers, were hot pressed as references for further comparative
densifications under similar conditions than those used for the
Alumix-13 hot pressed samples.

2.2. Axial hot pressings

The materials were filled into a high density graphite double ac-
tion axial die. Boron nitride powder was used to prevent the sticking
between the sample and the graphite parts (die and pistons). In sim-
ilar way as described elsewhere [7,12] the die was located into a vac-
uum reactor, which was attached to a universal testing machine MTS
810 to apply the compression load to the pistons. The pure Alumix 13
samples noted as A13-x were hot-pressed at 590, 610 and 620 °C
(Table 1). The composites samples noted as A13S5-1, 2, 3, and 4
were hot-pressed at 590, 600, 610 and 620 °C respectively. A13S5-1,
2, 3 were unloaded, heated up to 620 °C and repressed up to about
22.1 MPa.

The pure aluminum AS081 sample and AS081-5 wt.% Saffil
composite were hot pressed at 630 °C using the same devices
configuration (Table 1). Two densification stages were recorded
during hot pressing: i) a ramp of pressure where ΔP/t was the
pressure rate until PMAX was reached; and ii) a constant load period
stage, characterized by a period of time while the load was maintained
constant (after the ramp of pressure stage). The DRP values in Table 1
were the maximum relative densities reached at PMAX.

Density ρ of each sample was calculated from the final mass and
geometric dimensions, accuracies of the scale and micrometer were
1 mg and 10 μm respectively. Due to the constancy of the diameter
and mass, the reduction of instantaneous thickness sample (height)
is inversely related to the increase in density. The relative density
D=ρ/ρfull density during hot pressing was calculated using the density
of each material and the rule of mixtures [7].

The initial aspect ratios L0/ϕ (height/diameter) were about 0.26 to
0.28 to ensure more homogeneous pressure distribution into the cy-
lindrical sample [12]. The temperature and vacuum were stabilized
during 1 h before each hot pressing cycle. No flooding of the system
with N2 was done before pressing as effected in reference [7]. Also
in this work an ultrasonic tip was used for a better mixing of the fibers
with the powder.

2.3. Quenching and sintering experiments

A single pellet made of pure Alumix 13 was pressed until relative
density D~0.84. Smaller specimens were extracted from that green
pellet by cutting plates of 4 mm×2 mm with 1 mm thickness. Two
quenching experiments (QC) were carried out after heating at 577
and 630 °C during 5 min under Ar flow. Then, the samples were
cooled directly by immersion into ice cooled water.

Finally, a cold compacted green pellet composed by Alumix
13–5 wt.% Saffil fibers with relative density of 0.95 was sintered by
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heating up to 620 °C in a differential dilatometer (Theta Dilatronics,
USA) under N2 flow. Both, sintering and quenching experiments were
parts of some extensive studies related on Alumix 13/Saffil fibers com-
posites sintering [12].

2.4. Microstructural characterization

Hot pressed, quenched and sintered samples were cut and polished
along the different compacted orientations to study the final resulting
microstructures. Keller reagent was used as metallographic etching.
Leyca optical microscope, Philips SEM 515 scanning electron micro-
scope (SEM) and energy dispersion spectrum (EDS-EDAX) were oper-
ated at 20 kV to study the different final materials using standard
parameters of detection. The X-ray diffractometry (XRD; Philips PW
1700) with Cu-Kα radiation (0.154054 nm) source was used to obtain
diffraction patterns of pure Alumix 13 loose powder, mixtures with
about 5 wt.% of pure Si powder to calibrate the diffraction angle (2θ).
In addition final hot pressed sampleswere cut and polished to be exam-
ined by XRD between 20 and 80º angles (2θ) and dwell time of 1 s be-
fore increment of 0.01 degree.

3. Results

3.1. Densification data for the increase in pressure stage

In Fig. 1, the experimental densification curves relative density D
vs. pressure P, during hot pressing for both materials at different tem-
peratures are plotted up to PMAX including the constant pressure
stage. Taking into account that the fiber volume fraction is about
0.04 its probable incidence in the initial Do was confirmed. The
lower composites initial densities (D0b0.4) are also related to the
raising of the porous volume, due to Saffil fibers ability to form clus-
ters and agglomerations during mixing and after drying [8].

Almost full D was obtained for A13-x after the ramp of pressure
stages as shown by their DRP values (0.97 -0.99) in Table 1. Thus in
Fig. 1, the densification during constant pressure stage is negligible
for unreinforced samples or matrices. For the composites the DRP

values were lower than for pure Alumix 13 (Table 1) as it is shown
in Fig. 1, by the vertical points at constant P, also denoting the signif-
icant densification obtained during this step.

As it was mentioned above, the linear fitting of Konopicky model
can be used to calculate the yield stress of a plastic porous material
during the ramp of pressure stage. Earlier work [7] has shown that
after Konopicky fittings in terms of P vs. ln [1/(1−D)] at 606 °C for
pure Alumix 13, two slopes were obtained. A straight line fitted well
with the experimental points for lower pressures until a sudden
Fig. 1. Hot pressing densification curves for pure Alumix 13 and composites materials.
slope increase (or break at P=PC) at higher pressure was met. A sec-
ond and higher slope straight line fitted the rest of the points at pres-
sures higher than PC. The same behavior of changing slope could be
obtained at 611 °C on Alumix 13–11 wt.% Saffil composite [7]. How-
ever, in this work the behavior of changing slope could be slightly
detected at 600 °C for hot pressed pure Alumix 13 and the Konopicky
plot at 580 °C was a straight line (open circle points in Fig. 2). For hot
pressing at 610 °C (A13-3) the behavior of changing slope became
more evident. The pressure PC can be defined in a Konopicky plot,
by extrapolating both linear fittings up to their intersection. In Fig. 2
both linear fittings (lower and higher slopes) are plotted and extend-
ed to obtain PC for A13-3 and in Table 2 the parameters are listed.

4. Discussion

4.1. Final microstructures

The microstructures of A13-x hot pressed samples can be seen in
Fig. 3a (580 °C, Al3-1) and b (600 °C, Al3−2) both corresponding to
planes parallel to the pressing axis. Using the same metallographic
preparation and magnification a difference in the liquid phase
spreading can be observed and it could be assigned to the different
hot-pressing temperatures, and the lower apparent porosity for
A13-2. A13-1 and A13-3 formed quite a dispersion of solidified
phase with a high level of Cu (74.1 wt.% Al, 24.9%Cu, 0.95%Mg).
That dispersion was found mainly at the joints of aluminum bound-
aries (white phases in Fig. 3a) as a common microstructural feature.
On the other hand, a fine and uniform liquid spreading along the
boundaries was found in A13-2. Similar semi-continuous network
through Al particles boundaries was found in 25 μm Al particles/5%
Cu hot pressed at PMAX=25 MPa and 600 °C, for only 5 min [11].

A fine structure formed in the centre of grains in A13-1 and A13-3
(610 °C, Fig. 3c) but not in A13-2. This plate-like structure was ana-
lyzed by EDS giving a Cu content 6% lower than that for the interme-
tallic theta (CuAl2; 54 wt.%Cu–46%Al). It must be noted that their
thicknesses of about 100–200 nm (detected by SEM, Fig. 3c) were
thinner than 1 μm EDS window, which increases artificially the Al
content from the Al matrix background; therefore, the composition
of the plates is approaching that for CuAl2 [18]. Transmission electron
microscopy should be needed to confirm accurately that phase. The
surrounding zone to those plates corresponds to Al with less than
2% of Cu content, due to the out-diffusion of Cu from the liquid before
the solidification process [3].

The fibers adopted two different arrays within the Alumix 13 ma-
trix. First are fiber-agglomerates. The second ‘fibers array’ belongs to
the poorly-reinforced zones characterized by a low volume fraction
Fig. 2. Konopicky plots for pure Alumix 13 and composites materials.



Table 2
Parameters and results from Konopicky fittings. σYSI and σYSF mean yield stresses before and after PC respectively [7]. Results from previous work.

Sample Composition powder/wt.% fibers Temp. [°C] Pressure range fitting [MPa] σYS [MPa] PC [MPa] σYSI/σYSF

A13-1 100 Alumix 13 580 0.6–22 8.6 – 1
A13-2 100 Alumix 13 600 0.6–10.7 7.6 (σYSI) 10.7 1.45

11.8–19.4 11.0 (σYSF)
A13-3 100 Alumix 13 610 1.4–7.1 7.44 (σYSI)

9–18.5 22.5 (σYSF) 7.3 3.0
Alumix 13 [7] 100 Alumix 13 606 7.5–12 14.49 (σYSI) 13.5 1.8

12–25 26.24 (σYSF)
AS081 100 Al AS081 630 0–8 13.1 (σYSI) – –

8–15 8.7 (σYSF)
A13S5-1 Alumix 13/5 Saffil 580 1.3–12.5 16.3(σYSI) 14.4 3.1

17.3–22 50.0 (σYSF)
A13S5-2 Alumix 13/5 Saffil 600 2–9.5 14.2 (σYSI) 11.5 3.4

14.5–21.7 48.8 (σYSF)
A13S5-3 Alumix 13/5 Saffil 610 2.7–8 10.9 (σYSI) 10 3.3

12.5–22 35.9 (σYF)
A13S5-4 Alumix 13/5 Saffil 620 1.1–8.7 9.3 (σYSI) 10 3.5

12.5–20 33.0 (σYSF)
Alumix 13–11 wt.% Saffil [7] Alumix 13/11 Saffil 611 6–12.5 10.17 (σYSI) 14 2.35

15–24 23.96 (σYF)
AS081-5% Saffil Al AS081/5 Saffil 630 0–15 18.8 – –
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of fibers. The main feature of clustered fibers was the alignment of
their axes along planes perpendicular to the pressing axis and having
random directions within the plane. This kind of fiber-distribution is
often found in axial hot pressed samples due to face pistons move-
ment [7,9]. Fig. 4a (OM micrograph) shows the plane image where
many fibers are located randomly. Fig. 4b shows a cross section of
an agglomerate where many fibers are perpendicular to the vertical
pressing direction. Also, it was found a minor quantity of fibers in
the transverse direction. The fibers in the poorly-reinforced zone
have non preferential direction. A deeper EDS analysis revealed that
these clustered fiber structures retained Cu-rich phases after the
final hot pressing cycles. In addition, within those fiber clustered
zones porosity was clearly detected; which agrees with the final rela-
tive density for the hot pressed composites (DFb1). Fig. 4c shows
the same liquid segregated structure (white phases) found in A13-1
and A13-3 samples along the grain boundaries and around the short
fibers. Other common microstructural feature was the plate-like
phase (similar to CuAl2 [18]) in the centre of the grains similar to
that found for A13-1 and A13-3. This coarse structure is related to a
long period of time at T>TEU and to high pressure during constant
pressure stage (Table 1).

4.2. Liquid phase spreading

The rapid spreading effects were clearly detected in the QC exper-
iments. Fig. 5a shows that a fine liquid phase spreading is obtained
in the pellet quenched from 577 °C. Fig. 5b shows the same pellet
Fig. 3. SEM images of hot pressed samples a) A13-1, b) A13-
quenched from 630 °C where the liquid phase became thicker than
that for 577 °C, showing also a clear tendency to migrate inside the
Al grain. For both samples the liquid phase is located as a thin layer
between the Al grains and a kind of ‘branches’ (label ‘1’ in Fig. 5a
and b) that squeeze inwards to the centre of grains. Also the white
rounded phase was analyzed (label ‘3’ in Fig. 5a and b) resulting
with 73% Al, 24% Cu, 0.3% Mg and 2% Fe.

Fig. 6a shows the pressureless sintered (using a dilatometer)
sample of Alumix 13–5 wt.% Saffil composite where a portion of Cu
(white phase labelled as Cu) still remains pure between Saffil fibers
(‘f’ in Fig. 6a). The zone labelled as ‘3’was in contact with Al particles
and formed a phase having 67% Al- 33% Cu- 1% Mg average composi-
tion and in the centre of the aluminum grain (label ‘4’ in Fig. 6a) gave
1.4% Cu, 98.6% of Al. Close to Cu some pores are found in the sintered
sample, between the ceramic fibers. The porosity generation that re-
duces the density is associated to liquid phase sintering process
called swelling, typically found in Al–Cu powders sintering and is as-
sociated to the formation of liquid in Al–Cu contacts and subsequent
spreading of the liquid into the body [12,19,20]. It is noted the ce-
ramic fibers retain Cu dendrites during the cold pressing and after
further sintering, a portion of the formed liquid phase was encapsu-
lated or surrounded by fibers. It was found the same process of liquid
formation operates in the composites samples during hot pressing.
The final structure of hot pressed A13S5-3 showed zones with liquid
phase (solidified) retained between the Saffil fibers. The insert, in
Fig. 6b represents a backscattered electron-image where the Cu con-
tent contrast is evident. The average wt.% composition of these zones
2 and c) A13-3(dotted line is the EDS probing window).



Fig. 4. Hot pressed A13S5-1 sample a) and b) Optical micrographs c) SEM image, “f” are Saffil fibers.
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is about 75% Al–33% Cu–2% Mg. It should be noted the obvious differ-
ences in the pore structure and the final grain morphology between
sintered (including QC) samples and hot pressed samples. Due to the
high plasticity of the Al grains and the external pressure, only a few
percent of porosity remains in the hot pressed specimens (label ‘1’
in Fig. 5c). Therefore, no swelling could be developed during hot
pressing.

On the other hand, for the sintered and QC samples two kinds of
porous structures were observed: i) the trapped pores due to encap-
sulation by plastic deformation during cold pressing (label ‘5’ in
Fig. 5a) and ii) the pores initially occupied by Cu dendrites that are
consumed when liquid is formed and flow away at a later stage
(label ‘4’ in Fig. 5b).

In the QC samples the inner zone of grains indicated that Cu diffused
into the Al matrix, increasing the Cu content from 1 to 2.3 wt.% Consid-
ering the relative short time (about 5 min) exposed at T>TEU the fast
Cu diffusivity in Al is clear (around 5000 times faster than for Al in Cu
[3]). Therefore, at least two important phenomena are controlling the
pressureless densification and they can help to explain the behavior of
changing slope in the hot pressing of Alumix 13 materials: i) the high
reactivity between Al and Cu, enhanced by the presence of 0.5% Mg,
due to improvement of the Al sintering [4]; and ii) the high Cu diffusiv-
ity into Al to form the solid solution. The liquid phase is thus formed at
the beginning of the pressing when the Cu dendrites react with the Al
particles (also enhanced by the increase in contact pressure) spreading
out around the surface of the neighbouring particles.
Fig. 5. Pure Alumix 13 QC samples
The final compacted grain structure of pure Al-AS081 hot pressed
sample can be seen in Fig. 7c in the SEM micrograph. The white lines
are the etched grain boundaries but no evidence of liquid phase was
found at all. At hot pressing temperature of 630 °C only plastic yield-
ing and creep are the only possible mechanisms to deform the pure Al
powder particles and increase its densification [12].

Other consequence of the Saffil fibers tendency to agglomerate is
that during the hot pressing the fiber-fiber contacts are formed.
However, no damage or fractures could be detected in the final mate-
rials, as already noted in [13] for SiC fibers after similar hot pressings.
That is important when the aspect ratio of reinforcement must be
maintained.

The same structure of orthogonal plate-like phase was found in
the inner zones of the grains of the four composites. The optical mi-
crograph of Fig. 7a shows that the discontinuous segregated liquid
areas (rounded grey phases in the grain boundaries) were similar to
those found in Fig. 3a for the A13-1 sample. The same orthogonal
plate-like morphology as that found in pure Alumix 13 samples
A13-1 and A13-3 (Fig. 3c) was found in A13S5-1. The constant pres-
sure period of time (see Table 1) for A13-2 was roughly half the
time for the other specimens and this can be the reason why A13-2
did not show the above plate morphology. Therefore, the overexpo-
sure to PMAX is related to the formation of this inner coarse orthogo-
nal plates structure.

XRD analyses were recorded (Fig. 8) for pure Alumix 13 powder,
doped with pure Si powder for pattern reference, A13-x samples
from a) 577 °C and b) 630 °C.



Fig. 6. Alumix 13–5 wt.% Saffil pressureless sintered sample. b) backscattered electrons image of A13S5-3 hot pressed sample, c) SEM image of b).
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and the composite A13S5-1. The XRD results reveal the presence of
CuAl2 theta phase peaks for long-times constant pressure stage sam-
ples, that was for A13-1, A13-3 and A13S5-1 but no clear evidence of
that intermetallic phase in A13-2 was detected.
4.3. Densification at constant pressure

As explained above the exponent of n=2 was selected to plot
dD/dt vs.

D(1−D)/[1−(1−D)1/n]n and in Fig. 9 it is noted acceptable linear
straight fits were found for all cases.

It is mentioned Koike, Mabuchi and Higashi [21] observed by TEM
in-situ the formation of a liquid phase at 510 °C in a MMC based on
2124 AlCuMg alloy/Si3N4 whiskers reinforced. That material was
made previously by hot pressing and they found that the partial melt-
ing of grain boundaries allowed a better deformation of the whole
material. The fraction of liquid phase improved both grains rotation
and particle migration; which are the main mechanisms for super-
plastic deformation.

As it was considered in the Introduction section, the possibility to
use n=1 and n=3 was considered, thus both exponents were re-
placed in Eq. (3) for the highest hot pressing temperature, of
620 °C, for the composites. These plots are shown together with the
n=2 Power Law Creep plots in Fig. 9 and the curvature obtained
for n=3 (continuous line) is clear, meanwhile there is a good agree-
ment for n=1 (hollow circle points), better than for n=2. The n=1
Fig. 7. a) Optical micrograph of A13S5-1. b) SEM image of inner gr
exponent is representative for a Newtonian flow deformation consid-
ering the possible existence of retained liquid phase; therefore this
exponent can suggest that mechanism. It must be pointed out that the
range of dD/dt for which linear fittings were obtained in the present
work, is much larger than the previous fitting range in reference [7].

Fittings with n=1 and n=3 were also performed for the other
lower temperatures of 610, 600 and 580 °C, and there was a lack of
linearity. Therefore, the two possible mechanisms that control the
final densification under constant P and temperature are viscous
flow (n=1) and superplasticity n=2. When n=1 is inserted in
Eq. (3) it results in the following viscous flow expression (similar to
that for the hot pressing of glassy grains)

dD=dte P=3ηð Þ 1−Dð Þ ð4Þ

where η is the viscosity of the assumed liquid like or vitreous material
[7]. It is in agreement with the plot made for 620 °C data where a
good linear fit was obtained (open circles in Fig. 9). Finally, it must
be considered that the Eq. (4) was applied to the whole composite
material and further work is needed to model the reduction of plastic
volume fraction owing to ~4% of non-deformable ceramic reinforce-
ment. This modification could only modify slightly the slopes listed
in Fig. 9.

This is mainly related to the process of hot densification under pres-
sure and the matrices and the related composites are compared using
the above plastic-deformation models for porous metallic bodies.
ain A13S5-1. c) SEM image of pure AS081 hot pressed sample.



Fig. 8. XRD analysis corresponding to hot pressed samples, using Alumix 13 with pure
Si as reference.
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4.4. Konopicky behavior

In Table 2 are listed the Konopicky fitting parameters obtained
from Fig. 2, PC values, the yield stress at lower pressures (σYSI),
PbPC, and at higher pressures (σYSF). The ratio σYSF/σYSI represents
the hardening developed by the porous material during its densifica-
tion. Also the previous results [7] at 606 °C (Alumix 13) and 611 °C
(Alumix 13–11% Saffil) were included in Table 2.

During the increase of pressure stage the Konopicky plots, for the
four composites, showed also systematically the behavior of changing
slope as seen in Fig. 2. It is noted that PC values (Table 2) decreased
with the hot pressing temperature on composites but the hardening
ratio was almost constant (3 to 3.5).
Fig. 9. Power Law Creep plots correspondin
When σYSI values (A13-2/A13-3 and A13S5-2/A13S5-3, Table 2)
are compared at 600 and 610 °C it is clear the addition of 5 wt.% of
Saffil fibers increases the yield stress of the composites. The extra
pressure is needed to deform plastically the particles during the filling
of the volume gap or clusters made of fibers. A13-3 sample showed a
well defined behavior of changing slope and its σYSF/σYSI ratio is
slightly lower than that for the composites. Thus the fibers addition
also developed a hardening in composite A13S5-3 for P>PC. There-
fore, it seems that for the composites the liquid phase filled nearly
completely the inter-fiber agglomerate- voids also activating the
load transference mechanisms between heterogeneous fiber zones
and matrix.

4.4.1. Unreinforced matrices for PbPC
It is clear the Al–Cu reaction takes place already in the lower level

of pressure during the ramp of pressure stage. QC experiments
showed the extensive liquid flow between Al particles without any
external pressure. During lower pressures in hot pressing, the pres-
ence of transient liquid phase enhances the relative movement be-
tween Al particles. That is to say, the rearrangement of particles, the
consecutive plastic deformation, and finally, the densification of the
whole porous material would be improved. In terms of strength the
yield stress should decrease as compared to aluminum without liquid
phase. When the densification of Alumix 13 for PbPC is compared
with pure Al (AS081), using the same Konopicky plot, a clear-cut is
made. Fig. 10a shows the decrease of Alumix 13 slope when the
straight line belonging to AS081 is shifted (shaded line) for compara-
tive purpose to Alumix 13 Konopicky plot. The A13-3 (610 °C) slope
is 1.75 times lower than AS081 up to 7 MPa (Table 2), and it must
be also noted that AS081 was hot pressed at a temperature 20 °C
higher than that for A13-3. To reach those 7 MPa at least 50 s are
needed, thus allowing the Al–Cu reaction followed by the liquid
flow. Considering that AS081 and Alumix 13 aluminum particles are
similar (both obtained by atomization, with the same Al purity) no
other mechanism induces the softening of Al particles belonging to
Alumix 13. Therefore, it can be said that the Al–Cu liquid phase en-
hances the densification of Al particles during the hot pressing at
lower pressures. The quantity of present liquid depends on Al [22]
and Cu particles sizes and temperature [4].

4.4.2. Unreinforced matrices for P>PC
The second result from QC experiments was the rapid Cu diffusion

into the Al matrix, which reduces the Cu content from the liquid
phase. According to Fig. 9a, in A13-3 for pressures higher than PC,
g to Alumix 13 composites materials.



Fig. 10. Comparative Konopicky plots for a) pure matrices and b) composite materials.
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the Al–Cu alloy is formed rapidly and an increase in the yield stress
σYS is obtained (Table 2). This hardening behavior was evident, but
the most important feature is that the straight linear Konopicky plot
was maintained. Therefore, for pressures above PC, Konopicky is still
controlling the densification of the whole material. In summary, two
processes take place during increasing pressure for the Alumix 13
powders because of the presence of the liquid phase: a softening be-
fore Pc and a hardening due to the rapid diffusion of Cu in the alumi-
num matrix for P>PC.

It was assumed that the hardening is mainly due to alloy forma-
tion. This is easy to analyse when the same Konopicky plot again is
compared with pure Al. Comparative hot pressing of pure AS081 at
630 °C (grey circles in Fig. 10a) resulted with lower yield stresses
compared with that for A13-3. Furthermore, beyond 8 MPa for pure
Al a clear softening behavior (negative curvature of Konopicky plot
for AS081 in Fig. 10a) can be observed, opposite to the hardening
showed by A13-3 material after the break slope.

4.4.3. Composites
Same previous Konopicky plots comparison can be done between

composites materials based on different matrices: pure Al and
Alumix13. Fig. 10b shows that a single straight slope is obtained dur-
ing the ramp of pressure stage when composite AS081 with 5 wt.%
Saffil is pressed at 630 °C. This slope equivalent to σYS=18.8 MPa
resulted double than 9.3 MPa (Table 2) corresponding to lower pres-
sures σYSI for the composite A13S5-4. It is noteworthy that this
softening of the Alumix composite happened at temperature 10 °C
lower than for AS081 composite (630 °C). In similar way as for the
unreinforcedmaterials, for higher pressures than PC the hardening devel-
oped by the A13S5-4 due to Cu diffusion into the Al, increased its slope to
1.7 times higher than for the pure Al composite. Therefore same behavior
developed by Alumix 13 material is observed for the composites.

5. Conclusions

High density hot pressed samples at 580, 600 and 610 °C were
obtained starting from mixture of elemental particles to give (wt.%)
Al–4.5 Cu 0.5 Mg and 0.2 Si nominal composition (Alumix 13). Also
5 wt.% Saffil short fibers reinforced composites were hot pressed at
580, 600, 610 and 620 °C.

Konopicky plastic model allowed to fit the ramp of pressure stage
densification of both materials: unreinforced matrix and composite.
Such plots for the matrix at 610 °C gave two slopes (called ‘behavior
of changing slope’ at P=PC), steeper for pressures higher than PC.
That break in Konopicky plot means a hardening mechanism devel-
oping, which can be induced by the formation of solid solution due
to the rapid Cu diffusion from liquid phase into the Al matrix grains.
Also, this behavior of changing slope was observed systematically
for the four composites.
In the hot pressings at pressures smaller than PC, it seems that the
formation and spreading of Al–Cu liquid phase enhances the densifi-
cation for both materials: unreinforced metals and composites. That
is, owing to the quick reaction between Al and Cu the transient liquid
phase can work as lubricant improving the plastic deformation of Al
particles, with or without presence of Saffil fibers. It was clear from
Konopicky plots, that there were softening processes for Alumix 13
matrix for PbPC due to such liquid.

Using the Power Law Creep model the constant pressure stage for
the composites could be well fitted using power exponents of n=1
and n=2, which are related to Newtonian viscous flow and superplas-
tic densification mechanisms, respectively. Besides final hot pressed
composites samples retained an important quantity of solidified liquid
phase located in between the Saffil fibers agglomerates.
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