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ANALYSIS OF DENSIFICATION PROCESS AND STRUCTURE OF PM Al-Mg-Si-Cu-Fe AND Al-Zn-Mg-Cu-Sn ALLOYS

ANALIZA PROCESU ZAGĘSZCZANIA I STRUKTURY SPIEKANYCH STOPÓW Al-Mg-Si-Cu-Fe I Al-Zn-Mg-Cu-Sn

The paper is focused on the role of the pressing pressure on the densification behaviour of PM aluminium alloys.
Commercially aluminium based powders Al-Mg-Si-Cu-Fe and Al-Zn-Mg-Cu-Sn were used as materials to be investigated. The
apparent density of the powder mixes was determined according to MPIF St. 04. A set of cylinder test specimen 55×10×10 mm3

was uniaxially pressed in a floating hardened steel die. Compaction pressures ranged from 50 MPa up to 700 MPa. Considering
the densification of metal powders in uniaxial compaction, quantification of aluminium compaction behaviour was performed.
The compressibility behaviour was evaluated, considering the effect on specimens, as well as on their microstructure.

The development of compressibility values with pressing pressure enables to characterize the effect of particles geometry
and matrix plasticity on the compaction process.
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Przedmiotem pracy jest wpływ ciśnienia prasowania na zagęszczanie proszków stopów aluminium. Materiałem badanym
były komercyjne proszki aluminium Al-Mg-Si-Cu-Fe I Al-Zn-Mg-Cu-Sn. Gęstość pozorną mieszanek proszków określono
według MPIF St.04. Cylindryczne próbki 55×10×10 mm3 ściskane były jednokierunkowo w samonastawnej matrycy z harto-
wanej stali. Nacisk wahał się od 50 MPa do 700 MPa. Biorąc pod uwagę zagęszczenie proszków metali w trakcie prasowania
jednoosiowego, przeprowadzono kwantyfikację zagęszczania aluminium. Oceniono zachowanie ściśliwości biorąc pod uwa-
gę wpływ na próbki, jak również na ich mikrostrukturę. Zestawienie wartości ściśliwości z ciśnieniem prasowania pozwala
scharakteryzować wpływ geometrii cząstek i plastyczności matrycy na proces prasowania.

1. Introduction

Powder metallurgy (PM) is an advanced metal form-
ing technique used to fabricate precision products in a
near-net-shape form [1, 2]. Fundamental stages of this process
include blending of powder, delivery of powder into the die
(die filling); powder transfer (principally for multilevel com-
ponents); powder compaction; ejection from the die; sintering;
secondary operation (other plastic deformation processes, or
heat treatment processes, and sizing). As a near net shape
processes, it can produce components, typically of small size
and of complex shape, with high precision at low cost lev-
el. The requirements on complex properties (i.e. high tensile
strength with adequate plasticity and weight ratio) in automo-
tive industry provide an increasing role for aluminium alloys
also in the PM market. The car industry is the most lucrative
market for PM aluminium alloys. These light weight materials
are expected to replace iron and steel parts in automobiles in
order to reduce weight, increase fuel efficiency and also reduce
exhaust emission.

However, on the market, there are not many PM products
available. The lack of commercially available ‘press and sinter’

aluminium alloys corresponds to a narrow range of mechanical
properties [3]. Various consolidation routes are used for sig-
nificantly enhancing mechanical properties, mainly deforma-
tion processes which have significant shear stress components:
extrusion, sinterforging, uniaxial hot pressing, hot isostatic
pressing; and non-conventional consolidation methods such
as microwave sintering, field assisted sintering methods, and
shockwave consolidation; as well as severe plastic deformation
processes (SPD) [4].

In the PM area, SPD is a relatively new technological so-
lution for achieving high strength [5-7]. However, significant
improvements in basic material properties are not necessari-
ly accompanied with comparable improvements in properties
such as fatigue and wear resistance that depend more sen-
sitively on highly localized defects [8-11] and the presence
of microstructural inhomogeneities [12, 13]. Strain induced
voids/porosity may fundamentally limit the enhancements that
can be achieved in these properties. In order to precisely eval-
uate the powder behaviour, new approaches are necessary,
including the investigation of powder behaviour, nano/micro
technique for identification of microstructural inhomogeneities
in PM materials [14-18], as well as mathematical and com-
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puter simulation [19-22], mainly in the description of densifi-
cation behaviour after SPD process.

Despite the aforementioned processes and their mechani-
cal properties enhanced, the rigid die compaction is still
widely employed for the production of PM parts, mainly
due to cost effectiveness reason. In order to fully evaluate
the powder compressibility, the relationship between densi-
ty or porosity and the applied pressure as well microstruc-
ture evolution during compaction are crucial steps for a
complete knowledge of the first step of the traditional PM
process.

2. Experimental conditions

Commercial ready-to-press aluminium based powders
(ECKA Alumix 321 and ECKA Alumix 431) were used as
materials to be investigated. The microstructures of basic pow-
ders are presented in Fig. 1 (Al-Mg-Si-Cu-Fe) and Fig. 2
(Al-Zn-Mg-Cu-Sn).

Fig. 1. The microstructure of the as-receive aluminium
Al-Mg-Si-Cu-Fe powder

Fig. 2. The microstructure of the as-receive aluminium
Al-Zn-Mg-Cu-Sn powder

Formulations of the tested alloys are presented in Table 1
(wt. %).

Particles size distribution, usually representing the mass
percentage retained upon each of series of standard sieves of
decreasing size and the percentage passed by the sieve of finest
size, was carried out by sieve analyzer according to ISO 4497.
The apparent density of powders was determined according

TABLE 1
Chemical compositions of investigated PM aluminium alloys

Alumix 321

Al lubricant Mg Si Cu Fe

balance 1.50 0.95 0.49 0.21 0.07

Alumix 431

Al lubricant Mg Zn Cu Sn

balance 1.56 2.6 5.8 1.7 0.23

to MPIF Standard 04. The tap density of powders was de-
termined according to MPIF Standard 46. Specimens were
obtained using a 2000 kN hydraulic press, applying different
pressures from 50 MPa to 700 MPa. A set of cylinder test
specimen 55×10×10 mm3 was uniaxially pressed in a floating
hardened steel die. The green compacts were weighed with an
accuracy of ±0.001 g. The dimensions were measured with a
micrometer calliper (±0.01 mm). The following compressibil-
ity equation [23-25] was used:

P = P0 · exp (−K · pn) [%] (1)

where:
P [%], porosity achieved at an applied pressure p;
P0 [%], apparent porosity calculated from the value of

experimentally estimated apparent density:

P0 =

[
1 − ρa

ρth
· 100

]
[%] (2)

p [MPa], applied pressure;
K [-], a parameter related to particle morphology;
n [-], a parameter related to activity of powders to den-

sification by the plastic deformation only.
Using the linear form of equation (1):

ln
[
ln

(
P0

P

)]
= − ln K + n · ln p (3)

The parameters K and n can be calculated by linear regression
analysis. A linear relationship between the parameters K and
n was found and described in [24]:

ln K = f (p) : ln K = a − b · n (4)

where:
a=1.432;
b=7.6;
correlation coefficient r=0.9665.

3. Results

The measured characteristics of the as-received alumini-
um powders are presented in Table 2 and Table 3, where the
particle size distribution of both investigated aluminium alloys
are reported. It can be seen from the results that the largest
fraction of particles for the investigated material is in range
of 63 to 100 µm. Particle size distribution of investigated alu-
minium alloys are presented in Table 2 and Table 3.
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TABLE 2
Particle size distribution of investigated Al-Mg-Si-Cu-Fe aluminium

alloy

Size fraction [µm] Fraction [%] St. deviation

200-250 1.4 1.6

160-200 7.3 0.7

100-160 28.7 8.7

63-100 48.8 7.3

45-63 8.8 3.5

<45 5 5

TABLE 3
Particle size distribution of investigated Al-Zn-Mg-Cu-Sn

aluminium alloy

Size fraction [µm] Fraction [%] St. deviation

200-250 1 1.4

160-200 3.4 0.9

100-160 26.2 8.3

63-100 31.2 8.5

45-63 17.2 5.3

<45 21 7.1

Variations in particle size distribution and consequently
in the uniformity of powder mixes significantly influence the
specimens’ density and the mechanical properties including
strength, wear and fatigue. Therefore, particle size distribution
strongly affected apparent and tap density (Table 4). The finer
Al-Zn-Mg-Cu-Sn alloy achieved three times higher tap density
than Al-Mg-Si-Cu-Fe alloy. For example, the powders with a
higher tap density generally have a lower sintered density than
powders of similar size but different shape. The smaller the
particles the greater the specific surface of the powder system
is. Reference [26] suggested that this phenomenon increases
the friction between particles and subsequently decreases the
apparent density.

Table 4 reports the density properties of the studied sys-
tems.

TABLE 4
The fundamental density properties of investigated aluminium alloys

No. ρa [g.cm−3] ρt [g.cm−3] i [-] ρth [g.cm−3]

Al-Mg-Si-Cu-Fe 1.09 1.25 1.15 2.6229

Al-Zn-Mg-Cu-Sn 1.10 3.9 1.23 2.7213

ρa is the apparent density, ρt is the tap density, i is the ratio ρth/ρa.

Table 5 shows the compressibility behaviour of the inves-
tigated systems.

According to data listed in Table 5, the compressibility
parameter n is related to the activity of powders to densifi-
cation by the plastic deformation. In case of powders with
high plasticity, n is close to 0.5; in case of low plasticity, n is
close to 1. The results show excellent trends for both alumini-

um alloys. Al-Mg-Si-Cu-Fe alloy (n = 0.5614) shows a high-
er ability to plastically deform than Al-Zn-Mg-Cu-Sn alloy
(n = 0.6599).

TABLE 5
Compressibility parameters of investigated aluminium alloys

No. Po [%] K 10−2 [-] n [-] p1 [MPa] r [-]

Al-Mg-Si-Cu-Fe 58.44 11.01 0.5614 57.86 0.9821

Al-Zn-Mg-Cu-Sn 59.58 3.82 0.6599 167.30 0.9943

p1 represents the fictive pressure.

The effect of powder morphology also reflects in the
values of the compressibility parameter K , which is low-
er for Al-Zn-Mg-Cu-Sn (K = 3.82·10−2) than for system
Al-Mg-Si-Cu-Fe (K = 11.01·10−2). The difference between
the Al-Mg-Si-Cu-Fe and the Al-Zn-Mg-Cu-Sn system is con-
nected to the effect of particle geometry (represented by par-
ticle size distribution). It is very important to note that the
lubrication of aluminium powder during compaction and ejec-
tion has to be considered, since it has a strong tendency to
stick to the tooling [27-29].

Fig. 3 shows the relationship between experimental and
calculated data according to the aforementioned equations.

Fig. 3. Compressibility of both aluminium alloy

Compressibility of the Al-Mg-Si-Cu-Fe alloy is slightly
higher than that of the Al-Zn-Mg-Cu-Sn alloy, mainly in the
area of pressing pressures from 100 to 500 MPa.

The compressibility equation (1) enables to calculate the
pressure p1 needed for achieving almost close to zero poros-
ity, only by particle movements. The results show a shift-
ing from 167.3 MPa (Al-Zn-Mg-Cu-Sn) to 57.86 MPa for
Al-Mg-Si-Cu-Fe.

The unetched microstructures after pressing are shown in
the following figures.

Fig. 4a, b presents the typical microstructures for low
pressures when the densification of the powder occurs by
particle rearrangement (translations and rotations of particles)
providing a higher packing coordination. Lower pressure cre-
ates high volume of porosity. Using low pressure may lead to
edge blunting and porosity agglomeration, consequently a low
green strength was found. This is clear visible, mainly in the
microstructure of Al-Zn-Mg-Cu-Sn alloy.
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Fig. 4.a Microstructure of aluminium alloys at 50 MPa,
Al-Mg-Si-Cu-Fe

Fig. 4.b Microstructure of aluminium alloys at 50 MPa,
Al-Zn-Mg-Cu-Sn

After the finishing of particle rearrangement, the elas-
tic and plastic deformation of particles starts through their
contacts. Fig. 5a, b presents the detailed microstructures with
small work hardened areas by implication of plastic deforma-
tion.

Fig. 5.a Microstructure of aluminium alloys at 200 MPa,
Al-Mg-Si-Cu-Fe

Fig. 5.b Microstructure of aluminium alloys at 200 MPa,
Al-Zn-Mg-Cu-Sn

Fig. 6.a Microstructure of aluminium alloys at 400 MPa,
Al-Mg-Si-Cu-Fe

Fig. 6.b Microstructure of aluminium alloys at 400 MPa,
Al-Zn-Mg-Cu-Sn

Fig. 6a, b shows that the contact area between the par-
ticles increases and particles undergo extensive plastic defor-
mation in both aluminium alloys. During compaction the par-
ticles deform following to the formation of solid interfaces at
the point or planar particle contacts “compaction facets” [30],
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representing areas with elevated free energy. Thus, the po-
tential areas for nucleation and growth of inter-particle necks
during the sintering are increased. In terms of compressibility,
the pressing pressure of 400 MPa seems to be appropriate for
achieving the desirable cold welding.

The final stages of densification of powder particles under
the pressure of 600 MPa are presented in Fig. 7a, b (optical
microscopy).

Fig. 7. a Microstructure of aluminium alloys at 600 MPa,
Al-Mg-Si-Cu-Fe, Al-Zn-Mg-Cu-Sn, optical microscopy

Fig. 7.b Microstructure of aluminium alloys at 600 MPa,
Al-Mg-Si-Cu-Fe, Al-Zn-Mg-Cu-Sn, optical microscopy

4. Discussion

It is clear from the results, that the Al-Mg-Si-Cu-Fe
system has a cold welding development bigger than the
Al-Zn-Mg-Cu-Sn one. This is confirmed by the results of
compressibility parameters K and n, as well as microstructure
investigation. Compressibility parameters K and n cover the
plastic deformation processes performed during pressing as
well as those defined by the physical significance. Moreover,
they allow to quantify the intensity of the development of
compaction facets. The geometrical properties are represented
by powder particles shape and distribution (powder particle

morphology); since the compressibility parameter K, which is
related to powder particles shape and distribution, is difficult
to be evaluated directly, the measurement of microhardness
values can provide its indication. Plastic properties of powder
particles cover the compressibility parameters n in consid-
eration of FEM analysis, as presented in [13]. Therefore, the
dimensions of particle contact areas – compaction facets – de-
pend primarily on particle shape and the localization of plastic
deformation depends on surface geometry and pressure level.
This means that the compaction facets, as results of overall
compressibility effect, depend on granulometry, compaction
pressure, and particle surface roughness form discontinuous
adhesive and mechanical particle contacts.

In a number of materials densified by plastic flow,
cusp-shaped pores <1 µm in size have been observed. The
radius of material on the pore surface is much smaller than
the particle radius. The material surrounding the pore has a
shape typical of atomized produced powders (Fig. 8a, b). Plas-
tic deformation of powder particles leading to intimate contact
between oxide- and/or contamination-free surfaces results in
the formation of chemical bonds and adhesion.

Fig. 8. a Microstructure of aluminium alloys at 600 MPa,
Al-Mg-Si-Cu-Fe, Al-Zn-Mg-Cu-Sn, scanning electron microscopy

Fig. 8.b Microstructure of aluminium alloys at 600 MPa,
Al-Mg-Si-Cu-Fe, Al-Zn-Mg-Cu-Sn, scanning electron microscopy

In terms of porosity, the pore radius decreases with
deformation. It means that pressing pressure supported the
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porosity closure. Such cusp-shaped pores are less stable un-
der applied pressure than the spherical pores formed by
diffusional flow, considered reference [26]. What in prin-
ciple opposes the closure of cusp-shaped pores is the in-
creasing surface tension force on the concave surfaces, re-
sulting in LaPlace compressive stresses on these surfaces.
At very high pressing pressure delaminated (cracking across
the particle, Fig. 9) specimens were failing in the inves-
tigated systems; this is basically due to the work harden-
ing effect. On the other hand, very low pressure was not
able to create sufficient compact. These microstructure ex-
aminations correspond to the compressibility results as well
as fictive pressure p1 (167.3 MPa for Al-Zn-Mg-Cu-Sn and
57.86 MPa for Al-Mg-Si-Cu-Fe). These results open the ques-
tion of “fitness” using the lower pressure for compressibil-
ity evaluation. By reason of a proper compressibility para-
meters is appropriate to use various pressing pressure from
lower (50 and 100 MPa) up to higher level (700 MPa).
When is possible to find the “boundary” conditions for plas-
tic deformation behaviour of investigated materials, consid-
ering that these aforementioned pressing pressure provide a
scatter of results, but is necessary to take it in the calcula-
tion.

Fig. 9. Microstructure of aluminium alloys Al-Mg-Si-Cu-Fe

5. Conclusion

Considering the densification of metal powders in uniaxi-
al compaction, quantification of aluminium compaction behav-
iour was studied. The evaluation of compressibility values with
pressing pressure enables to characterize the effect of particles
geometry and matrix plasticity on the compaction process that
is confirmed by microstructure evaluation. The presented re-
sults exhibit a high value of plasticity, as a property related to
compressibility, and consequently promising compressibility
data in terms of industrial potential are obtained.
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