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Abstract

The study demonstrates a high-temperature wear of extrusion die during hot pressing
of in-situ and ex-situ Al metal matrix composites (MMC). The in-situ Al-10.5vol.%AlN and
ex-situ Al-10.5vol.%SiC with high Young’s modulus are fabricated by powder metallurgy ap-
proach. The composite microstructure and the mechanical properties are characterized. Die
wear during hot extrusion of MMC is quantified by the increase of radius of a worn edge
as a function of the distance of extruded bars. In-situ Al-AlN exhibited a significantly lower
abrasive effect in addition to higher mechanical properties compared to ex-situ Al-SiC.
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1. Introduction

Al-based MMC are attractive structural materials
for use in aerospace, automotive and other industrial
sectors [1, 2]. Al MMC possess good mechanical and
physical properties, such as high specific strength and
Young’s modulus (E), a low coefficient of thermal
expansion, and an increased wear resistance [3, 4].
The use of Al MMC with a high specific E leads to
a significant weight reduction. Conventionally, stiff-
ening phase in Al MMC with high E is introduced
ex-situ typically as ceramic particulates, wherein SiC
is the most popular because of its relatively high E
and strength, good availability and low price [5, 6].
Traditional ex-situ Al MMC suffer from the problem-
atic introduction of reinforcement, the damage of re-
inforcement and undesired interfacial reaction [3, 7].
Moreover, the minimum size of particulates, which can
be homogenously dispersed in the matrix, is limited
to ∼ 1–10 µm. Consequently, coarse and abrasive ce-
ramic particulates promote wear of production and
post-processing tools [8, 9]. This becomes pronounced
for thin-walled profiles fabricated by hot extrusion.
Extrusion die wears quickly with a consequence of not
meeting required dimensional tolerances. For this rea-
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son, expensive extrusion dies have to be frequently
replaced. It was shown that coating of extrusion dies
suppresses a wear [10]. However, long term experience
with industrial scale mass production of AlSi MMC
extrudates proved that various coatings applied onto
large and complex shape dies are inefficient in real
operation [11]. This motivates the development of Al
MMC fabricated in-situ, where disadvantages men-
tioned above can be avoided to a large extent. Nu-
merous studies confirmed a benefit using in-situ Al
MMC in terms of their beneficial mechanical and phys-
ical properties, creep and fatigue life performance, etc.
[12, 13]. Though, information on the wear of produc-
tion tools during fabrication of in-situ Al MMC at
elevated temperatures lacks. For this purpose, in this
study Al MMC stiffened with nano-scale AlN were
fabricated in-situ. AlN is an attractive reinforcement
for Al MMC as it features interesting properties sim-
ilar to SiC, such as high E and strength, low den-
sity, low thermal expansion, and good wear resistance
[14–16]. Furthermore, AlN is wetted by molten Al
but does not react with it, where problems related
to interfacial reactions, as with Al-SiC, are avoided.
In the present work, the tribological behavior of ex-
trusion die by in-situ Al-AlN at elevated tempera-
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Ta b l e 1. Mechanical properties of the composites. The breakthrough (Pmax) and minimal (Pmin) pressures determined
during extrusion of composites

Composite YS0.2 (MPa) UTS (MPa) ε (%) E (GPa) Pmax (MPa) Pmin (MPa)

Al-AlN 210 ± 3 496 ± 5 2 ± 0.2 82.6 ± 1 637 420
Al-SiC 9 µm 114 ± 4 155 ± 4 11 ± 0.4 84.1 ± 0.9 732 555
Al-SiC 3 µm 125 ± 3 172 ± 5 11 ± 0.3 81.8 ± 1.3 532 358

Fig. 1. (a) The drawing of the extrusion die and (b) the
detail of worn edge on a die inlet.

ture is studied and attempted to quantify, and spe-
cific comparison to ex-situ Al-SiC with comparable E
is made.

2. Experimental

To produce in-situ Al-AlN the Al (< 63 µm), Mg
and Sn powders were used. Porous powder precur-
sors were nitrided in flowing nitrogen in order to ob-
tain 10.5 vol.% of AlN [17]. To produce ex-situ Al-
-10.5 vol.%SiC the Al (< 63 µm) and two different SiC
powders (d50 = 3 and 9 µm) were used [18]. The Al-
-AlN and Al-SiC blanks were consolidated by direct
extrusion (DE) realized at 450◦C into ø 4.5mm diam-
eter rods using a 180◦ nozzle die with an extrusion
ratio of 44 : 1 (Fig. 1a). DE of one powder blank re-
sulted in the extruded bar with the length of ∼ 6m.
Three identical extrusion dies were manufactured from
DIN X38CrMoV5-1 hot work tool steel (Böhler W300)
with the resulting HV = 5737 ± 29MPa and the av-
erage roughness Ra of 0.8 µm after heat treatment.
Each die was used separately either for the extru-
sion of Al-AlN or Al-SiC powder blanks. After DE
of one, three and five powder blanks the dies were
cleaned from Al remnants by etching in NaOH solu-
tion. Cleaned dies were subjected to microstructural
characterization. The extrusion pressure was moni-
tored during DE. The density of MMC was measured
using the Archimedes’ principle. The microstructural
characterization of MMC and dies was carried out us-
ing light microscopy (LM), transmission electron mi-
croscopy (TEM) and scanning electron microscopy
(SEM) with energy dispersive spectrometry (EDS).
Changes of the edge radius (r) on the inlet of the

extrusion die (Fig. 1b) were determined from SEM
images based on measurements taken at four different
spots around inlet perimeter. Tensile tests were con-
ducted using tensile bars with a gauge of ø 2–20mm.
The E of the extruded MMC was determined using
dynamic mechanical analysis (DMA), a 3 point bend-
ing test using 2.5 × 2.5 × 55mm3 specimens.

3. Results and discussion

A small residual porosity of 0.3 and 0.1% is con-
firmed for Al-AlN and Al-SiC, respectively. The mi-
crostructure of Al-AlN consists of two distinctive re-
gions: (i) Al matrix and (ii) N reach bands (Figs. 2a,b).
The elongated bands form as a result of shared ni-
trided shells on Al powder particles during DE. TEM
reveals the composite character of the bands areas
(i.e., fractured nitrided shells), where AlN crystals are
embedded in Al matrix (Figs. 2c, d). The AlN par-
ticles have the size of tens or hundreds nm. Ex-situ
Al-SiC is characterized by sharp edged SiC particles
uniformly dispersed in Al (Figs. 2e,f). The SiC parti-
cles neither crack nor get distinctly arrayed or elon-
gated along extrusion direction upon consolidation.
Despite to a rather high shear deformation induced
during DE (true strain ∼ 3.8), the fine SiC particles
in Al-SiC (3 µm) have tendency forming agglomer-
ates. Even though a formation of SiC (3 µm) clusters
is indistinctive, it can be expected that utilizing SiC
particles finer than 3 µm would enhance formation of
clusters.
Table 1 summarizes the mechanical properties

of studied MMC. The E, as important mechanical
property, is comparable for both Al-AlN and Al-SiC
MMC. 10.5 vol.% of AlN and SiC yields ∼ 20% in-
crease of E compared to the unreinforced Al matrix.
Al-SiC 3 µm shows slightly lower E compared to
Al-SiC 9 µm. This can be attributed to observed clus-
tering of finer SiC 3 µm particles in Al matrix. Al-AlN
shows the relatively high value of the 0.2 % strain
offset yield stress (YS0.2) of 210MPa and ultimate
tensile strength (UTS) of 496MPa accompanied with
relatively low total elongation (ε) of 2 %. This is at-
tributed to in-situ nature of AlN, which contributes
to good interfacial bonding and load transfer between
Al matrix and AlN crystallites. Both Al-SiC exhibit
comparable YS0.2, UTS and ε. Compared to Al-AlN
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Fig. 2. Al-10.5 vol.%AlN: (a, b) SEM micrograph with the EDS elemental map of N (green) and Al (yellow), and (c,
d) TEM micrograph with the corresponding dark field image showing nanoscale AlN crystals. LM micrographs of (e)
Al-10.5 vol.%SiC 3 µm and (f) Al-10.5 vol.%SiC 9 µm. All micrographs show composites in the longitudinal direction. The

arrows represent the extrusion direction.

the strength of Al-SiC deteriorates significantly. Con-
versely, the ε of Al-SiC increases to 11%. An inferior
ductility of Al-AlN is due to fractured nitrided shells
at Al grain boundaries.
Figures 3a–d demonstrate wear of inlet edge on the

extrusion dies after pressing of 30 m composite bars.
It is assumed, that the inlet edges are perfectly sharp
(r = 0 µm) on new as-fabricated dies (Fig. 3a). Appar-
ently, extrusion dies made of hard tool steel get worn
heavily during DE of both ex-situ Al-SiC (Figs. 3c,d),

where the dominant wear mechanism is abrasion with
cracking of plastically deformed material between fur-
rows. On the contrary, the inlet die edge after extru-
sion of Al-AlN is plastically deformed without signs of
abrasion from AlN particles (Figs. 3b). These differ-
ent mechanisms reflect the measured r values as the
function of reinforcement size and shape. The wear
rate, represented by an increase of the r over the
distance of extruded bar, is nearly linear for Al-AlN
and linear/parabolic for both Al-SiC (Fig. 4). Extru-
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Fig. 3. SEM micrographs of the inlet edge of (a) as-fabricated extrusion die and the dies after extrusion of 30 m (b)
Al-AlN, (c) Al-SiC 3 µm and (d) Al-SiC 9 µm composite bars. White arrows illustrate the radius of worn edge.

Fig. 4. Wear of extrusion dies represented by the radius
(r) of a worn inlet edge as the function of the extruded

length of Al-AlN and Al-SiC composite bars.

sion of 30 m long bar fabricated from Al-SiC 9 µm
leads to a high value of an average r = 79 µm. Al-
SiC with finer 3 µm SiC particles yields slightly re-
duced wear of die, which corresponds to r = 55 µm.
It is apparent that after extrusion of rather small

quantity (30 m) of the highly abrasive Al-SiC extru-
sion die wears quickly and has to be changed in rela-
tively short periods, in order to maintain required di-
mensional tolerances. It is expected that MMC which
utilize finer SiC than 3 µm would result in less pro-
nounced wear. Though, for homogenous dispersion of
such fine SiC particles in Al matrix, high energy and
time-consuming blending methods are required, which
significantly increase costs and productivity. Al-AlN
are significantly less abrasive and result only in r =
4 µm, what is being more than one order of magni-
tude less compared to Al-SiC. In order to exclude the
effect of different contact pressure during extrusion of
different MMC the extrusion pressures at the break-
through event (Pmax) and the point of extrusion termi-
nation (Pmin) are monitored (Table 1). The reason for
Pmax >Pmin is a decrease of frictional forces as less
and less material remains present in extrusion press
container upon pressing. The extrusion pressures are
highest for Al-SiC 9 µm and lowest for Al-SiC 3 µm.
Despite the highest strength, the extrusion pressures
of Al-AlN are between those determined for Al-SiC.
Furthermore, it was shown that the extrusion pres-
sure is not an important factor affecting a die wear
[19, 20]. Based on these results, it can be concluded
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that a wear of extrusion die in this study is mostly
a function of size and morphology of reinforcing par-
ticle.

4. Conclusions

Wear of extrusion dies during hot compaction
of high E in-situ Al-10.5 vol.%AlN and ex-situ Al-
-10.5 vol.%SiC was assessed. Al MMC with nano-scale
AlN possessed superior mechanical strength and equal
E compared to ex-situ Al-SiC. A die wear was quanti-
fied by the measuring of a worn radius after hot extru-
sion. Worn radius gradually increased with the length
of extruded MMC bars (up to 30m). Extrusion of
Al-AlN accommodated more than one order of magni-
tude lower reduction of the worn radius. On the con-
trary, ex-situ Al MMC with micrometric SiC particles
led to quick and heavy abrasion of extrusion dies.
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