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Abstract
A unique method for producing aluminium matrix composite wires is the Blücher’s process, i.e. continuous 
gas-pressure infiltration. An essential condition of the process is that the fibre roving of the reinforcing fibres 
can be pulled across the orifices of the gas-pressure system with the least damage. The article describes a new 
test procedure that is capable of characterizing this essential functional property of the ceramic reinforcing 
fibres in a manner comparable and quantitative.
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1. Introduction

Since the early 2000s, a composite core has been 
used as a reinforcement in high-tension electrical 
conductors instead of a steel core. The advanta-
ges of the composite core are the lower coeffici-
ent of thermal expansion and the higher specific 
strength. The composite core reinforced electric 
conductors of overhead transmission lines have 
gained ground among cables that have very low 
sag even at high current (HCHS core). The leading 
type is the so-called aluminum conductor com-
posite core (ACCC) cable. In this cable the rein-
forcing core is made of carbon fiber re-enforced 
polymer matrix composite. In another important 
type of low sag electric conductors (ACCR; alumi-
num conductor composite reinforced), steel core 
wires are replaced by aluminum matrix ceramic 
fiber reinforced composite wires. The permissib-
le maximum temperature of this exceeds that of 
the ACCC cables. In fact, only two solutions were 
successful in producing aluminum matrix com-
posite wires: the first one is the Blücher process 
[1] which is based on continuous gas-pressure 
infiltration [2]. only this second is used on an in-
dustrial scale. As a key operation of the Blücher 
process, the fiber roving must be pulled across 

the gas-pressure system [3] containing the melt. 
In a fiber roving, more tows (thus untwisted fiber 
bundles) are combined.

The pullability of the reinforcing fibers as a func-
tional property has not been studied so far. This 
is because using continuous gas-pressure infilt-
ration is only possible for the Blücher process to 
produce composite wires, and research activities 
using this method have acknowledged that some 
types of reinforcing fibers cannot be used. For al-
most 15 years, a successful series of experiments 
on the production of carbon fiber reinforced com-
posite wires[4], could not be reproduced, and the 
purely aluminum-oxide ceramic fibers (e.g. Next-
el 610) have also been considered to be unsuitable 
for continuous gas-pressure infiltration. 

The pullability as a requirement for fibers ga-
ined importance when we started researching 
the applicability of the Dialed carbon fiber and 
CeraFib 99 ceramic fiber as a composite reinfor-
cing material. This article describes the method 
developed for determining the pullability of rein-
forcing fibers..
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2. The reinforcing fibers of the compo-
site wire

Only those materials in which the reinforcing 
material and the metallic matrix are separated 
during the entire manufacturing process [5, 6]. 
are called metal matrix composites. This is consis-
tent with Ashby’s definition: composites – that 
are, composite materials – are formed by compo-
sing two materials that are solids themselves and 
when the cohesive matrix is metallic then it is a 
metallic matrix composite [7].

When manufacturing aluminum matrix compo-
site wires with continuous infiltration, the fiber 
roving has to be infiltrated in its full cross-section 
with the molten metal [8]. Research activities for 
the provision of conditions for spontaneous infilt-
ration[9] were unsuccessful in terms of practical 
applicability, and although thousands of meters 
of composite wires were produced on the labora-
tory equipment, the Blücher process did not rea-

ch industrial application; this was only managed 
with a much slower, ultrasonic process  [2]. 

The aluminum matrix composite wires are ma-
nufactured by means of the Blücher process, by 
pulling across a special three-element orifice sys-
tem. The diameter of the orifices matches the fiber 
roving and the diameter of the composite wire to 
be produced. The fiber roving arrives at the inlet 
orifice under the pressurized chamber containing 
the melt, and their impregnation with the molten 
metal begins here. 

During the pulling across, the fiber roving is 
compressed at the entrance of the inlet orifice, the 
filaments contacting the orifice wall are strongly 
rubbed against the orifice wall, and there may be 
various mechanical effects between the fibers insi-
de the fiber roving which cause the fibers to be frac-
tured (Figure 1).

Experience has shown that even the filaments 
of easy-to-handle oxide ceramic fiber roving be-
come fragmented within (Figure 2). The roving 

Figure 1. Total width of the surface of the aluminum matrix composite wire (above) and a detailed view (bel-
ow); it can be seen clearly how the fibers on the surface are fractured 

Figure 2. Wire fractures inside the composite wire; polished longitudinal section of the composite wire on an 
optical micrograph 
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becomes fluffy, clogs the entrance of the orifice 
(Figure 3), and at the end pulls the orifice off or 
breaks it. Figure 3 shows the formation of fluffs 
at the 1.6 mm diameter graphite orifice when pul-
ling across the Dialed K63712 carbon fiber tow 
(the tow is an untwisted fiber bundle of numerous 
filaments), after burning off the sizing. The draw-
nin fiber pieces are caught by the central orifice, 
the entrance of which is immersed in the melt and 
gradually clogs the entrance (Figure 4), causing 
the roving to break.

Typically, the carbon fibers are characterized 
by fluffing, and when pulling the oxide ceramic 
fibers (Figure 5), the separation of the filaments 
from the roving is typical with breaking of the whole 
roving in the inlet or central orifice (Figure 6).

3. Experiments and tests 

It is clear from the foregoing that the critical 
point of the production of composite wires by 
continuous gas-pressure infiltration is the con-
ditions of pulling the fiber roving across, which 

Figure 3. Fluffing of the carbon fiber tow at the en-trance of the inlet orifice made of graphite

Figure 4. The optical and X-ray microscope image of 
the carbon fiber tow torn in the orifice

Figure 5. CeraFib 99 fiber roving fed into the inlet 
orifice, prepared for pulling across

Figure 6. The CeraFib 99 fiber roving in the process of 
tearing before the inlet orifice and then torn apart
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all together can be called pullability. Since an 
inadequate pullability in each case ends in the 
breaking of the fiber tow – or the whole fiber 
roving when more tows are used–, it may seem 
obvious that pullability could be characterized 
by some strength characteristic of ceramic fibers. 
However, neither the strength, nor the specific 
modulus [10–11] provided by the manufacturers 
suffice, because they say nothing about the brea-
king behavior of ceramic fibers due to shearing 
or bending load. For filaments, surface roughness 
(Figure 7) is a sensitive feature, but not for the 
fiber roving, because as it is pulled across, the 
pulling system simultaneously moves bunches of 
thousands of filaments in a fiber roving. 

The Al99.5+CeraFib composite wire producti-
on process consisted of pulling across a fiber ro-
ving comprising approximately 4000 filaments, 
consisting of 5 fiber tows (Figure 8).

In our earlier research it was found that the 
single-component (e.g. Al2O3) oxide ceramic or 
carbon fiber bundles are very fragile. The pullabi-
lity of single-component fibers can be so bad that 
during the 20 years of the active use of the Blücher 

Figure 7. Surface of filaments; a) Dialed K6372 car-
bon fiber, b) Zoltek carbon fiberl

Figure 8. Pulling across the fiber roving of five tows in 
the Blücher process
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process (until the end of 2014), no real amount 
of composite wire was produced from pure oxi-
de ceramic fibers (e.g. Nextel 610), and only one 
experimental series involving carbon fibers was 
really effective. In contrast, manufacturing from 
reinforcing fibers containing mullite and amorp-
hous silica (e.g. Nextel 440) worked with adequate 
stability to meet the industrial requirements.

For a long time, all this has been explained by 
the wettability problems, so research efforts have 
also focused on improving wetting. However, 
when we started to manufacture Dialed carbon 
fiber reinforced composite wires, the results of 
the ‘dry’ (without molten metal, at room tempe-
rature) pulling experiments performed during 
the development of the inlet orifice revealed that 
the biggest obstacle was not the weak wetting but 
the fragmentation and fluffing of the fiber roving. 
As a result of this discovery, the entire gas-pres-
sure system was completely transformed. In this 
major design, manufacturing, experimental and 
material testing work, our excellent post-gradua-
te students played a key role: Péter Törzsök and 
Károly Tihanyi. Thanks to their extraordinary 
work, the problem of manufacturing carbon fiber 
reinforced aluminum matrix composite wires has 
been solved, and 15 years after the first and only 
successful series of experiments [4] at Northeas-
tern University (Boston, MA, USA), we managed 
to repeat it in Budapest [12]. 

An important element of the solution was to dis-
cover the pullability characteristics of the fiber 
roving and to carry out the appropriate develop-
ment work to ensure the required pullability (the-
se results have not been published yet).

To characterize the pullability of fiber tows or 
roving, we developed a testing procedure: the 
so-called TPTK test. The essence of this is that a 
loop formed from the fiber bundle is drawn onto 
the edge of a tool with a polished surface, by uni-

formly pulling its two branches; the typical di-
mensions of the tool are shown in Figure 9 and 
the test arrangement is shown in Figure 10.

Figure 11 – the TPTK diagram – shows the chan-
ge of tensile force on two types of fiber tow. Du-
ring drawing, the filaments and the fiber tow 
itself break at the forced bending angle and bend-
ing radius. We look for the greatest force; this is 

Figure 9. The tool developed for testing pullability 
and the outline of the TPTK test

Figure 10. Mounting the tool developed for testing 
pullability in the tensile testing machine, 
using different fiber bundles as an exam-ple 

Figure 11. TPTK diagram of two types of reinforcing fiber
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the TPTK factor that represents a numerical cha-
racteristic of pullability.

Table 1. shows the max. force, namely the TPTK 
factor, characteristic of the pullability for six 
different reinforcing fibers.

4. Evaluating the results 
The TPTK diagram, of course, can be evaluated 

along a wide variety of alignment principles, in 
which the various features of the filaments – e.g. 
the number and cross-section of the filaments, 
the condition of the surface coating of the fiber 
tow, etc. – can be incorporated, but our experien-
ce shows that the maximum value of the pulling 
force measured during the TPTK test is perfectly 
suitable for characterizing pullability. 

However, we believe that using the TPTK test 
could provide meaningful information not only 
for a tow, but also for more tows containing fi-
ber roving, and also for individual filaments. The 
latter requires a measuring system such as the 
three-point bending test of the filaments [13] or 
the filament damage mechanisms due to slip and 
kink [14, 15].

Generally, in the manufacture of composite 
wires, depending on the wire diameter and the 

number of filaments of the tow, 5 to 20 tows must 
be combined in a fiber roving and fed across the 
inlet orifice into the gas-pressure system. 

During our many years of research, we have 
found that the increase of the number of combi-
ned tows (e.g. Nextel 440) in terms of well pullab-
le reinforcing fibers has no significant effect on 
pullability. At the same time, in the case of very 
fragile fibers, pullability is considerably deterio-
rated by the increase in the number of tows. Even 
when using up carbon fibers, the pullability of the 
fiber roving is deteriorated when the diameter of 
the composite wire requires the introduction and 
pulling across of more than one tow.

For this reason, we have evaluated the results 
of TPTK tests based on breakage of the fiber 
loops, that the force measured during the test is 
very appropriate indeed for the characterization 
of the pullability. Thus, the necessarily different 
tensions when combining multiple tows do not 
cause any disruptions.

5. Conclusions

Based on the results of the above-mentioned 
research work and its evaluation, we regard the 
following conclusions as important to emphasize.

In the production of aluminum matrix compo-
site wires by the Blücher process, the pullability 
of the reinforcing fibers shall be considered to be 
a basic functional characteristic. The technical 
meaning of pullability is that the fiber roving can 
be pulled through the orifices of the gas-pressu-
re system, especially in the inlet orifice, without 
fluffing and breaking of fibers causing fracture of 
the whole fiber roving.

A new test procedure was described for the cha-
racterization of pullability, which is based on a 
bending-pulling-shearing load of the closed loop 
formed from a piece of fiber tow under forced 
conditions, until full breakage occurs. For the 
quantitative characterization of pullability, the 
TPTK factor was introduced, which is the same as 
the maximum force measurable during the test.

Based on the pull-across experiments of the re-
inforcing fibers and the experiments on the pro-
duction of composite wires as well as the TPTK 
tests, it can be concluded that the production of 
composite wires by the Blücher process can only 
be successful if the TPTK factor of the selected re-
inforcing fiber is greater than 1. Accordingly, pure 
oxide ceramic fiber and carbon fiber tows with a 
low number of filaments should not be used. 

Fiber type Number of
filaments

Fmax (N)

Tyranno TY-S1A04PX 400 5,11

Tyranno TY-S1A04PX 400 5,05

Tyranno TY-S1A04PX 400 4,06

Dialead K1352U 2000 0,59

Dialead K1352U 2000 0,50

Dialead K1352U 2000 0,59

Dialead K63712 12 000 1,93

Dialead K63712 12 000 1,31

Dialead K63712 12 000 1,85

CeraFib99 468 0,21

CeraFib99 468 0,21

CeraFib99 468 0,17

CeraFib99 468 0,22

Nextel 440 750 2,49

Nextel 440 750 3,51

Nextel 440 750 2,49

Nextel 610 400 0,91

Nextel 610 400 0,83

Nextel 610 400 0,97

Table 1. Test data of six reinforcing fibers
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