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Abstract

The paper presents the designing, technology, and characterising mechanical and damping
properties of two types of structural components that might be useful in space applications.
The components (struts) were produced by the gas pressure infiltration of molten Mg into a
preform of continuous carbon fibres. For comparison, also a non-reinforced component from
pure Mg was prepared. Vibroacoustic tests showed that the samples reinforced with carbon
fibres had better damping – approximately two times higher loss factor (η = 0.0018 and η =
0.0021) than the cast Mg component (η = 0.0008). The bending tests confirmed the results
obtained by vibroacoustic testing and revealed that the stiffness of the reinforced structural
component was approximately six times higher than that of the unreinforced Mg material.

K e y w o r d s: metal matrix composites, magnesium matrix, carbon fibre, gas pressure infil-
tration, space application

1. Introduction

The main prerequisite for all structural compo-
nents launched onto orbit is the minimum weight,
which makes it possible to reduce the cost of over-
coming gravity to the lowest possible level. The load-
-bearing structures and fastening elements must be
strong and stiff and have low thermal expansion. To
stabilise space structures, good damping in a wide fre-
quency range is also needed to suppress mechanical
vibrations. In space applications, the modulus of elas-
ticity (E) of used materials needs to be maximised for
a given density (ρ), whereas suitable lightweight struc-
tural materials need to possess the highest E/ρ ratio.
The E/ρ ratio of traditional metals is practically the
same and far below that of optimized composites [1,
2].
As not all requirements can be met with conven-

tional materials, metal matrix composites (MMCs),
which provide good mechanical and thermophysical
properties at elevated temperatures, are used [3–5].
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Therefore, the future structural material should con-
sist of a lightweight, strong, and stiff reinforcement in
combination with a very light metal matrix. If the stiff-
ness of composite materials is to be comparable with
steel, carbon fibres with a modulus of elasticity higher
than 500 GPa can be used. The fibres have low density
and excellent mechanical and thermo-physical prop-
erties. However, it is important to orient them in the
direction of the expected load because in the direction
perpendicular to the fibre orientation, the properties
of the composite are much lower [6–10]. Combining the
carbon fibres with magnesium, one of the lightest con-
struction materials, with a density of 1.8 g cm−3, can
be obtained. These MMCs can meet the most severe
weight-saving criteria and are of paramount interest
in space-related activities. There is little knowledge
about Mg composites reinforced with ultra-high mod-
ulus (UHM) carbon fibres in literature sources. The
authors in [11], for instance, analysed the mechani-
cal properties of an Mg-2 wt.% Li matrix reinforced
with unidirectionally oriented T300 polyacrylonitrile
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Fig. 1. The 3D component made of the Mg-Cf composite.

(PAN) fibres and Granoc pitch-based carbon fibres
(∼ 45 vol.%). The effect of the interaction of fibres
with the matrix on the microstructure and mechani-
cal properties has been studied here.
Also, not many authors would venture into produc-

ing and testing 3D parts that may carry mechanical
and thermal loads. Therefore, the main objective of
this work was to design and produce a 3D-shape sam-
ple (strut joint) made of the Mg matrix reinforced with
UHM continuous carbon fibres and test its mechani-
cal and damping properties. Characterised and com-
pared were two types of samples – those reinforced
with carbon fibres and non-reinforced ones. The ul-
tralight structural material might find various space-
related applications, i.e., trusses, masts, frameworks
for launchers, platforms and planetary habitats, solar
arrays, attachment systems, kinematics mounts and
fasteners, components for robots, rovers, etc. [12, 13].

2. Materials and methods

2.1. Materials used

The design of the 3-dimensional structural part is
presented in Fig. 1. Dimensions of the component are
as follows: the diameter of the base plate and the stem
was 76mm and 11mm, respectively, and the overall
height of the strut was 100mm.
To produce the carbon fibre preform, several types

of carbon fibres were used (Figs. 2–5). Continu-
ous Granoc XN-90 pitch-type carbon fibres (Nippon
Graphite Fiber Corporation) were used for unidirec-
tional reinforcement of a stem/rod. The fibres have a

Fig. 2. Shaping in the Teflon tool of both the unidirectional
reinforcement made of Granoc fibres and the PAN-type C-

fibre fabric.

Fig. 3. The unidirectional reinforcement made of Granoc
fibres bound with polyvinyl alcohol.

high modulus of elasticity (860 GPa) and low density
(2.19 g cm−3). During the preform production, contin-
uous C-fibre bundles were immersed in a 5 wt.% aque-
ous solution of polyvinyl alcohol and inserted into a
Teflon tool. Approximately 80 carbon fibre bundles,
each with 6000 fibres, were used. Together with the
mould, they were partially dried and subsequently pre-
shaped to the form of the desired product that had a
circular shape at one side (Fig. 3). Subsequently, the
preform made of Granoc fibres was thoroughly dried
and reinforced with a PAN-type C fabric at the cir-
cular end (Fig. 2). A complex shape preform with a
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Fig. 4. Detail of a carbon fibre composite sheet.

Fig. 5. Shaped fibre preform: Granoc C-fibre bundles
spread to the circular shape. The PAN-type fabric is

above.

weight of 17.1 g was placed into a carbon mould as a
single piece. Finally, the carbon fibre composite sheet

(CeraMaterials, CC-16, density 1.44 g cm−3) of 1 mm
thickness and 76mm in diameter was attached to the
circular part of the preform (Fig. 4). The finished pre-
form was infiltrated with pure Mg, whereby the poly-
meric binder decomposed during heating to the infil-
tration temperature.

2.2. Technology

The Gas-assisted Pressure Infiltration (GPI) tech-
nology was used to produce two samples of the carbon-
fibre reinforced component. In the beginning, a porous
preform from continuous carbon fibres was inserted
into a carbon die. Next, both the die and raw Mg were
closed in a vacuum/pressure furnace and heated un-
der low pressure of Ar protective gas to melting tem-
perature. Once the Mg was melted and overheated to
800◦C, the Ar gas was injected into a furnace under
the pressure of 5–6MPa and forced the liquid metal
to fill the carbon fibre preform. Heating and melting
were recorded by a data acquisition system and could
be observed on a screen. A schematic of individual
technological steps is presented in Fig. 6.
One non-reinforced sample was produced by the

metal casting method, whereas the same carbon die
was used. The weight of both types of 3D components
was at a similar level (∼ 65 g).

2.3. Microstructural characterisation

After the bending test, the stem of the reinforced
sample was cut in the direction normal to fibre orien-
tation, and samples for metallographic examinations
were prepared. A closer view of carbon fibre distri-
bution in the Mg matrix was obtained by scanning
electron microscopy (SEM) with a JEOL JSM 6610
microscope. The image analysis of different areas of
the stem cross-section was performed by the Image J
software.

Fig. 6. The Gas Pressure Infiltration technology: description of individual steps.
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Fig. 7. The arrangement of the vibroacoustic test: mea-
surement of eigenfrequencies. The component was excited
with a hammer in the direction indicated by the red arrow.

Non-destructive examination of the whole infil-
trated 3D-shape sample was performed by an X-ray
tomography device (Nikon XT130V).

2.4. Vibroacoustic testing

The 3D sample was hanged on a nylon thread
during the vibroacoustic testing. The acoustic pres-
sure was measured by a non-contact method, and the
microphone instead of the accelerometer was used.
This method was used because it was found that
accelerometers were influencing the sample vibration
very strongly. That is why the vibration of samples
was actuated by a little hammer. The arrangement of
the test is presented in Fig. 7.

2.5. Bending tests

Bending tests were performed in a specially de-
signed testing rig shown in Fig. 8. The circular part
of the 3D-shape sample was fixed to a frame using a
circular steel plate with an opening. The stem tip was
inserted into a hole made in a special fixture at a dis-
tance of 5 mm from the stem end. This means that the
tested length was not 100mm (of the whole sample)
but 95 mm. In the figure, the lower end of the special
fixture is connected to a load cell and the upper one
to a displacement transducer (W10 of HBM Company,
Germany). The load cell was attached to a hydraulic
piston (placed under the working table) that acted up-
wards and bent the sample in the same way via the
fixture at a constant speed of 1 mmmin−1.
The stiffness (E) was calculated for a rod loaded

in a cantilever mode according to Eq. (1):

E =
Fl3

3yJ
, (1)

where F is the loading force acting at the end of the

Fig. 8. A specially designed testing rig used for the bending
test in a cantilever mode.

stem, L is the test span length, y is deflection, and J
represents the moment of inertia for the stem that can
be expressed by Eq. (2), where d represents the stem
diameter:

J =
πd4

64
∼ 0.05d4. (2)

3. Results and discussion

3.1. Microstructure

A typical carbon fibre distribution in one cross-
section of the stem is presented in Fig. 9. No pores
were observed in the matrix and in the space between
fibres that were squeezed together. Observed were re-
gions where fibres are squeezed together and others
where fibres show low volume fraction. However, the
image analysis showed 40–45 vol.% of carbon fibres in
the stem of the 3D component.
The X-ray photography did not reveal any pores

inside the composite material (Figs. 10–12). The
X-ray analysis confirmed the results obtained from
metallographic observations, and both indicated a
good quality of infiltration.
The weight of the demonstrator after infiltration

was 65.54 g, its volume measured by the Archimedes
method was 36.5 cm3, and the calculated density of
the whole reinforced 3D sample was 1.796 g cm−3. The
theoretical density obtained from material data of the
composite material was 1.84 g cm−3. From the weight
of the carbon fibre preform (17.1 g), one can calculate
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Fig. 9. The microstructure of the Mg-Cf MMC. Distribu-
tion of carbon fibres in the stem of the 3D-shape compo-

nent.

Fig. 10. X-ray photography of the lower part of the 3D-
shape component.

the overall volume fraction of the reinforcement at the
level of 26 vol. %.

3.2. Vibroacoustic testing

Vibroacoustic tests served for the non-destructive
characterisation of two materials – the reinforced and
non-reinforced. The loss factor was calculated accord-

Fig. 11. X-ray photography of the middle part of the stem.

Fig. 12. X-ray photography of the upper part of the stem.

ing to Eq. (3):

η =
dF
F 0

, (3)

where values of dF and F0 are frequencies ob-
tained from charts, frequency vs. sound pressure level
(Figs. 13, 14). The calculated loss factor for two
composite material samples was ηmmc1 = 0.0018 and
ηmmc2 = 0.0021, and for the sample made of pure Mg,
a value ηMg = 0.0008 was obtained. The measure-
ments confirmed that samples reinforced with carbon
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Fig. 13. The record used to calculate the loss factor for the
sample made of pure Mg.

Fig. 14. Recordings used to calculate the loss factor for
samples made of the Mg-Cf composite: (a) sample No. 1

and (b) sample No. 2.

fibres had approximately two times better damping
than those made of pure Mg.
The measurement presented in Fig. 15 shows that

samples of the Mg-Cf composite material had higher
eigenfrequencies (black and red line), which indicated
higher stiffness compared to the unreinforced sample

Fig. 15. Eigenfrequencies of individual samples: one sample
made of pure Mg and two samples made of the Mg-Cf

composite.

Fig. 16. Recordings of the early stage of the bending test:
the sample made of pure magnesium (blue line) and the
Mg-Cf composite material (black and red lines).

(blue line). In the figure, a difference between the vi-
brational spectra of both Mg-Cf composites can be
observed. We explain this phenomenon as the result
of a non-uniform and different distribution of carbon
fibres in the Mg-matrix in both composites.
Both types of non-destructive testing indicated

that the 3D-shape sample made of the Mg-Cf com-
posite presented higher stiffness than the part made
of pure Mg.

3.3. Mechanical properties

Mechanical tests were used to detect differences in
the behaviour of two different materials. Due to tech-
nical and handling difficulties with a special fixture,
a specific preload to the sample was always present.
That is why recordings started at the load of 25 N. The
detail of the beginning of the test is shown in Fig. 16,
and the whole recording is seen in Fig. 17, where the
scale of the measurement can be seen.
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Fig. 17. Bending test – the whole test record.

The stiffness was calculated according to Eqs. (1)
and (2). The calculation was performed for a simpli-
fied case when a rod was fixed in the cantilever mode
and loaded with force at the end of the rod. It was
because the main aim of the paper was not to focus
on the calculation of the exact values of the modu-
lus of elasticity but to compare the mechanical be-
haviour of these two different materials – reinforced
and non-reinforced. That is why the authors neglected
the boundary conditions at the clamping side of the
3D component.
Results showed that the E-modulus of the rein-

forced sample was much higher (185 GPa) than that
of the unreinforced Mg material (28 GPa). Similar
results (180 GPa) were obtained in [11], where the
same type of material was characterised (Mg matrix
was reinforced with the continuous Pitch-type Gra-
noc fibres). Here, rectangular samples with dimensions
50× 10 × 3mm3 were cut out from the bulk compos-
ite and were examined in the longitudinal direction.
The comparison made for tested, theoretical (the rule
of mixtures, ROM), and other experimental data [11]
showed that both experimental data are similar and
are far lower than theoretical calculations. Experimen-
tal results confirmed that the strengthening potential
of Granoc fibres was probably not fully reached. The-
oretical calculations according to the ROM show that
the E-modulus for the stem (a bar with a diameter of
11 mm and length of 100 mm) reinforced with 40 vol.%
of fibres should be at the level of 368GPa. Obtained
experimental values were probably lower due to both
the poorly reinforced conical part of the component
and the non-homogeneous distribution of fibre bun-
dles squeezed to the centre of the stem.

4. Conclusions

The mechanical and vibroacoustic properties of the
3D sample made of pure Mg or the Mg-Cf compos-

ite were characterised. In the composite, the metal
matrix was reinforced with continuous carbon fibres.
The work aimed to demonstrate that such structural
components could be produced by the gas pressure in-
filtration technology and to characterise some chosen
mechanical properties.
From obtained data, it can be concluded that in

comparison to the non-reinforced material, the carbon
fibre reinforced 3D sample showed:
– about six times higher E-modulus (185GPa vs.

28 GPa),
– similar weight ∼ 65 g.
Microstructural analysis and results of measure-

ments confirmed that the Mg-Cf composite is suitable
for producing structural parts for different space appli-
cations, i.e., trusses, masts frameworks for launchers,
platforms and planetary habitats, fasteners, compo-
nents for robots. It was also demonstrated that non-
porous composite material could be produced by gas
pressure infiltration technology.
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