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Abstract: Composite materials based on magnesium–lithium (MgLi) and magnesium–yttrium (MgY)
matrices reinforced with unidirectional carbon fibers were prepared using the gas pressure infiltration
method. Two types of carbon fibers were used, high-strength PAN-based T300 fibers and high-
modulus pitch-based Granoc fibers. The PAN-based carbon fibers have an internal turbostratic
structure composed of crystallites. The pitch-based carbon fibers have a longitudinally aligned
graphite crystal structure. The internal carbon fiber structure is crucial in the context of the interfacial
reaction with the alloying element. There are various mechanisms of bonding to carbon fibers in the
case of magnesium–lithium and magnesium–yttrium alloys. This paper presents the use of the DMA
method for the characterization of the role of alloying elements in the quality of interfacial bonding
and the influence on the complex modulus at increasingly elevated temperatures (50–250 ◦C). The
complex modulus values of the composites with T300 fibers were in the range of 118–136 GPa. The
complex modulus values of the composites with Granoc fibers were in the range of 198–236 GPa. The
damping capacity of magnesium-based unidirectionally aligned carbon fiber composites is related to
the quality of the interfacial bonding.

Keywords: magnesium composites; carbon fibers; unidirectional composites; dynamic mechanical
analysis; damping capacity

1. Introduction

The automotive and aerospace industries desire low-gravity structural materials. Mag-
nesium alloys are widely applied in the automotive industry, including in transfer cases,
radiator supports, instrument panel beams, and steering components [1–4]. Magnesium
alloys have the lowest specific gravity of all structural alloy metals. Magnesium alloys have
a minimal density and are used in mass saving applications to replace other metals. The
strength and elastic modulus of magnesium alloys are low. The properties of magnesium
alloys can be significantly enhanced via the addition of particles, fibers, nanofibers, and
nanotubes to form metal matrix composites (MMC) [5–10]. The Young’s modulus of mag-
nesium alloys can be increased via the particles, whiskers, and fibers. The chemical reaction
between the matrix and the reinforcing phase improves the interfacial bonding strength [5].
The tensile properties and toughness of the magnesium alloys can be improved via the
addition of small amounts of CNTs and SiC nanoparticles [6]. Upadhyay et al. highlighted
the poor wettability between CNTs and the magnesium matrix. The interfacial bonding can
be strengthened by improving the wettability by adding Cu, Ni, and Cr as the coatings of
the CNTs [7]. Guan et al. outlined the three main drawbacks of magnesium-based nanocom-
posites, namely the agglomeration of the nanoreinforcement, poor interfacial bonding, and
poor corrosion resistance [8]. Dey et al. stated that the addition of fibers in the magnesium
matrix improves the tensile strength but reduces the ductility [9]. Trojanová et al. studied
the thermally activated processes during the deformation of MgLi composites [10]. MgLi
alloys are the lightest alloys, with a density range of 1.25–1.65 g·cm−3. They have good
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levels of specific strength and rigidity. This makes them interesting for structural applica-
tions, especially in the aerospace and automotive industries. These alloys also have good
damping properties and provide good shielding for electromagnetic radiation. The good
properties of MgLi alloys can be improved by adding a reinforcing phase (particles, short
fibers, or long fibers). The active chemical nature of MgLi alloys presents certain difficulties
in the preparation of composites [11].

Carbon fibers are suitable for the reinforcement of magnesium alloys. In general, we
can say that there are two basic groups of carbon fibers. PAN-based carbon fibers have
an internal turbostratic structure comprised of crystallites. PAN-based carbon fibers have
tensile modulus values in the range of 230 to 588 GPa. Pitch-based carbon fibers have a
longitudinally aligned graphite crystal structure and have tensile modulus values in the
range of 840 to 965 GPa [12].

In Mg/CF composites, the key role is played by the interface between the matrix
and the reinforcing phase, which affects the properties of the composite. The key fea-
tures of the interface are the chemical reaction and bond strength. The nature of the
fiber/matrix interface is determined by the matrix alloy, the type of carbon fiber, and its
internal structure [13,14].

Due to the high affinity between Li and CF, it is necessary to form a barrier layer on
the surfaces of the fibers, usually of pyroC or SiC, in order to prevent damage to the carbon
fibers [15]. However, this process is time-consuming and expensive. By adhering to certain
technological parameters, it is possible to achieve bending strengths of up to 1200 MPa [16].

Unidirectionally aligned composites are suitable for flexural loading applications.
Such composites can be used for thin-walled applications as device cases or tubes. Thin-
walled device cases are usually locally thermally and mechanically loaded. It is beneficial
to know the limits for everyday use.

A dynamic mechanical analysis is a non-destructive method that allows the testing of
prismatic samples in the temperature range of −150–600 ◦C and the frequency range of
0.01–200 Hz. This method allows one to follow the development of the interfacial bonding
quality in relation to the temperature. This method is usually exploited when testing
viscoelastic materials [17–19]. There have been several studies focusing on the dynamic
mechanical properties of particle-reinforced metal matrix composites [20–22] and ceramic
composite materials. There is lack of knowledge about the dynamic mechanical properties
at elevated temperatures in metal matrix fibrous composites.

Here, we describe the temperature development of the dynamic Young’s modulus
(complex modulus) values of unidirectionally aligned carbon-fiber-reinforced composites.
There are two types of carbon fibers (PAN-based T300 fibers and pitch-based Granoc
fibers). Carbon fibers have different internal structures, which influences the interfacial
bonding. Lithium and yttrium as alloying elements in magnesium have different chemical
mechanisms of interfacial bonding. There are four individual species of interfacial bonding.
The influence of the interfacial bonding on the development of the complex modulus at
elevated temperatures will be presented here. Composites prepared using the gas pressure
infiltration method will be inspected using a dynamic mechanical analysis (DMA). The
microstructures of the composites will be presented. The interfacial bonding quality and its
influence on the complex modulus at elevated temperatures will be discussed.

The results obtained here might contribute to the knowledge on the influence of
interfacial bonding on the dynamic mechanical properties at elevated temperatures.

2. Materials and Methods
2.1. Magnesium Alloy Preparation

The Mg2 wt.% Li (Mg2Li) alloy was prepared via the re-melting of pure magne-
sium (99.9%, LMT Metalurgie, Laakirchen, Austria and lithium (99.0% Merck spol. s.r.o.,
Bratislava, Slovakia) in a mild steel crucible with stirring under an argon (purity 99.999%,
Messer Tatragas, Bratislava, Slovakia) atmosphere (1 MPa) in the autoclave after the previ-
ous evacuation (10 Pa). The magnesium–yttrium alloy (Mg1.8 wt.%Y, IMSAS, Bratislava,
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Slovakia) was prepared in the same way using pure magnesium (99.9%, LMT Metalurgie,
Laakirchen, Austria) and yttrium (99.0% Alfa Aesar, Karlsruhe, Geramany). The alloy
markings Mg1.8 wt.%Y and Mg2 wt.% Li indicate the alloy category. The determination
of the alloy composition via an atomic emission spectral analysis is regularly performed.
In the case of Mg1.8Y, the composition varied in the range of 1.73–1.89 wt.% Y, and in
the case Mg2Li, the composition varied in the range of 1.91–2.06 wt.%. An EDX analysis
of the matrix was performed [23]. The oxygen content range in the MgLi matrix was
0.51–0.62 wt.%. It has to be noted that the surface analysis was performed after exposure
to air. We consider the oxygen content in the magnesium alloy matrix to be low.

2.2. Carbon Fibers (T300, Granoc)

Two types of carbon fibers were used to prepare unidirectional metal matrix compos-
ites. Torayca T300 (Toray, Tokyo, Japan) PAN-based carbon fibers (Table 1) [24] and XN90-
60S pitch-based Granoc fibers (Nippon Graphite, Otsu-shi, Shiga-ken, Japan) (Figure 1)
were used (Table 1) [25]. The structure of the T300 PAN-based fibers consisted of turbostratic
graphite with disordered small graphene-like blocks. In contrast, the structure of the pitch-
based Granoc fibers consisted of large graphene layers with an aligned orientation [5,26].

Table 1. Basic data for the T300 and Granoc carbon fibers [24,25].

Carbon
Fibre Producer Fiber Type E-Modulus

[GPa]

Tensile
Strength

[GPa]

Density
[g cm−3]

Diameter
[µm]

CTE
[10−6 K−1]

Torayca
T-300 Toray PAN 230 3.53 1.76 7 −0.41

Granoc
XN90-60S

Nippon Graphite
Fibre Corporation PITCH 860 3.50 2.20 10 −1.5
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Figure 1. SEM images of the carbon fibers. PAN-based T300 (left) and pitch-based Granoc
(right) fibers.

A fibrous preform (15 × 15 × 70 mm3) made of perforated steel sheets with 50 vol. %
unidirectionally arranged carbon fibers was prepared for the infiltration process.

2.3. Gas Pressure Infiltration Method

The Mg-based carbon fiber composites were fabricated using the gas pressure infil-
tration method. The method is based on the immersion of an evacuated and preheated
fibrous preform into the molten metal. After the immersion, the pressure of an inert gas
(argon) is applied on the surface of the melt. The molten metal penetrates into the inter-fiber
gaps. The molten metal is then in contact with the fibers for a certain amount of time.
Subsequently, the sample is withdrawn and the molten metal spontaneously solidifies
(Figure 2) [23,27]. The fibrous preform (15 × 15 × 70 mm3) contained unidirectionally
arranged carbon fibers (50 vol.%). Figure 3 demonstrates the infiltrated preform.
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preform (right).

The interfacial bond quality strongly depends on the infiltration parameters and
alloying elements [16,23]. We prepared two types of interfacial bond using two alloying
elements (Y, Li) and certain infiltration parameters. The MgY/CF composites were prepared
at 900 ◦C and 4 MPa for 300 s, while the MgLi/CF composites were prepared at 750 ◦C and
4 MPa for 30 s.

Magnesium and lithium strongly evaporate during the melting process. MgLi alloys
must be prepared with a higher pressure of inert gas. It is possible to achieve this in a
closed vessel. The gas pressure infiltration technology allows the re-melting of the MgLi
alloy and subsequent penetration into the inter-fiber gaps. At the beginning of the whole
preparation process for the composite material, it is necessary to evacuate the volume of
the vessel to free-up the inter-fiber gaps and to avoid fast oxidation.

2.4. Dynamic Mechanical Testing

A dynamic mechanical analysis is a thermal mechanical analysis technique that mea-
sures the properties of materials as they deform under periodic stress as a function of
temperature (or time). The dynamic mechanical tests were performed in a TA Instruments
Q800 dynamic mechanical analyzer (TA Instruments, New Castle, DE, USA). The three-
point bending mode was applied in the temperature range of 50–250 ◦C perpendicularly
to the fiber direction. The sample dimensions were 2.5 × 4.0 × 55 mm3. The cyclic load
was adjusted to 3.5 N and the frequency to 1 Hz. A heating rate of 3 ◦C/min was applied
during heating. In the case of pure Mg, the cyclic load was adjusted to 1 N.

2.5. SEM and TEM Observations and EDX Analysis

The structures of the Mg/CF, MgY/CF, and MgLi/CF composites were examined
using a scanning electron microscope (SEM, Jeol JSM 7600F)(JEOL, Tokyo, Japan). An
energy-dispersive X-ray spectrometer (EDX) (JEOL, Tokyo, Japan) operating at 15 kV was
used for the elemental analysis. The composite samples were metallographically polished
using water-free isopropyl alcohol to a mirror-like finish without any etching. As the
structures of the MgLi/CF and MgY/CF composites are sensitive to atmospheric humidity,
they were exposed to air for a limited time (≤1 h) before being inspected via SEM and
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EDX. The TEM observations were performed with an FEI Themis ETEM–FEG scanning
transmission electron microscope (Thermo Fisher Scientific, Waltham, MA, USA)

3. Results and Discussion
3.1. Composite Structure

Reaction bonds improve the stress transfer from the matrix to the fiber. Such bonds are
desired in metal matrix composite systems. Our previous studies [16,23] aimed to influence
lithium and yttrium as alloying elements to the interfacial bond in the MgLi/CF and
MgY/CF systems. Li penetrates the bulk fibers, producing lithium carbide Li2C2 within the
fibers. We observed a massive segregation of Y around the carbon fibers [16]. The interfacial
product was found around the carbon fibers and the mechanical properties of MgY/CF
composites was significantly improved compared with the Mg/CF composite [28,29].

3.1.1. Structure of Mg1.8Y/CF Composites

Zhang et al. [28] reported that the addition of small amounts of yttrium to the Mg
matrix (1 wt.%) significantly improved the mechanical properties of the MgY/CF composite
compared with the Mg/CF composite. Zhang et al. reported on the segregation of alloy
element Y in the interfacial fiber/matrix area. They identified nanoscale interfacial layers
of Mg2Y. The authors did not mention the presence of YC2 or Y2C in the case of the higher
Y content (3.2–8.5 wt.%) in Mg alloy [28,29].

Zhang et al. [28,29] observed that Y was prone to segregate near the fiber/matrix inter-
face and formed a nanoscale interfacial layer identified as Mg2Y. A significant improvement
of the mechanical properties was confirmed.

Figure 4 demonstrates the typical microstructures of Mg1.8Y/T300 and Mg1.8Y/Granoc
composites. In the microstructure of Mg1.8Y/T300, an interfacial area with a different
morphology compared to the matrix is visible, which was later identified as containing
Y-enriched zones. In the microstructure of the Mg1.8Y/Granoc composite, we observed
bright particles later identified as Y-enriched formations.
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The bright areas in Figure 5 in the microstructures of the composites demonstrate the
occurrence of a new phase in the interfacial areas in the composites with both T300 and
Granoc fibers.

Figure 6 demonstrates the segregation of the alloying element Y using the EDX dis-
tribution maps. The occurrence of the segregated yttrium in the interfacial area of the
fiber/matrix corresponds with the occurrence of the new bright phase observed in the SEM
microstructures in both composites.

The line scan analysis through the interface (Figure 7) shows that the carbide formation
in the interface cannot be detected using this method (if any layer had formed, it was very
thin). If the line analysis is performed through a particle that is close to the fiber (Figure 8),
the course of the curves of the individual elements will be significantly different. The
concentrations of elements Y and C indicate that the formed particle is yttrium carbide.



Materials 2022, 15, 7812 6 of 15

Materials 2022, 15, x FOR PEER REVIEW 6 of 16 
 

 6 

The bright areas in Figure 5 in the microstructures of the composites demonstrate the 
occurrence of a new phase in the interfacial areas in the composites with both T300 and 
Granoc fibers.  

  

Figure 5. Microstructure of the Mg1.8Y/T300 (left) and Mg1.8Y/Granoc (right) composites. 

Figure 6 demonstrates the segregation of the alloying element Y using the EDX 
distribution maps. The occurrence of the segregated yttrium in the interfacial area of the 
fiber/matrix corresponds with the occurrence of the new bright phase observed in the SEM 
microstructures in both composites. 

  
Figure 6. EDX yttrium distributions of Mg1.8Y/T300 (left) and Mg1.8Y/Granoc (right) composites. 

The line scan analysis through the interface (Figure 7) shows that the carbide 
formation in the interface cannot be detected using this method (if any layer had formed, 
it was very thin). If the line analysis is performed through a particle that is close to the 
fiber (Figure 8), the course of the curves of the individual elements will be significantly 
different. The concentrations of elements Y and C indicate that the formed particle is 
yttrium carbide. 

  

Figure 5. Microstructure of the Mg1.8Y/T300 (left) and Mg1.8Y/Granoc (right) composites.

Materials 2022, 15, x FOR PEER REVIEW 6 of 16 
 

 6 

The bright areas in Figure 5 in the microstructures of the composites demonstrate the 
occurrence of a new phase in the interfacial areas in the composites with both T300 and 
Granoc fibers.  

  

Figure 5. Microstructure of the Mg1.8Y/T300 (left) and Mg1.8Y/Granoc (right) composites. 

Figure 6 demonstrates the segregation of the alloying element Y using the EDX 
distribution maps. The occurrence of the segregated yttrium in the interfacial area of the 
fiber/matrix corresponds with the occurrence of the new bright phase observed in the SEM 
microstructures in both composites. 

  
Figure 6. EDX yttrium distributions of Mg1.8Y/T300 (left) and Mg1.8Y/Granoc (right) composites. 

The line scan analysis through the interface (Figure 7) shows that the carbide 
formation in the interface cannot be detected using this method (if any layer had formed, 
it was very thin). If the line analysis is performed through a particle that is close to the 
fiber (Figure 8), the course of the curves of the individual elements will be significantly 
different. The concentrations of elements Y and C indicate that the formed particle is 
yttrium carbide. 

  

Figure 6. EDX yttrium distributions of Mg1.8Y/T300 (left) and Mg1.8Y/Granoc (right) composites.

Materials 2022, 15, x FOR PEER REVIEW 7 of 16 
 

 7 

  
Figure 7. A line scan analysis of the fiber/matrix interface of the Mg1.8Y/Granoc composite without 
the reaction product. Analyzed interfacial area (left) and the signal intensity diagram of analyzed 
interfacial area (right). Colored lines are related to analyzed elements C (red), O (green), Mg (blue), 
signal intensity is measured in kilocounts per second (kcps) plotted on the y-axis. 

  
Figure 8. A line scan analysis of the fiber/matrix interface of the Mg1.8Y/Granoc composite with the 
reaction product. Analyzed interfacial area (left) and the signal intensity diagram of analyzed 
interfacial area (right). Colored lines are related to analyzed elements C (red), O (green), Mg (cyan), 
Y (violet), signal intensity is measured in kilocounts per second (kcps) plotted on the y-axis. 

The TEM observation of the fiber/matrix interface of the MgY/Granoc composite 
demonstrates the occurrence of needle-like phases (Figure 9). The needle-like reaction 
products in the interface contain yttrium, but the composition and structure of these 
products cannot be exactly identified. These phases are probably formed from yttrium 
carbides. The air humidity reacts with the yttrium carbide and decomposes it [16]. 

Figure 7. A line scan analysis of the fiber/matrix interface of the Mg1.8Y/Granoc composite without
the reaction product. Analyzed interfacial area (left) and the signal intensity diagram of analyzed
interfacial area (right). Colored lines are related to analyzed elements C (red), O (green), Mg (blue),
signal intensity is measured in kilocounts per second (kcps) plotted on the y-axis.

The TEM observation of the fiber/matrix interface of the MgY/Granoc composite
demonstrates the occurrence of needle-like phases (Figure 9). The needle-like reaction
products in the interface contain yttrium, but the composition and structure of these
products cannot be exactly identified. These phases are probably formed from yttrium
carbides. The air humidity reacts with the yttrium carbide and decomposes it [16].
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3.1.2. Structure of the Mg2Li/CF Composites

Figure 10 shows microstructure Mg2Li/CF composites. Previous investigations [16,23]
demonstrated that the EDX oxygen distribution on the fiber cross-section can be used as a
rough indicator of the presence of Li2C2 in carbon fibers. Lithium atoms penetrate inside
carbon fibers and rapidly create Li2C2. Lithium carbide is formed inside fibers, and such
reactive interfacial bonding does not appear in any interfacial products. Figure 11 shows
strong and uniform Okα signals within the whole-fiber cross-section.

Previous results [16,23] showed that the infiltration parameters (temperature and
time) and amount of alloying element influence the quality of the interfacial bonding
and concentration of lithium inside the carbon fibers. The large amount of lithium atoms
and subsequent creation of Li2C2 can damage the carbon fibers (Figure 12). The cracking
of carbon fibers as a consequence of extensive Li2C2 creation negatively influences the
mechanical properties of the individual carbon fibers.



Materials 2022, 15, 7812 8 of 15

Materials 2022, 15, x FOR PEER REVIEW 8 of 16 
 

 8 

 
Figure 9. TEM image of the MgY/Granoc interface. 

3.1.2. Structure of the Mg2Li/CF Composites 
Figure 10 shows microstructure Mg2Li/CF composites. Previous investigations 

[16,23] demonstrated that the EDX oxygen distribution on the fiber cross-section can be 
used as a rough indicator of the presence of Li2C2 in carbon fibers. Lithium atoms 
penetrate inside carbon fibers and rapidly create Li2C2. Lithium carbide is formed inside 
fibers, and such reactive interfacial bonding does not appear in any interfacial products. 
Figure 11 shows strong and uniform Okα signals within the whole-fiber cross-section.  

 Previous results [16,23] showed that the infiltration parameters (temperature and 
time) and amount of alloying element influence the quality of the interfacial bonding and 
concentration of lithium inside the carbon fibers. The large amount of lithium atoms and 
subsequent creation of Li2C2 can damage the carbon fibers (Figure 12). The cracking of 
carbon fibers as a consequence of extensive Li2C2 creation negatively influences the 
mechanical properties of the individual carbon fibers.  

Previous studies conducted with Li alloy Mg matrices (8–12 wt.% Li) revealed the 
destruction of CF due to the excessive formation of lithium carbide Li2C2 [15]. 

  

Figure 10. Microstructures of Mg2Li/T300 (left) and Mg2Li/Granoc (right) composites. Figure 10. Microstructures of Mg2Li/T300 (left) and Mg2Li/Granoc (right) composites.

Materials 2022, 15, x FOR PEER REVIEW 9 of 16 
 

 9 

  

Figure 11. EDX oxygen distribution of Mg2Li/T300 (left) and Mg2Li/Granoc (right) composites. 

  
Figure 12. SEM image of the Mg4Li/Granoc composite. 

3.1.3. Composite Structure after the DMA Measurements 
The temperature has a dominant influence on the microstructure of the composites 

due to thermal expansion coefficient mismatch of the matrix and the fibers. During 
heating and cooling, the shear stress of the interfacial bonding occurs. There is a partial 
delamination of the matrix from the fibers (Figure 13), which is caused by the lower 
efficiency of the stress transfer between the fiber and the matrix (0.44 and 0.49). The DMA 
measurements at elevated temperatures did not change the microstructures of the 
Mg1.8Y/T300 and Mg2Li/T300 composites. In these composites, the efficiency rates of the 
stress transfer between the fiber and matrix are significantly higher (1.03 and 0.89). 

  

Figure 13. SEM images of Mg1.8Y/Granoc (left) and Mg2Li/Granoc (right) composites after thermal 
exposition in the DMA apparatus. 

  

Figure 11. EDX oxygen distribution of Mg2Li/T300 (left) and Mg2Li/Granoc (right) composites.

Materials 2022, 15, x FOR PEER REVIEW 9 of 16 
 

 9 

  

Figure 11. EDX oxygen distribution of Mg2Li/T300 (left) and Mg2Li/Granoc (right) composites. 

  
Figure 12. SEM image of the Mg4Li/Granoc composite. 

3.1.3. Composite Structure after the DMA Measurements 
The temperature has a dominant influence on the microstructure of the composites 

due to thermal expansion coefficient mismatch of the matrix and the fibers. During 
heating and cooling, the shear stress of the interfacial bonding occurs. There is a partial 
delamination of the matrix from the fibers (Figure 13), which is caused by the lower 
efficiency of the stress transfer between the fiber and the matrix (0.44 and 0.49). The DMA 
measurements at elevated temperatures did not change the microstructures of the 
Mg1.8Y/T300 and Mg2Li/T300 composites. In these composites, the efficiency rates of the 
stress transfer between the fiber and matrix are significantly higher (1.03 and 0.89). 

  

Figure 13. SEM images of Mg1.8Y/Granoc (left) and Mg2Li/Granoc (right) composites after thermal 
exposition in the DMA apparatus. 

  

Figure 12. SEM image of the Mg4Li/Granoc composite.

Previous studies conducted with Li alloy Mg matrices (8–12 wt.% Li) revealed the
destruction of CF due to the excessive formation of lithium carbide Li2C2 [15].

3.1.3. Composite Structure after the DMA Measurements

The temperature has a dominant influence on the microstructure of the composites due
to thermal expansion coefficient mismatch of the matrix and the fibers. During heating and
cooling, the shear stress of the interfacial bonding occurs. There is a partial delamination
of the matrix from the fibers (Figure 13), which is caused by the lower efficiency of the
stress transfer between the fiber and the matrix (0.44 and 0.49). The DMA measurements
at elevated temperatures did not change the microstructures of the Mg1.8Y/T300 and
Mg2Li/T300 composites. In these composites, the efficiency rates of the stress transfer
between the fiber and matrix are significantly higher (1.03 and 0.89).
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3.2. Dynamic Mechanical Properties

The mechanical behavior of the unidirectional metal matrix composite does not only
depend on the mechanical properties of the individual constituents but more essentially on
the strength of the fiber/matrix interface.

In Mg-based CF composites, the key role is played by the interface between the matrix
and the reinforcing phase, which affects the overall properties of the composite. A key
feature of the interface is the chemical reaction and bond strength. The nature of the
fiber/matrix interface is determined by the matrix alloy and the type of carbon fiber [16,23].

Young’s modulus of fiber reinforced unidirectionally aligned composites is determined
by Young’s modulus of individual constituents (1).

Ec = EfVf + EmVm (1)

Here, Ec, Ef, and Em are theYoung’s moduli of the composite, fiber, and matrix,
respectively; Vf and Vm are the volume portions of the fibers and matrix, respectively.

The complex modulus (dynamic Young’s modulus) plays an important role in the
context of the application of metal matrix composites in the automotive and aerospace
industries. The structural elements are subjected to vibrations at elevated temperatures.
Materials with a high complex modulus, low density, and thermal stability are desired for
these applications.

The complex modulus (dynamic Young’s modulus) (E) is determined using
Equation (2) [21,30,31]:

E =
√

E2
storage + E2

loss (2)

3.2.1. Complex Modulus of Magnesium

The complex modulus of pure magnesium monotonously decreases across the temper-
ature range of 50–250 ◦C and the interval range of 35–31 GPa. Munitz at al. investigated
the storage and loss modulus of pure magnesium in the specimens parallel and perpen-
dicular to the grains [32]. The specimens parallel to the grains had complex moduli in the
temperature range of 50–250 ◦C and the interval range of 43–34 GPa, while the specimens
perpendicular to the grains were in the range of 39–33 GPa. Calculations according to the
ROM were performed with a complex modulus range of 35 GPa.

It is important to note that the Young’s moduli of Mg and MgLi alloys are identical
(45 GPa) [33].

There are no data about the Young’s modulus of the Mg1.8Y alloy. On the basis of the
earlier results, we can guess that the Young’s modulus of the Mg1.8Y alloy is also identical
to that of Mg.
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3.2.2. Complex Moduli of Mg-Based CF Composites

The complex moduli of the Mg1.8Y/T300 and Mg2Li/T300 composites in the temper-
ature range of 50–250 ◦C are shown in Figure 14. Both composites exhibited significant
increases in complex modulus compared to pure magnesium. The increase in temperature
caused a slight increase in the complex modulus or constant behavior. Both Mg-based T300
composites exhibited highly efficient interfacial bonding as compared to theoretical value
determined by the rule of mixtures (ROM) equation (Equation (1)) (Table 2):
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Table 2. Dynamic Young’s modulus values of Mg-based T300 and Mg-based Granoc composites.

Sample E(ROM) Modulus
[GPa] E/E(ROM)

E modulus (50 ◦C)
[GPa]

E modulus (150 ◦C)
[GPa]

E modulus (250 ◦C)
[GPa]

Mg1.8Y/T300 132.5 1.03 136.3 137.1 136.7

Mg2Li/T300 132.5 0.89 118.9 120.7 118.1

Mg1.8Y/Granoc 447.5 0.44 198.7 208.6 211.3

Mg2Li/Granoc 447.5 0.49 219.1 225.5 235.9

The complex modulus values of both presented Mg-based T300 composites are more
than 3 times higher compared to pure magnesium and remain more or less constant across
the whole investigated temperature range (Figure 14). Both alloying elements Y and Li
improved the interfacial bonding to the T300 fibers.

The complex modulus values of composites Mg1.8Y/Granoc and Mg2Li/Granoc
across the temperature range of 50–250 ◦C are shown in Figure 15. Both composites
exhibited significant increases in complex modulus values compared to pure magnesium.
Both alloying elements Y and Li showed improved interfacial bonding to the Granoc fibers.

The increase in temperature caused a slight increase in the complex modulus. Both
Mg-based Granoc composites exhibited poor efficiency of the interfacial bonding compared
to the theoretical value determined by rule of mixtures (ROM) equation (Equation (1))
(Table 2).

The complex modulus results are roughly comparable with the Young’s modulus data
from the bending tests [16,23].
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3.2.3. Damping capacity of the Mg-Based CF composites

There are several quantities used to characterize the damping capacity. In this work,
the damping capacity was evaluated in terms of the tan delta [20].

The damping capacities of the Mg-based T300 composites were much lower than pure
Mg. Good interfacial bonding corresponded to poor damping capacity for the Mg-based
T300 composites (Figures 14 and 16). Composite Mg2Li/T300 exhibited an increase in
damping capacity from 0.01 to 0.014 across the interval range of 135–150 ◦C. This effect was
connected with slight increases and decreases in the complex modulus in the interval range
of 120–120.6 GPa. The height of the peak was 40% of the average damping capacity value
(0.01). Luz et al. showed a 1600% increase in the damping capacity peak and Goertzen at al.
published a 4000% increase in the damping capacity peak [17,18]. The described effect can
be explained by local balance creation or a local imperfection in the interfacial bonding.
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The higher damping capacities of the Mg-based Granoc composites are related to
the interfacial bonding quality. The Mg2Li/Granoc composite exhibits a higher complex
modulus of 219.1 GPa at 50 ◦C (Figure 15) (E/EROM = 0.49) and has a lower damping
capacity of 0.02 at 50 ◦C (Figure 17). The Mg1.8Y/Granoc composite exhibits a lower
complex modulus of 198.7 GPa at 50 ◦C (Figure 15) (E/EROM = 0.44) and a higher damping
capacity of 0.04 at 50 ◦C (Figure 17).
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The damping capacity of the Mg-based composites is higher than the damping capacity
of the AZ91D/FAC composites at a test frequency of 1 Hz [20]. The damping capacity
of the Mg-based T300 composites remains constant with elevated temperature, while the
damping capacity of the Mg-based Granoc composites decreases with elevated temperature.
The damping capacity of the AZ91D/FAC composites increased rapidly with the increasing
temperature [20]. The dominant factors affecting the complex modulus of the composite
are the fibers and the quality of the interfacial bonding. The M1.8Y and Mg2Li matrices
influence the overall complex modulus of the composite to a lesser extent. In both the T300
fiber group and the Granoc fiber group, the higher complex modulus confirms the better
fiber/matrix bond. Therefore, we relate the better damping properties of the composites to
the worse interfacial fiber/matrix bonding.

3.3. Interfacial Bond Transfer Efficiency

We can summarize that the load transfer efficiency of the group of Mg-based T300
composites was significantly higher than in the group of Mg-based Granoc composites
(Table 2). This can be explained by the ridge-like geometry of the T300 carbon fibers, the
higher content of nitrogen (6.96) [34] in the T300 carbon fibers, and the different degrees of
ordering of the internal structures of the T300 and Granoc fibers.

The slight increases in complex modulus values in both types of Granoc fiber compos-
ites and the constant complex modulus values in both types of T300 fiber composites over
the temperature range introduced here were rather surprising. The complex modulus of the
matrix decreased over the temperature range introduced here. The quality of the interfacial
bonding was very good in the group of PAN-based T300 fiber composites and sufficient
in the group of pitch-based Granoc fiber composites. The rule of mixtures applies to com-
posites [5]. The explanation has to be in the behavior of the carbon fibers. We can make
a simple assumption that the dynamic Young’s modulus of the carbon fibers can increase
at elevated temperatures compared to the value at room temperature. This effect is more
significant in the case of Granoc fibers due to their ordered structure. There is no knowledge
about the thermal relation of the dynamic Young’s modulus of the carbon fibers [12,35–37].

The complex modulus consists of two components, Estorage and Eloss, related to the

formula E =
√

E2
storage + E2

loss. The composites Mg1.8Y/CF and Mg2Li/CF are two orders
of magnitude higher in the Estorage modulus than the Eloss modulus (Table 3). The damping
capacity is defined as tanδ = Eloss

Estorage
. There is straight relation of the complex modulus with

the Estorage modulus and a direct relation of the damping capacity with the Eloss modulus.
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Table 3. Representative values of the storage and loss moduli of Mg-based T300 and Mg-based
Granoc composites.

Sample Estorage (50 ◦C)
[GPa]

Eloss (50 ◦C)
[GPa]

Estorage (150 ◦C)
[GPa]

Eloss (150 ◦C)
[GPa]

Estorage (250 ◦C)
[GPa]

Eloss (250 ◦C)
[GPa]

Mg 34.9 1.6 33.6 1.4 30.9 2.2

Mg1.8Y/T300 136.3 1.3 137.1 1.4 136.6 1.4

Mg2Li/T300 118.9 1.4 120.7 1.3 118.1 1.2

Mg1.8Y/Granoc 198.5 8.1 208.5 7.7 211.2 7.0

Mg2Li/Granoc 219.1 4.7 225.5 3.4 235.9 3.1

4. Conclusions

The results of the dynamic mechanical testing of magnesium-based carbon fiber com-
posites in the temperature range of 50–250 ◦C prepared using the gas pressure infiltration
method can be summarized as follows:

(1) Two types of interfacial bonding were presented, reaction bonding with the reaction
product in the interfacial area (Mg1.8Y/CF) and reaction bonding without the reaction
product in the interfacial area (Mg2Li/CF);

(2) The complex modulus values slightly increased in the temperature range of 50–250 ◦C
in both types of Granoc fiber composites, while in both types of T300 fiber com-
posites the complex modulus values remained constant over the temperature range
introduced here;

(3) The highest complex modulus in the group of Granoc fiber composites was for the
Mg2Li matrix composites over the temperature range introduced here;

(4) In the group of T300 fiber composites, the highest complex modulus was for the
Mg1.8Y matrix composites over the temperature range introduced here;

(5) Both magnesium matrices (Mg1.8Y, Mg2Li) showed better bonding efficiency in the
T300 fiber composites compared to the Granoc fiber composites. This can be related
to the ridge-like geometry of the T300 carbon fibers, the higher content of nitrogen in
the T300 carbon fibers, and the different degrees of ordering in the internal structures
of the T300 and Granoc fibers;

(6) D = The damping capacity is related to the quality of the interfacial bonding, whereby
lower-quality interfacial bonding results in a higher damping capacity.

Author Contributions: Conceptualization, S.K.J.; methodology, S.K.J. and J.K.; investigation, S.K.J.,
J.K. and P.Š. writing—original draft preparation, S.K.J.; writing—review and editing, J.K. and P.Š.;
project administration, S.K.J.; funding acquisition S.K.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by Grant Agency of the Slovak Republic VEGA, Project No
2/0117/20, and was performed during the implementation of the Building-up Center Project for
Advanced Materials Applications of the Slovak Academy of Sciences, ITMS, project code 313021T081,
supported by the Research and Innovation Operational Program funded by the ERDF.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are provided within the article.

Acknowledgments: The authors are grateful to Andrej Opálek, L’ubomír Orovčík, Peter Krížik,
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