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Abstract: In this paper, the damping capacities and damping mechanisms of high damping, graphite-
reinforced Mg97Zn1Y2 composites were investigated. Composites consisting of different graphite
particle sizes (24, 11, and 3 µm) were designed and prepared using the casting method. The mi-
crostructure of the composites was examined using optical microscopy (OM) and transmission
electron microscopy (TEM), which confirmed that the graphite particles were successfully planted
into the Mg97Zn1Y2 matrix. Measurements made with a dynamic mechanical analyzer (DMA)
showed that the Grp/Mg97Zn1Y2 composite has a high damping capacity. At the anelastic strain
amplitude stage, the damping properties of the Grp/Mg97Zn1Y2 composites were found to be higher
than those of the Mg97Zn1Y2 alloy. Furthermore, decreasing the graphite particle size was found
to improve the damping properties of the Grp/Mg97Zn1Y2 composites. At the microplastic strain
amplitude stage, the damping properties of the Mg97Zn1Y2 alloy were found to be higher than those
of the Grp/Mg97Zn1Y2 composites. Moreover, the damping properties of the Grp/Mg97Zn1Y2
composites were found to decrease with increasing graphite particle size. The reason for the in-
creased damping of the Grp/Mg97Zn1Y2 composites during the anelastic strain amplitude stage can
be attributed to the increase in the number of damping sources and weak interactions among the
dislocation damping mechanisms. At the microplastic strain amplitude stage, the damping properties
of the composite are mainly affected by the activation volume of the slipped dislocation.

Keywords: Grp/Mg97Zn1Y2 composites; damping properties; damping mechanism; strain amplitude

1. Introduction

Magnesium-based materials are lightweight, have high specific strength and excellent
damping properties, and are recyclable, making them suitable for use in the automobile,
aerospace, and other industries [1]. In many engineering applications, it is essential to
be able to reduce the vibrations of mechanical components, and this is possible both
by modifying the geometry of the component and by making it with a high damping
material [2]. Pure magnesium has excellent damping properties, but due to its poor
strength, it cannot be used as a structural material; alloying is often used to improve its
mechanical properties, but its damping capacity often decreases due to the conflict between
the alloy strengthening mechanism and the dislocation damping mechanism in magnesium
alloys [3,4]. Actually, in practical applications, different component parts are used to make
composite materials to form the interface of different layers, which can reduce the vibration
caused by internal friction [5]. Therefore, when using high damping magnesium alloys
as a matrix, selecting appropriate reinforcements can improve the strength of the material
while ensuring the damping of the composite. Compared with magnesium alloys, the
addition of reinforcing phases will refine the grains, producing more grain boundaries and
interfaces impacting magnesium matrix composite damping properties [6–9]. Graphite
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particles have a low thermal expansion coefficient, are friction- and wear-resistant [10],
and have high intrinsic damping capacity [11], making them an excellent reinforcement for
high damping composites.

The effect of graphite particles on magnesium damping properties has been a recent
topic of interest for researchers [12–14]. Researchers are finding that graphite particles
significantly improve the damping capacity of magnesium composites in a concentration-
dependent manner. However, graphite particle size has largely not been considered.
Madeir et al. [15] and Wang et al. [16] published work showing that strain amplitude is
directly correlated to the damping capacity of materials. Because particle size affects strain
amplitude, the particle size of magnesium reinforcements affects the mechanical properties
of the matrix composites.

Generally, current damping research in Mg alloys is predominantly rationalized under
the dislocation damping theory established by Granato and Lücke [17,18]. According to
dislocation damping theory, the damping capacity of a material, including Mg alloys, usu-
ally increases with increasing strain amplitude within a specific amplitude range [19–21].
Thus, a curve of damping versus strain amplitude can be obtained. The damping material
will provide support during vibration conditions. Hence, it is vital to know the strain
amplitude-dependent damping properties of materials [22]. Moreover, it is well-accepted
that the strain amplitude-dependent damping method is one of the most effective means
of investigating the properties and defects of alloys [23].

Hence, in the present study, the Mg97Zn1Y2 magnesium alloy was selected as the
matrix; this alloy has good mechanical properties and damping capacities due to the
special long-period stacking ordered structure (LPSO structure), which has always been
a popular material [24–26]. The magnesium matrix composites reinforced by graphite
particles were prepared by stir casting, the damping capacities were tested. In this work,
the strain amplitude-dependent damping properties of a Grp/Mg97Zn1Y2 composite in
the anelastic and microplastic stages and the influence of graphite particle size on the
damping properties of an as-cast Grp/Mg97Zn1Y2 composite are studied and the damping
mechanism of the Grp/Mg97Zn1Y2 composite is discussed.

2. Experimental
2.1. Preparation of the Samples

This study used pure Mg (99.95 wt.% purity), pure Zn (99.9 wt.% purity), and Mg-Y
master alloys (25 wt.% content of Y). The Mg97Zn1Y2 alloy was selected as the matrix, and
graphite particles with sizes of 24, 11, and 3 µm were employed as the reinforcement, at
volume fractions of 2 vol%. The composites were fabricated by a conventional stir casting
method. In brief, the stirring speed was set to 800 r/min for 3 min under a protective
atmosphere of 0.5% SF6 + CO2. Next, the melt was poured into a steel mold for air cooling.

2.2. Material Characterization

The samples were polished, cleaned, and immersed in 3% nitric acid/alcohol for
5–8 s. The microstructure was observed using an optical microscope (OM, COOLPIX-4500,
Carl Zeiss (Shanghai) Management Co., Ltd, Shanghai, China). The interface morphology
of the as-cast Grp/ Mg97Zn1Y2 composites was observed on a transmission electron
microscope (TEM, Zeiss Libra, Berlin, Germany). For damping capacity measurements of
50 mm × 5 mm × 1 mm, the rectangular bending beam specimens were cut on an electric
spark cutter. The damping capacity was measured by a dynamic mechanical analyzer
(DMA Q800, Chicago, IL, USA) with a single cantilever vibration mode, and the vibration
frequency was 1 Hz. The test pieces for the damping measurements were installed in the
DMA clamping heads. The resulting sinusoidal force and deflection data were recorded,
and the damping capacities of the material were evaluated by the loss tangent (tan δ),
which is calculated from:

Q−1 = tan δ =
E′′

E′
(1)
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where E′′ is loss modulus and E′ is storage modulus. The strain amplitude-dependent
damping was tested at strain amplitudes from 1 × 10−4 to 4 × 10−3 at room temperature.

3. Results and Discussion
3.1. Microstructure of the Grp/Mg97Zn1Y2 Composites

The microstructure of the Grp/Mg97Zn1Y2 composites with different sizes of graphite
particles is presented in Figure 1. The results show that the graphite particles were success-
fully integrated into the Mg97Zn1Y2 matrix, but some graphite particles still agglomerated
at grain boundaries during the stirring process. The smaller graphite particle sizes showed
better distribution than larger ones.

Figure 1. The microstructure of as-cast Grp/Mg97Zn1Y2 under optical microscope: (a) as-cast Mg97Zn1Y2; (b) 24 µm
graphite particle; (c) 11 µm graphite particle; (d) 3 µm graphite particle.

Figure 2 shows the TEM image of the 3 µm Grp/Mg97Zn1Y2 composite and its
corresponding elemental composition map. The map shows that the carbon content in
the area denoted by the arrow in the TEM image is higher than in the surrounding areas.
Because the chemical properties of the magnesium alloy are relatively stable, the graphite
particles with a high degree of graphitization do not easily react with molten magnesium.
It can be seen from the figure that the interface between the graphite particles and the
matrix is relatively clear.

3.2. Different Intervals in the Strain Amplitude Damping Curve

The strain amplitude-dependent damping curve was divided into four parts according
to Puškár [27], to analyze the stain amplitude damping dependence (Figure 3). In stage I
(ε < εcr1), the damping is unrelated to the strain amplitude, the dislocation reciprocates
between the weak pinners, and the resultant damping is Q−1

0 . In stage II (εcr1 < ε < εcr2),
the dislocation line departs from the weak pinners and reciprocates between the strong
pinners. The damping in stage II is weakly related to the strain amplitude, and the resultant
damping is Q−1

0 . In stage III (εcr2 < ε < εcr3), the dislocation line breaks away from the
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strong pinners, and the dislocation begins to proliferate irreversibly. Residual strain is
generated as the dislocation structure changes, and the material endures microplastic
deformation. In stage III, the material damping is closely related to the strain amplitude,
and the resulting damping value is Q−1

p . In stage IV (εcr3 < ε), dislocations slip on the
same crystal plane because they break away from the pinners, and the resultant damping
value is Q−1

t .

Figure 2. TEM of 3 µm Grp /Mg97Zn1Y2 composite and corresponding elemental composition map.

Figure 3. The relationship of damping and strain amplitude.

3.3. Strain Amplitude-Dependent Damping in Anelastic Range

According to Granato and Lücke’s (G-L) theory [17,18], dislocations are pinned by
strong pinners (dislocation nodes, secondary phases, and grain boundaries) and weak
pinners (impurity atoms, vacancies, and disorders). Therefore, at low strain amplitudes,
the dislocations reciprocate between the weak pinners, and the damping is independent of
or weakly dependent on the strain amplitude. The strain-independent dislocation damping
capacity of the composite (Q−1

0 ) can be expressed as follows:

Q−1
0 =

ρBL4
c ω

36Gb2 (2)

where ρ is the density of a removable dislocation, B is the damping constant, Lc is the aver-
age distance between successive weak pinners (impurity atoms, vacancies, and disorders),
ω is the angular frequency, b is the Burgers vector, and G is the shear modulus.

Figure 4 shows the strain amplitude vs. damping curves of the Grp/Mg97Zn1Y2
composite. During the strain amplitude-independent stage, the damping properties of the
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Grp/Mg97Zn1Y2 composites are higher than those of the Mg97Zn1Y2 alloy. As the size of
graphite particles decreases, the damping properties of the Grp/Mg97Zn1Y2 composites
improve. There are two reasons for this: First, the graphite particles have different intrinsic
damping from the matrix, and the addition of graphite particles significantly improves the
damping capacity of the composite material. Second, the different coefficients of thermal
expansion between the matrix and the graphite particles result in higher residual stress
around the graphite particles, causing high-density dislocations in the matrix around the
graphite particles [28]. In other words, the smaller the graphite particles, the greater the
dislocation density generated. Equation (2) shows that the strain amplitude-independent
damping is positively correlated with the dislocation density. Therefore, when the graphite
particle size was 3 µm, the composite had the best damping properties

Figure 4. Strain amplitude damping curve of graphite particle/Mg97Zn1Y2 composites: (a) the entire strain amplitude
range; (b) ε < εcr1.

The curve in Figure 4b is not a horizontal line and is different from stage I in Figure 3,
making the damping strain amplitude of Grp /Mg97Zn1Y2 irrelevant. Theoretically, if the
phase interface and crystal interface do not affect the dislocation damping of the material,
then the “stage I” situation in Figure 3 will appear. However, the phase interface and
the crystal interface are still weakly correlated with the damping strain amplitude. This
result shows that there are some other damping mechanisms superimposed in addition
to anelastic dislocation damping, such as grain boundary damping and secondary phase
boundary damping. Under the superposition of multiple damping mechanism effects,
Grp /Mg97Zn1Y2 exhibits the existing forms of damping at low strain amplitude.

When the strain amplitude is greater than the first critical strain amplitude value εcr1,
the dislocations break away from the weak pinners and slip between the strong pinners,
and the damping capacity of the material increases with increasing strain amplitude [17,18].
The strain-related partial damping capacity (Q−1

h ) can be expressed as follows:

Q−1
h =

C1

ε
exp

(
−C2

ε

)
(3)

C1 =
ρFBL3

N
6bEL2

C
; C2 =

FB
bELC

(4)

ln(Q−1
h · ε) = ln C1 − C2/ε (5)

where ρ is the density of a removable dislocation; LN and Lc are the average distances
between successive strong pinners and successive weak pinners, respectively; FB is binding
force between the weak pinners and the dislocations; b is the Burgers vector; ε is the strain
amplitude value; and E is the elastic modulus.
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Figure 5a displays the G-L curve of the Grp/Mg97Zn1Y2 composite; the entire strain
amplitude of the tested material was fitted to obtain εcr2. Figure 5b shows the fitted G-L
curve of the Grp/Mg97Zn1Y2 composite when the strain amplitude is εcr1 < ε < εcr2.
Figure 5b shows that the curve of the Mg97Zn1Y2 matrix material in this interval can
be approximately fitted into a straight-line segment. Therefore, the damping mechanism
of the Mg97Zn1Y2 matrix can be explained by the G-L model. However, the G-L plots
of the composite deviate from the straight line, indicating that there are other damping
mechanisms in the composite. Under the combined action of multiple damping mecha-
nisms, such as dislocation damping, grain boundary damping, and interface damping, the
damping properties of the composite were higher than those of the matrix material.

Figure 5. Grp/Mg97Zn1Y2 composite G-L curve: (a) the entire strain amplitude range; (b) εcr1 < ε < εcr2.

The overall damping capacity of the metal matrix composite is directly related to
the damping capacity of each constituent. Due to the formation of the LPSO phase and
the addition of graphite particles in the matrix, the huge difference in thermal expansion
coefficient between the magnesium matrix and the secondary phase produces great thermal
mismatch stress. Therefore, there is an increase in the number of dislocations at the
interface [28]. Thus, the damping properties of the Grp/Mg97Zn1Y2 composite are higher
than those of the Mg97Zn1Y2 alloy. Similarly, the addition of graphite particles in the
matrix creates more damping interfaces, including LPSO/Mg, LPSO/Grp, and Grp/Mg,
increasing its damping properties [29]. Additionally, the smaller the graphite particle size,
the greater the number of interfaces. Furthermore, when preparing Grp/Mg97Zn1Y2
composites, graphite particles refine the metallic grains, increasing the number of grain
boundaries and improving the grain boundary damping properties. The larger graphite
particles yielded higher grain boundary damping capacities in the composites than the
smaller ones because the smaller graphite particles gave the composite resistance to grain
boundary sliding [30]. When the graphite particle size was 3 µm, the various damping
mechanisms of composite materials had an excellent synergistic effect, and the 3 µm
Grp/Mg97Zn1Y2 has the best damping properties.

3.4. Strain Amplitude-Dependent Damping in Microplastic Range

The damping related to the microplastic range in magnesium alloy is a dislocation
mechanism due to the movement of the dislocations. At the initial stage of microplastic
deformation-related damping, the strain amplitude is εcr2 < ε < εcr3, and the disloca-
tions are unpinned from the strong pinners and the slip dislocations on the base sur-
face [27]. The dislocation mobility is greater during the first stage compared to the second
stage of microplastic deformation-related damping. When the strain amplitude is greater
than εcr3, the dislocation lines slip on the base surface, gradually becoming entangled.
Peguin et al. [31] first proposed a model to explain the damping phenomenon related to
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microplastic deformation and the various factors affecting the damping value at this stage.
The microplastic-related damping can be expressed as follows:

Q−1
p =

A
πεh

exp(Bε− Bεp) (6)

A =
2ρbv
π f

exp(− Q
KT

) (7)

B = α
VG
KT

(8)

where h is a constant, εp is the strain amplitude at the beginning of the microplastic
deformation damping stage, ρ is the dislocation density, v is the intrinsic frequency of the
dislocation, f is the test frequency, Q is the activation energy, α is the orientation factor,
G is the elastic shear modulus, and V is the dislocation activation volume. According to
Equation (6), Equation (9) can be obtained:

ln Q−1
p ε = Bε + C (9)

Fitting the ln Q−1
p ε and ε curves gives a slope, B, used to calculate the slip dislocation

activation volume change.
The material is in the microplastic deformation stage when the strain amplitude is

greater than εcr2. In this stage, the dislocations are unpinned from the strong pinners,
the G-L curve is no longer a straight line, and the damping curve of the composite above
εcr2 is fitted, as shown in Figure 6. Figure 6 shows that the damping value of the matrix
material is higher than the composite during the microplastic deformation stage. Table 1
lists the εcr3 value and B value of the composite. The composite’s value of B is smaller
than that of the matrix material, and the B value decreases with the increase in the particle
size. Equation (8) shows that B is directly proportional to the slip dislocation’s activation
volume. Therefore, the larger the particle size, the smaller the slip dislocation’s activation
volume in the material and the smaller the damping properties. The activation volume of
the composite when the strain amplitude is higher than εcr3 is smaller than the activation
volume when the critical strain amplitude is lower than εcr3. This phenomenon occurs
because dislocations accumulate and entangle under high strain amplitude, decreasing the
activation volume.

Figure 6. Cont.
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Figure 6. Grp/Mg97Zn1Y2 composite material microplasticity curve: (a) all materials; (b) as-cast Mg97Zn1Y2; (c) 24 µm 2
vol.%/Mg97Zn1Y2; (d) 11 µm 2 vol.%/Mg97Zn1Y2; (e) 3 µm 2 vol.%/Mg97Zn1Y2.

Table 1. Critical strain and B value of Grp/Mg97Zn1Y2 composite.

Material Type

Various Values

B1 102 B2 102 εcr3 10−2

Mg97Zn1Y2 9.5127 5.4482 0.3020
24 µm 2 vol.%/Mg97Zn1Y2 8.1624 5.0066 0.3175
11 µm 2 vol.%/Mg97Zn1Y2 8.1995 5.2748 0.2982
3 µm 2 vol.%/Mg97Zn1Y2 8.6567 5.3000 0.2901

4. Conclusions

(1) Composites consisting of different graphite particle sizes (24, 11, and 3 µm) were
designed and prepared using the casting method. The graphite particles were suc-
cessfully added into the Mg97Zn1Y2 matrix. Graphite particles do not easily react
with molten magnesium.

(2) The Grp/Mg97Zn1Y2 composite has the characteristics of high damping capacity.
At the anelastic stage, the damping properties of the Grp/Mg97Zn1Y2 compos-
ites were found to be higher than those of the Mg97Zn1Y2 alloy. Furthermore,
decreasing the graphite particle size was found to improve the damping proper-
ties of the Grp/Mg97Zn1Y2 composites. At the microplastic deformation stage,
the damping properties of the Mg97Zn1Y2 alloy were found to be higher than
those of the Grp/Mg97Zn1Y2 composites. Moreover, the damping properties of
the Grp/Mg97Zn1Y2 composites were found to decrease with increasing graphite
particle size.

(3) The reason for the increased damping of the Grp/Mg97Zn1Y2 composites during the
anelastic strain amplitude stage can be attributed to the increase in the number of
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damping sources and weak interactions among the dislocation damping mechanisms.
At the microplastic strain amplitude stage, the damping properties of the composite
are mainly affected by the activation volume of the slipped dislocation.
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