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Abstract High-damping materials are widely used in

engineering fields. In order to increase the precision of

vibration control to different levels, high-damping materi-

als with high-rigidity are required. This study attempts to

develop a new high-damping high-rigidity material using

ductile ceramics based on the Al2TiO5–MgTi2O5 system,

which has many continuous microcracks along the grain

boundaries. Ductile ceramics have high internal friction

(Q-1 = 0.01–0.037), but very low rigidity (\10 GPa). The

rigidity of Al2TiO5–MgTi2O5 ceramics was improved by

combining them with a polymer such as acrylic resin. The

Young’s modulus and internal friction of the composites of

Al2TiO5–MgTi2O5 ceramics and acrylic resin are investi-

gated. They show high-damping capacity (Q-1 = 0.03–

0.04) with high rigidity (E = 50–60 GPa), and their

properties depend on those of the polymer. Thus, the

composites fabricated using the above method can serve as

high-damping high-rigidity materials.

Introduction

Vibration control technology has been widely used in vari-

ous engineering fields, such as manufacturing of machines

and cars and in construction. Damping technology is one of

the most common techniques for vibration control, for

example, conventional mechanical dampers (air damper and

oil damper) and high-damping materials have been widely

used in many systems. Recent technological advancements

in the field of engineering require the processing and

measurement of extremely minute areas as well as minia-

turization and weight reduction of equipment [1, 2]. Hence,

from this viewpoint, vibration control technologies require

not only usual methods, but also a new high precision

vibration control system [3, 4]. In order to fulfill this

requirement, a high-damping material with high rigidity has

been developed as a structural material for machines. This

material is expected to increase the damping property of the

system and leads to a reduction in the weight of the equip-

ment, while simplifying the design of the machine, reducing

costs, and the number of parts [3, 4].

Polymers such as rubbers and elastomers have been

widely used as damping materials; however, their rigidity

is not sufficient for mechanical use. Structural materials

must have high rigidity; however, the damping capacity of

high-rigidity materials is generally quite low. Thus, it can

be noted that there is a trade-off between rigidity and

damping. Nevertheless, several studies have attempted to

increase the damping property of high-rigidity materials,

particularly metallic materials [5–8]. High-damping steel is

composed of a metallic plate and a polymer and is well

known as a high-damping and high-rigidity material that

can be used for multiple purposes such as in the con-

struction of the bodies of cars, trains, and ships. However,

the high-damping steel has some disadvantages such as the
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limitation of possible shapes and forms. Other high-

damping metallic materials such as a high-damping Mn–

Cu alloy and a shape memory alloy have also been

developed and used [5–8]. The production of high-damping

alloys requires highly accurate process control. In addition,

these alloys have limited usage in environments with a

magnetic or electric field. Thus, from the point of view of

the industry and manufacturing, it is important to develop a

high-damping material that has high heat resistance,

chemical stability, isolation, and non-magnetism, such as

ceramic, by a simple method.

In general, ceramics have high rigidity; their inner

structure hardly changes at room temperature. The damp-

ing property (internal friction) of ceramics is lower than

that of polymers and metals [9]. Most studies that have

been published have described the internal friction of

ceramics as a parameter for the evaluation of the change in

the inner structure at high temperature [10–16], whereas

only a few studies have reported that ceramic damping

materials can be used at room temperature [17–20].

Previous studies [21–23] have attempted to increase the

ductility of ceramics in order to improve their brittleness,

which is one of their major defects. Although there is a

trade-off between rigidity and flexibility in the case of

ceramics, the authors have been able to develop ductile

ceramics based on the Al2TiO5–MgTi2O5 system by con-

trolling the microstructure [23]. The microstructure of

Al2TiO5–MgTi2O5 ceramics (porosity: approximately

10%) is shown in Fig. 1. Many elongated columnar grains

and interconnected microcracks were formed. The ductile

Al2TiO5–MgTi2O5 ceramics show large plastic deforma-

tion (Fig. 2) due to flexural force caused by the integration

of small displacements at the grain boundaries due to the

pull-out mechanism of the grains for reduction in strain

[23]. These movements cause mechanical friction at the

surface of the grains, which results in high internal friction

[23]. The internal friction in ceramics is equivalent to that

in polymers and is much higher than that in other common

oxide ceramics such as alumina (porosity of 30%, internal

friction of 2.0 9 10-4) and mullite (porosity of 25%,

internal friction of 1.5 9 10-3) [23]. It is expected that

ductile ceramics will be used as damping materials due to

their high internal friction. However, in practice, Al2TiO5–

MgTi2O5 ceramics have some disadvantages such as low

rigidity; detachment of the grains from the ceramic body,

which is based on its ductility; and many microcracks

between the grains. In particular, the very low rigidity of

these ceramics needs to be significantly improved. There-

fore, in general, there is a trade-off between rigidity and

damping properties [5, 24]. Hence, it is difficult to increase

the rigidity without decreasing the internal friction.

In this study, the low rigidity of ductile Al2TiO5–

MgTi2O5 ceramics was tried to improve by a simple

method, e.g., combination with other materials. The

material for impregnating the ceramic should have a rela-

tively low rigidity compared with the ceramic and must be

introduced into the microcracks of the matrix. It is

important to ensure that the grains of the composite are not

bound very tightly by the impregnated material after the

combination process. A polymer was selected as the

combining material based on its low rigidity and easy

handling ability. In this study, general-purpose low-vis-

cosity thermosetting acrylic resins were used and the

method of impregnation after vacuum and heat curing was

selected to produce the composites. Impregnation is a

preferable way to introduce the polymer into pores with

dimensions of the order of submicrons. The change in the
Fig. 1 Cross-sectional view of the fractured surface of the solid

solution Mg0.25Al1.5Ti1.25O5

Fig. 2 Large distortion displayed during flexural strength

measurement
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Young’s modulus and the internal friction of the Al2TiO5–

MgTi2O5 ceramics after combining them with acrylic resin

were investigated. The effect of the properties of the

polymer on those of the composites was also studied.

Experimental

Fabrication of composites of Al2TiO5–MgTi2O5

ceramics and acrylic resin

In the Al2O3–TiO2–MgO system, aluminum titanate oxide

(Al2TiO5) forms a solid solution [25–27] with magnesium

titanate oxide (MgTi2O5), which has the same crystal

structure [28, 29]. In this study, seven different solid solu-

tion compositions were prepared (Fig. 3). The compositions

are labeled a–g in Table 1. Raw powders of Al2O3

(AL-160SG-4: Showa Denko K�K.), TiO2 (KA-10C: Titan

Kogyo Co., Ltd.), and MgO (#500: Tateho Chemical

Industries Co., Ltd.) were mixed with ethanol in appropriate

amounts in a plastic ball mill for 20 h. After drying the

slurry, the resulting powders were pressed in a die at

50 MPa such that their dimensions were 80 9 12 9

5 mm3. They were subsequently fired at 1500 �C for 2 h.

The composites of the Al2TiO5–MgTi2O5 ceramics and

acrylic resin were prepared as follows. Acrylic resin was

introduced into the ceramic pores by a vacuum impregnation

method. Since the pore size of the ceramics varied from 0.1

to 1 lm [23], it was ensured that the viscosity of the acrylic

resin was sufficiently low to impregnate the pores. In this

study, low-viscosity acrylic resin liquids (g = 0.07 Pa s at

room temperature) were selected, which were easy to handle

and could be cured by heating. Figure 4 shows the molec-

ular structure of the resins. Two types of acrylic resins with

different degrees of hardness and internal friction (A: hard

acrylic resin, storage modulus E0 = 0.17 GPa, tan d =

0.11; B: soft acrylic resin, storage modulus E0 = 0.01 GPa,

tan d=0.65) depending on the side chain (A: short side

chain, R = CH3, B: long side chain, R = CnH2n?1 (n = 12,

13)) were used. After the acrylic resin liquid was saturated

into the pores, it was cured with the ceramics at 80 �C

for 2 h.

Evaluation

The Young’s modulus and internal friction of the com-

posites were measured by the free resonance method

(Nippon Techno-plus Co., Ltd.: JE-RT). Figure 5 shows a

schematic diagram of the free resonance method. The

specimen was placed on stainless steel wires (/ = 50 lm)

at the node of vibration. The noncontact electrostatic

transmitter produced a vibration in the specimen, and

the resonance frequency was determined by detecting the

vibration amplitude by the sonic sensor while shifting the

oscillation frequency. Since the ceramic specimen did not

have electrical conductivity, its surface was coated with

thin carbon paint that provided electrical conductivity. The

internal friction (Q-1) was calculated as shown in Fig. 6 by
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Fig. 3 Composition of the specimen used in the Al2TiO5–MgTi2O5

system

Table 1 Compositions of Al2TiO5–MgTi2O5 in the specimens

Sample a b c d e f g

Al2TiO5 (mol%) 100 87 75 70 65 50 0

MgTi2O5 (mol%) 0 13 25 30 35 50 100

C

COOR

C

n

R: side chain

CH3

Fig. 4 Molecular structure of the acrylic resin

node of the fundamentalvibration

vibration pick up
(sonic sensor)

specimen

transmitter node of the fundamental vibration

vibration pick up
(sonic sensor)

specimen

transmitter

Fig. 5 Free resonance method for the measurement of the Young’s

modulus and internal friction
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the half-power bandwidth method using Eq. 1 [9, 30, 31]

(fr, resonance frequency (Hz), f1 and f2, frequencies where

the amplitude is 1/H2 of the maximum vibration amplitude

(Hz)).

Q�1 ¼ f2 � f1

fr

: ð1Þ

The Young’s modulus was calculated by the following

equation [10] (fr, resonance frequency (Hz); l, length (mm);

t, thickness (mm); W, width (mm); m, weight (g)):

E ¼ 0:9468� 10�9 � l3m

t3W
� f 2

r : ð2Þ

The flexural strain r (%) was calculated using the

following equation with the three-point bending test data

(D, deflection deformation (mm); S, span (mm); t,

thickness (mm)).

r ¼ 6Dt

S2
� 100: ð3Þ

The porosity was calculated from the bulk density and

the absolute specific gravity. The pore size distribution

was measured by mercury intrusion porosimetry. The

microstructure of the fractured cross section was observed

by a standard electron microscope (scanning electron

microscope).

Results and discussion

Impregnation state of the composites

In this section, the phase where the acrylic resin impreg-

nated the pores of the ceramics was discussed. A secondary

electron image of the solid solution (e) is shown in Fig. 7a

and the backscattered electron images of the ceramic are

shown in Fig. 7b. In Fig. 7b, there are several areas that are

approximately 5–10 lm in size with a dark color indicating

the existence of light elements. Using electron probe

microanalysis, it is observed that this dark area, which

contains a large amount of elemental carbon, indicates the

presence of acrylic resin, as shown in Fig. 8. The porosity

and distribution of the pore size of the solid solution (c) and

its composites with acrylic resins A and B are shown in

Fig. 9 and Table 2, respectively. Both acrylic resins A and

B caused a large decrease in the porosity; the main pores,

including finer pores with a diameter of less than 1 lm,

also showed a decrease in size. These results indicate that

the acrylic resin impregnated almost all the finer pores.

Young’s modulus and internal friction

of the composites

The change in the Young’s modulus of the Al2TiO5–

MgTi2O5 ceramics due to the combination with acrylic

resin is shown in Fig. 10. After the combination, the

Young’s modulus of the composites increased to more than

50 GPa, which is about 5–50 times higher than that of the

base ceramics. The increase in the Young’s modulus of the

composites obtained with the hard acrylic A was greater

than that observed after using the soft acrylic resin B.

Before the combination, the Al2TiO5–MgTi2O5 ceram-

ics had a very low value of Young’s modulus that was

\10 GPa; the Young’s modulus was low presumably

because of the unique microstructure, which was heavily

microcracked. Figure 11 shows the stress–strain curve of

the solid solution (d) measured with the three-point

bending test. Although the stress increased, the slope

2

fr f2f1
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pl

itu
de

A
2

A

fr f2f1 frequency

Fig. 6 Diagram of measurement for half-power bandwidth method

10 101010µm

(a) (b)

light element

10µm

Fig. 7 Scanning electron image

(SEI) of the cross section of the

composite of the solid solution.

Mg0.35Al1.3Ti1.35O5 and

polymer A. Figure 6a and b

shows the SEI and the

backscattered electron image,

respectively
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decreased with the strain; a nonlinear relation between the

stress and the strain was observed. The Al2TiO5–MgTi2O5

ceramics had many microcracks along the grain boundaries,

which were formed due to a reduction in the thermal stress

related to the thermal expansion anisotropy of the elongated

grains during the cooling process [32]. In this material, the

bonding strength of most of the grain boundaries was very

weak; the ceramics can be regarded as composites with the

cavities at the grain boundary as a constituent phase with zero

stiffness. As in our previous study [23], the ductility of the

ceramics under flexural stress was ascribed to the pull-out

mechanism of the columnar grains. Thus, in this study, the

measured value of the Young’s modulus of the Al2TiO5–

MgTi2O5 ceramics was the apparent value. Young’s modulus
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Fig. 9 Pore size distribution of the composites of Al2TiO5–MgTi2O5

and the polymers. The symbols (�), (5), and, (m) indicate

Mg0.35Al1.3Ti1.35O5, and its composites with polymers A and B,

respectively

Table 2 Porosity of Al2TiO5–MgTi2O5—polymer composites

Sample Porosity (%)

Mg0.35Al1.3Ti1.35O5 10.5

Mg0.35Al1.3Ti1.35O5—polymer A composite 1.8

Mg0.35Al1.3Ti1.35O5—polymer B composite 1.8

Fig. 8 Electron probe

microscope image of the cross

section of the composite of

Mg0.35Al1.3Ti1.35O5 and

polymer A. The SEI,

backscattered electron image

(BEI), image of the titanium

element (Ti), and the image of

the carbon element (C) are

shown in the figure
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Fig. 10 Influence of the combination of the polymer and Al2TiO5–

MgTi2O5 ceramics on Young’s modulus. The symbols (�), (5), and,

(m) indicate the base ceramics and their composites with polymers A

and B, respectively
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is an elastic parameter used to measure elastic strain, but in

this material, the measured value is not reflecting the correct

elastic properties because the strain with external force

included the strain induced by the slippage of the grains due

to the microcracks along the grain boundaries.

A significant improvement in the Young’s modulus was

obtained when the acrylic resin impregnated the cavities

along the grain boundaries. The influence of the combina-

tion of the ceramics and acrylic resin on the stress–strain

curves of the Al2TiO5–MgTi2O5 ceramics are shown in

Fig. 12. The stress on the composites increased more rapidly

than that on the base ceramics; the stiffness was improved

by the combination. Figure 13 shows the variation in

the maximum flexural strain at maximum flexure stress of

the Al2TiO5–MgTi2O5 ceramics after combination with the

acrylic resin. The base ceramics (b–f) showed a very large

strain because of a weak bond between the grains due to the

formation of many microcracks along the grain boundaries.

After the combination, both types of resins caused a sig-

nificant decrease in the bending strain. The increase in the

resistance to deformation indicates that the movable grains

in the ceramics were firmly fixed by the resin that impreg-

nated the cavities along the grain boundaries. In Fig. 13, it

can be observed that the bending strains of the composites

produced with acrylic resins A and B were almost compa-

rable; however, a difference was observed in the behavior of

the stress–strain curves in Fig. 12. For the composite with

the acrylic resin A, the stress increased almost proportion-

ally with the strain and the slope of the curve was larger than

that of the curve of acrylic resin B. The function of the

acrylic resin was to prevent the displacement of the grains

with external force and to increase the elastic limit between

the disconnected ceramic grain boundaries. The higher

storage modulus of the impregnated acrylic resin increased

the elasticity of the cavities at the grain boundaries; the bulk

property of the composites was strongly affected by the

properties of the acrylic resin.

Figure 12 shows the nonlinear behavior of the stress and

the strain for acrylic resin B; the slope of the curve

decreased while the stress increased with strain, and then

the stress decreased gradually. It can be inferred that the

decrease in the stress was caused by the deformation of

the impregnated resin or plastic deformation caused by the

sliding displacement of the ceramic grains along the grain

boundaries. Figure 12 shows that both the composites did

not display fractures due to brittleness and the stress was

slowly decreased particularly in the composite with acrylic

resin B. The plastic deformation might have occurred after

reaching the maximum stress, and the relaxation behavior

in the previous stage could have been caused by the

decrease in the deformation of the acrylic resin. However,

to verify this inference, further studies are required.

During the measurement of the Young’s modulus, the

measured value of the Al2TiO5–MgTi2O5 ceramics was the
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Fig. 11 Stress–strain curve of the solid solution Mg0.3Al1.4Ti1.3O5 in

three-point bending test
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Fig. 12 Influence of the combination of the polymer and the solid

solution Mg0.3Al1.4Ti1.3O5 (– – –) on the stress–strain curve. The

symbols ( ) and ( ) indicate the composites of Mg0.3Al1.4

Ti1.3O5 with polymers A and B
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Fig. 13 Influence of the combination of the polymers and Al2TiO5–

MgTi2O5 ceramics on the maximum flexural strain. The symbols (�),

(5), and, (m) indicate the base ceramics and their composites with

polymers A and B, respectively
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apparent value because of the existence of weak and partial

bonds at the grain boundaries due to many microcracks

formed in the matrix. For the same reason, previous studies

also could not obtain an accurate value of the Young’s

modulus for Al2TiO5–MgTi2O5 ceramics. The authors

attempted to estimate the Young’s modulus of the

Al2TiO5–MgTi2O5 ceramics from the composite based on

the rule of mixtures. The composites of the Al2TiO5–

MgTi2O5 ceramics and acrylic resin were prepared by the

impregnation of the resin into the porous ceramics. In the

base ceramics, which was different from common brittle

ceramics, the ceramic grains were not bound tightly at the

boundaries of the grains. Thus, the composites can be

recognized as a fiber-reinforced material which is the large

elongated ceramic grain fillers were dispersed and densely

packed (about 90 vol.%) into the small amount of acrylic

resin matrix (about 10 vol.%), rather than the usual porous

ceramic–polymer composites.

In general, the Young’s modulus of a fiber-reinforced

composite is frequently discussed based on the rule of

mixtures. Although the approximation formula should be

experimentally determined, in this study, the most ele-

mentary equation 4 was used for estimation. (Ec, Young’s

modulus of the composite (GPa); Vf, volume fraction of

fiber (vol.%); Ef, Young’s modulus of fiber (GPa); Vm,

volume fraction of matrix (vol.%); Em, Young’s modulus

of matrix (GPa)).

Ec ¼ VfEf þ VmEm: ð4Þ

The Young’s moduli of the Al2TiO5–MgTi2O5 ceramic

grains were estimated to be at least more than 65–135 or

60–80 GPa when acrylic resins A and B are used,

respectively. The Al2TiO5–MgTi2O5 ceramic grains

initially have high rigidity, thus the high rigidity of the

composites was provided by the stiffness of ceramic grains

mostly and the impregnating resin increased the elasticity

limit between the grains.

Next, the internal friction of the composites was dis-

cussed. The change in the internal friction of the Al2TiO5–

MgTi2O5 ceramics after combining them with the acrylic

resin is shown in Fig. 14. The effects of the combination

were different depending on the properties of the resin.

When acrylic resin A was used, the internal friction for

every composition decreased to a common value of around

0.016, which was approximately equivalent to the value for

common damping materials such as lead and cast iron [30,

33]. This behavior was assumed to be caused by a decrease

in the strain due to the displacement of the grains caused by

the impregnated resin. Less displacement decreased the

mechanical friction at the grain boundaries and grain-resin

boundaries. On the other hand, when acrylic resin B was

used, it increased the internal friction, although the com-

posites showed less strain by external forces, and the

variations in the behavior of the internal friction of the

composites were similar to those of the base ceramics.

Figure 12 shows the result of the nonlinear correlation

between the stress and the strain when resins with a low-

storage modulus were used. From this result, the increase

in the internal friction was attributed to the decrease in the

external force caused by the deformation of the resin.

Influence of the properties of acrylic resin

The influence of the properties of the acrylic resin on the

Young’s modulus and internal friction of the composites

was investigated. Five types of acrylic resins A–E with

different values of the storage modulus (E0) and tan d due

to differences in their side chains are listed in Table 3.
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Fig. 14 Influence of the combination of the polymers and Al2TiO5–

MgTi2O5 ceramics on internal friction. The symbols (�), (5), and,

(m) indicate the base ceramics and their composites with polymers A

and B, respectively

Table 3 Storage modulus and internal friction of the impregnated polymer

A B C D E

Side chain –CH3 –CnH2n?1 (n=12,13) –CH2(C4H7O) –(C2H4O)2H –(C2H4O)8H

Storage modulus (E0, GPa) 0.17 0.012 0.21 0.072 0.0049

Internal friction (tan d) 0.11 0.65 0.47 0.48 0.19
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These resins were combined with the solid solution

Mg0.3Al1.4Ti1.3O5. The Young’s modulus of the composites

increased with E0 of the impregnated acrylic resin, as

shown in Fig. 15. On the other hand, the internal friction

decreased with E0, as shown in Fig. 16. The storage mod-

ulus was verified as the most important principal factor

which affects the composites properties (Young’s modulus,

internal friction). In contrast, the correlation between the

tan d of acrylic resin and the composites properties was not

observed.

These results indicate that the properties of the com-

posites, such as the Young’s modulus and internal friction,

can be controlled by the storage modulus of the

impregnated resin. The variation in the Young’s modulus

and internal friction due to the combination of the acrylic

resins A–E with Mg0.3Al1.4Ti1.3O5 is shown in Fig. 17.

There is a trade-off between the Young’s modulus and the

internal friction. The values of these parameters vary in

accordance with the resins. Appropriate selection of the

impregnating material will enable to control the properties

of the composite. In the case of acrylic resin C, the

Young’s modulus and the internal friction of the compos-

ites were almost equal to those of M2052, which is a

typical high-damping alloy (T. Shimazu, unpublished data,

2007). Thus, the combination of the Al2TiO5–MgTi2O5

ceramics and acrylic resin can be effectively used for the

fabrication of a high-damping high-rigidity material.

The properties of the composites would be affected not

only by the storage modulus of the impregnated resin, but

also by other factors such as the wettability and boundary

adhesion between the ceramics and the acrylic resins.

Further studies will be required to clarify the effect of the

combination of Al2TiO5–MgTi2O5 ceramics and acrylic

resin on the Young’s modulus and internal friction.

Conclusions

The Young’s modulus of the high-damping ductile

Al2TiO5–MgTi2O5 ceramics was improved by combining

them with acrylic resin. The Young’s modulus and internal

friction were changed depending on the storage modulus of

the acrylic resin; the storage modulus was determined on

the basis of the increase in the elastic limit between the

disconnected ceramic grain boundaries due to the
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Fig. 15 Influence of the storage modulus of the polymer on the

Young’s modulus of the composites of Mg0.3Al1.4Ti1.3O5 and the

polymers
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Fig. 16 Influence of the storage modulus of the polymers on the

internal friction of the composites of the Mg0.3Al1.4Ti1.3O5 and the

polymers
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Fig. 17 Variation in the Young’s modulus and internal friction due to

the combination of diverse acrylic resins with Mg0.3Al1.4Ti1.3O5. The

rigidity and damping of the composite with polymer C were

approximately equal to those of M2052, which is a typical high-

damping alloy (marketed production)
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impregnation of acrylic resin. The higher the storage

modulus of the acrylic resin, the larger was the increase in

the Young’s modulus of the composite. The acrylic resin

with a low-storage modulus caused an increase in both the

Young’s modulus and internal friction. The acrylic resin was

appropriately selected so that the Young’s modulus and the

internal friction of the composites were approximately equal

to those of M2052, which is a typical high-damping alloy.

Thus, the combination of the Al2TiO5–MgTi2O5 ceramics

and the polymer was shown to be effective in the fabrication

of a material having high-damping and high-rigidity.
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