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STRUCTURAL DESIGN AND TAILORING OF COMPOSITES TO OBTAIN
NEAR ZERO COEFFICIENT OF LINEAR THERMAL EXPANSION

The paper discusses the realization of high dimensional stability of products, including minimization of thermal
strains by the use of additives having negative coefficient of linear thermal expansion, as well as auxetics having
negative Poisson’s ratio. Mechanisms of change of thermal stress state of the porous, dispersion-reinforced and
layered materials are established during heating and cooling, depending on elasticity moduli, the size of inclusions,
a parity of rigidity of the matrix and the filler as well as boundary conditions. The results of structural design
make it possible to improve dimensional stability and reduce residual stresses of microelectronics elements, precise
equipment for aerospace engineering and measuring instruments.
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Introduction. It is known [1] that high dimensional
stability is assumed as the important requirement to
measuring instrument, microelectronics elements as
well as the constructions for aerospace engineering
and so on. Insufficient rigidity of the structures causes
unwanted deformations (contact, bending, tension,
compression, and their combinations) under the action
of mechanical loads. Obviously, materials with high
elastic moduli under tension and shear should be used
to reduce strains mentioned above.

Apart from that, thermal strains may cause notable
dimensional changes with temperature fluctuations.
To minimize this factor, materials are required that
have a low (near zero, ideally zero) coefficient of linear
thermal expansion (CTE) in a given temperature range.

In both cases, the idea of an improvement
of dimensional stability of products by using mate-
rials with peculiar (anomalous) physical and me-
chanical properties, described, for example, in [2],
is a very attractive. The possibilities of computer de-
sign of composites in terms of managing thermal de-
formations and stresses are discussed below.

First of all, we assume the “direct” method of
thermal strains minimization by mixing of materials
with positive and negative CTE [3—8]. The second way
of tailoring thermostable composites with zero thermal

expansion coefficient is based on the high resistance
of auxetics (materials with negative Poisson’s ratio)
to form change [9—12]. In this regard, we studied
the thermal deformations of auxetic composites with
different reinforcement schemes and the ratio of
the Poisson’s ratio of the matrix and the filler. In the
strength aspect, the concentration of thermal stresses
in the inhomogeneity zone (cavity or inclusion) is
evaluated.

Structural and functional analysis of materials
with zero and negative CTE. A review of the literature
on materials that demonstrate zero and negative
linear thermal expansion coefficients [3—8] indicates
the presence of a number of inorganic compounds
possessing the indicated “anomalous” property. These
include graphite with oo = —1.22-10-° K~' along principal
crystallographic axis (Figure 1 a) and some minerals:
silicon oxides SiO, with oo = —4.2-10~° K~! and complex
oxides of lithium, aluminum, silicon LiAlSiO, with
o = —4,0-10~° K-'; aluminum and phosphorus AIPO,
with o = —11.7-10-% K-!; lead and titanium PbTiO, with
o = —3.5-10-° K-!; thallium and vanadium (TaOVO, with
o = —4.4-10-° K-!; scandium and tungsten Sc,W,0,, with
o =—2.2-10"° K™'; lithium and tungsten LiW,0,, with oo =
= —6.8:10-° K-!; zirconium and tungsten o.-ZrW,0O; with
o =—8.7-10~° K-'; B-ZrW,O, with a. = —4.9-10-° K~" and
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Figure 1 — Structural elements of linear thermal expansion
graphite (a) and compounds ZrW,O; (b)

v-ZrW,0, with o = —1.0-10=® K-' (see Figure 1 b).
Abnormal thermal deformations of these substances
are due to the specific configuration of chemical
bonds, in which the atoms in the process of heating are
displaced in the opposite direction (compared to most
substances) as shown in Figure 1.

Direct tailoring of experimental samples with zero
and negative CTE. A rather restricted list of the above-
mentioned non-structural materials (minerals) makes
it relevant to search for and obtain materials in the class
of metals, polymers, etc. This is possible by using the
methods of composite materials science. For example,
the aluminum matrix composites with near-zero coefficient
of thermal expansion can be obtained by adding negative
thermal expansion phases into the aluminum alloys.
Zirconium tungstate, ZrW,QOy, is such a peculiar material,
exhibiting isotropic and NTE properties from 0.3 K to its
decomposition temperature of 1050 K. ZrW,O, has three
phases: the room stable a-phase, a high-temperature stable
B-phase, and high-pressure stable y-phase. The a-phase
(o= —8.7-10-¢ K-') undergoes a reversible transformation
at 155 °C to B-phase (o = —4.9-10-° K-'). When subjected
to pressures above 0.2 GPa, the cubic a-phase trans-
forms to the orthorhombic high-pressure y-phase with
a dramatically higher CTE value, increasing from —8.7 to
—1.0-10-¢ K='. Upon heating to 120 °C, the y-ZrW,O,will
be reconverted to a-ZrW,0Oy. Therefore, ZrW,0Oy is an
ideal filler material to produce light-weight aluminum
matrix composites with near-zero coefficient of thermal
expansion.
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In this work, a 70 vol.% ZrW,0,/Al—Si composi-
te was fabricated by a pressure infiltration process.
The matrix was an Al—Si alloy for its low CTE and
excellent casting fluidity. A steel mold was filled with
ZrW,0q particles, and a vertical pressure was used to
press these ZrW,Oq particles into a cylindrical preform
according to the given volume fraction. The preform was
then preheated; while at the same time, the Al—Si allow
was heated in a graphite crucible. After the Al—Si alloy
was molten, it was poured into the steel mold. A ram
was then driven vertically downwards and a mechanical
pressure was applied immediately, causing downwards
infiltration of the molten Al—Si alloy into the ZrW,Oq
preform. After the Al-Si alloy solidified completely,
the ZrW,0,/Al-Si composite was obtained. Since
the ZrW,0O; will decompose into ZrO, and WO, at
temperature higher than 777 °C, the infiltration tem-
perature should be controlled carefully to avoid
the decomposition of ZrW,O,.

A mixture of different sized ZrW,0Oq particles was
used to increase their volume fraction (70 %) and fine
ZrW,0y particles occupied the interstitial positions
around coarse particles efficiently. No particles clus-
tering was observed. A high pressure applied during fab-
rication and solidification process ensured a complete
infiltration of molten Al—Si alloy into ZrW,Oq preform,
and then the composite was dense and homogeneous.

In the as-fabricated ZrW,0,/Al—Si composite,
a mixture of y-ZrW,0; and a-ZrW,0O; was found,
which is deleterious to the low thermal expansion
property of the composite. Annealling treatment
was used to reduce the residual stress, causing
the conversion of y-ZrW,0, to a-ZrW,0,. This is
demonstrated by the relative linear length change
with the variation of temperature for the ZrW,0,/
Al-Si composites. The as-annealed composite
exhibits much lower linear length change when
compared with as-fabricated composite. Therefore,
the mean CTE of the as-annealed ZrW,0./Al-Si
composite in the temperature range —40~60 °C is
only 1.35-107¢ K-!, exhibiting a near-zero thermal
expansion property by the combination of Al-—Si
alloy and NTE ZrW,Oq phase.

Structural design of materials with near zero CTE.
Apart from direct mixing with positive and negative CTE
of components, the authors consider the possibility
of obtaining thermal stable materials by introducing
auxetic phase with negative Poisson’s ratio into the
base structural material. Thus, it is hypothesized that
it is possible to compensate for thermal displacements
by using the Poisson effect in the region of negative
values v. For a purposeful search for the structure of
this material, it is advisable to use a micromechanical
approach, which is to simulate a piece of material
in the form of a set of identical structural elements
(periodicity cells).

Using the finite element method (FEM), micro-
mechanical models were built, covering some important
composite structures as shown in Figure 2.
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a b
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Figure 2 — Model of composite structures with auxetic phase: layered (a); porous (b); continual with disk (¢) and rectangular (d) inclusions

In all the performed test calculations, the coef-
ficient of thermal expansion oo = 103, typical of po-
Iymers, was specified. The calculation of thermal
deformations was performed in the environment
of the ANSYS software under the assumption
of a plane-deformed state. Displacement along the
xand y axes was used as output parameters. A fragment
consisting of 5-5 cells was used as a representative
volume. Young’s modulus of material in all cells had
a constant value.

Analysis of thermal linear expansion for a layered
system (see Figure 2 a) showed that introducing
the component with v = —0.5 makes it possible one
to reduce the displacement of u, by 1.22 times, u, by
1.44 times as compared to the component with v=0.48
(practically incompressible rubber type material).
A more noticeable effect is provided by the alternation
of layers (a decrease in the named component
of displacement by 1.90 and 1.36 times, respectively).
The most significant effect of reducing CTE (3.62 and
5.60, respectively) is achieved when using the auxetic
phase with the minimum theoretically possible value
for an isotropic medium v= —1.

Similar calculations were carried out for a com-
posite material consisting of square-shaped cells
(see Figure 2 b) with alternating auxetic and non-
auxetic cells. In particular, for v = —0.5, the predicted
reduction in CTE was 1.22 and 1.28, respectively. When
varying Poisson’s ratio in the interval of admissible
values from 0.5 to —1, it was established that thermal
displacements close to zero are achieved when v = —1.

The calculations for a porous material formed by
the alternation of square-shaped hollow cells (see Fi-
gure 2 c¢) also showed the possibility of reducing
the CTE in the region of positive CTE values of this
system.

Composite materials with auxetic phase in the
form of disk inclusions of equal radius (see Figure 2 d)
demonstrate a decrease in the CTE of 1.34 and
1.41 times and a matrix of 1.81 and 2.45 times,
respectively. Thus, a comparison of the characteristics
of thermal expansion for various modeling structures
showed that the most noticeable decrease in CTE
is achieved using a homogeneous auxetic structure.
This is most noticeable with the minimum value of
the Poisson’s ratio v = —1. The effect of the structure is

smoothed with increasing Poisson’s ratio and becomes
insignificant when Poisson’s ratio exceeds 0.3.

As a technical applications of auxetics, two coupled
thermoelastic problems are considered below.

Example 1. Let assume the heating of composite
structure (semiconductor laser) in the form of a he-
terogeneous body consisting of 3 nested regions (Fi-
gure 3), the physical and mechanical characteristics
of which are listed in the Table 1. Initial data includes
absorption coefficient adep = 1.8, sample width y, =
= 0.6, input stream I, = 1, Qrodp = adep - I, - exp|—adep x
x x| - exp[—(¥/,)?] and temperature of the remote heat
sink 7h = 0.

Figure 3 — FEM discretization of composite structure

Table 1 — Initial data for the calculation of the thermal stress state

Characteristics 1 2 3
Coefficient of thermal | he3 | g3 | 0.0098
conductivity &

Heat source Q 0 0 Qrodp
Young’s modulus £ 117e3 60e3 282e3
Poisson’s ratio v 0.4 varies 0.28
Linear expansion 10e-6 | 16e-6 | 710e-6
coefficient a
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Figure 4 — Dependence of maximal displacement u
on the Poisson’s ratio v

The FlexPDE software for solving partial dif-
ferential equations is used as a means of numerical
analysis of the thermoelastic problem. The investigated
two-dimensional region is approximated by triangular
finite elements of small size, as compared with the so-
lution region (see Figure 3). An approximate solution
is sought as an expansion over the basis of a finite-
dimensional space of dimension N.

It was found that the use of material with pro-
nounced auxetic properties v < —0.85 leads to a noti-
ceable decrease in the maximum displacements u,
(Figure 4). Also, the dependence of temperature
stresses on the Poisson’s ratio is of interest, which is
characterized by minimum values in the range of ne-
gative values of —0.6 < v < —(.4 for the component c..
It has been established that the use of a material with
a negative Poisson’s ratio leads to a significant change
in the distribution of the components of thermal
displacements and stresses in the adhesive joint
of the composite layers.

Example 2. Analysis of the thermal stress state
of the electrical contact. A common element in ele-
ctronics is contact made from an electrically con-
ductive material, usually a metal, adhesively bonded to
a dielectric (glass, ceramic, polymer) substrate. The
calculations show that as a result of contact heating
during the installation of electronic components due
to thermal expansion of the material, displacements
and significant stresses occur in the zone of contact
between the contact and the substrate (Table 2).
To study the stress-strain state of the contact, an
axisymmetric model was constructed in the form of
an elastically deformable disk, adhesive bonded to
a non-deformable substrate. The following initial data
were set: Young’s modulus £= 100 GPa, linear thermal
expansion coefficient o = 10~® K-!, AT = 373 K,
geometrical parameters of disk: thickness 2= 0.2 mm,
diameter d = 1 mm.

An analysis of the results of finite element modeling
shows that making a contact from an auxetic material
with the Poisson’s ratio v = —1, all other things being
equal, makes it possible to reduce the maximum

Table 2 — Dependence of the stress-strain state parameters
on Poisson’s ratio

v G, MPa u,, mm u,, mm
—0.98 126 0.00361 0.00182
0.0 162 0.125 0.0862
0.3 180 0.152 0.128
0.48 204 0.168 0.164
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b
Figure 5 — Displacements along axis x: v=—0.98 (a) and v=0.48 (b)

equivalent stresses by at least 40 %, and their distribution
becomes more uniform. An important practical result
is also a decrease in maximum thermal displacements.
The maximum displacement u, (Figure 5) decreases

b
Figure 6 — Displacements along axis y: v=—0.98 (a) and v=0.48 (b)
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by more than 40 times (the zone of their localization
moves from the center to the edge of the contact), and
the similar component u, (Figure 6) decreases by more
than an order of magnitude in comparison with the
value v = 0.3 for most materials (metals) used to make
electrical contacts for the smallest value of the Poisson’s

ratio v = —1. Thus, the use of contacts from auxetic
materials in electronic products has obvious technical
advantages.

Conclusions. We assume the “direct” method of
thermal strains minimization by mixing of materials
with positive and negative CTE. The as-annealed com-
posite exhibits much lower linear length change when
compared with as-fabricated composite. For example,
the mean CTE of the as-annealed ZrW,0,/Al-Si
composite in the temperature range —40~60 °C is only
1.35-10-° K~!, exhibiting a near-zero thermal expansion
property by the combination of Al—Si alloy and NTE
ZrW,0O; phase.

It is shown that the use of auxetic components,
allowing for a wide range of regulation of bulk com-
pressibility and shear rigidity, is a way to create
thermostable composites for the manufacture of struc-
tural elements of measurement tools. Thermoelastic
analysis of the heating of the composite structure
showed that the use of components with pronounced
auxetic properties (v < —0.85) leads to a noticeable
decrease in the maximum displacements u,. The tem-
perature stresses are characterized by minimum values
in the interval of negative values —0.6 < v < —0.4.

The numerical solution of the coupled thermo-
elastic problem of heating a composite structure of
a semiconductor laser showed that the use of materials
with pronounced auxetic properties (v < —0.85) leads
to a noticeable decrease in thermal displacements u,.
Temperature stresses are characterized by minimal
values in the range of negative values Poisson’s ratio
—0.6 <y<—0.4.

Thiswork was supported by the Belarusian Republican
Foundation for Fundamental Research (project T1SR-286
and project T20KI1-031).
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®OPMUPOBAHUE CTPYKTYPbI U PEFNYJINPOBAHUE CBOMCTB
KOMMNO3UTOB AJ14 NOJTYHEHUA BJIN3KOIo K HYJ1IO
KO3®DDULMUEHTA JIMHEUHOIO TEMJIOBOIO PACLUMPEHUSA

L.

Ob6cyacoaemes npobaema noay4eHUs: 8blCOKOU HopMocmaduabHOCMU U30eAUll, 8 MOM YlUCAe MUHUMUAYUS mep-
Muueckux deghopmayuil 3a cuem UCNONb308AHUS KOMHNOHEHMOE ¢ OMPUUAMENbHbIM KOIDHUYUEHMOM AUHEUHO20
mMenn060e0 pacuiupenus, a maKice aykcemukos ¢ ompuyamensivim Kodgguyuenmom Ilyaccona. Yemarnoeaenol
MEXAHU3MbL UBMEHEHUS] MEePMOHANDANCEHHO20 COCMOSHUSL NOPUCMBIX, OUCNEPCHO-APMUPOBAHHBIX U CAOUCHIbIX
Mamepuanos npu Hazpese U 0XAaNCO0eHUU 6 3a8UCUMOCMU OM MOOYell YRpyeocmil, pamepa 6KAUeHUl, COOM -
HOWEHUS JICeCmMKOCU MaAmpUulbl U HANOAHUMENS, A MAKICe SPAHUMHBIX YCA08Uil. Pezyrsmambr cmpykmypHoeo
Ou3aiina no360sII0M NOBLICUMb PAZMEPHYIO CIAOUAbHOCIb U YMEHbULUMb OCMAMOYHbIE HANPANCCHUSL INEMEH -
M08 MUKDOINEKMPOHUK U, MOUHO20 000PYO08aHUs 051 AIPOKOCMUHECKOL MEXHUKU U U3MEPUMENbHbIX NPUOOPOE.

Karouesvte caosa: usmepumenvhviii npubop, s1eMmeHmsl MUKPOINEKMPOHUKU, (DYHKUUOHAAbHbIE MAMepuansl,
anoMUHUesble CNAABbL, AYKCEMUKU, 804b(pamam YUupKoHUs, Menioeoe paculuperue, 0Cmamo4Hvle HanpsiceHus,
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