
Theocharis	
  Baxevanis	
  

2012 SUMMER SCHOOL IN ADVANCED 
COMPOSITE MATERIALS 

 
2-6 July 



3 

Aerospace	
  Engineering	
  

Academic	
  Plaza	
  

6/19/12 11:02 AMCollege station - Google Maps

Page 1 of 2https://maps.google.com/maps?client=safari&oe=UTF-8&q=College+s…llege+Station,+TX&gl=us&ei=FKLgT6jaKuPC2QWG8OmWCg&ved=0CJEBELYD

To see all the details that are visible on the
screen, use the "Print" link next to the map.



¡  What	
  is	
  the	
  IIMEC	
  
The	
  International	
  Institute	
  for	
  Multifunctional	
  
Materials	
  for	
  Energy	
  Conversion	
  (IIMEC)	
  is	
  an	
  
NSF-­‐funded	
  International	
  Material	
  Institute	
  

¡  What	
  is	
  our	
  Mission	
  as	
  a	
  research	
  group?	
  
The	
  mission	
  of	
  IIMEC	
  is	
  to	
  establish	
  a	
  
communications,	
  knowledge-­‐base	
  and	
  
computational/laboratory	
  grid	
  that	
  will	
  
advance	
  research	
  in	
  multifunctional	
  materials	
  
for	
  efficient	
  energy	
  conversion	
  

¡  Specific	
  research	
  theme	
  areas:	
  
-­‐	
  Coupling	
  of	
  thermal/magnetic	
  and	
  
mechanical	
  properties	
  
-­‐	
  Coupling	
  of	
  electrical	
  and	
  mechanical	
  
properties	
  
-­‐	
  Thermal	
  and	
  electrical,	
  and	
  optical	
  and	
  
electrical	
  coupling	
  

Participating	
  Universities	
  in	
  US	
  and	
  worldwide	
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Characteriza2on,	
  model	
  development,	
  and	
  analysis	
  of	
  
	
  

Shape	
  Memory	
  
Alloys	
  

Shape	
  Memory	
  
Polymers	
  

Hybrid	
  
Composites	
  Nanocomposites	
  

Magnetic	
  Shape	
  
Memory	
  Alloys	
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¡  Multifunctional	
  Composites	
  are	
  structural	
  materials	
  with	
  added	
  functionality,	
  
e.g.,	
  energy	
  absorption,	
  electromagnetic	
  properties,	
  sensing	
  and	
  actuation,	
  
power	
  harvesting	
  and	
  repair.	
  

¡  Development	
  of	
  Multifunctional	
  Composites	
  involves	
  the	
  integration	
  of	
  active	
  
and	
  passive	
  material	
  systems,	
  often	
  including	
  the	
  coupling	
  of	
  relevant	
  
mechanical,	
  electrical,	
  magnetic,	
  thermal,	
  optical,	
  or	
  other	
  physical	
  properties	
  

¡  Active	
  materials	
  include	
  piezoelectrics,	
  electrostrictives,	
  magnetostrictives,	
  
electroactive	
  polymers	
  (EAPs),	
  shape	
  memory	
  alloys	
  (SMAs),	
  shape	
  memory	
  
polymers	
  (SMPs)	
  and	
  magnetic	
  shape	
  memory	
  alloys	
  (MSMAs)	
  

Nanotubes	
  

Electro-­‐
magneto-­‐
rheological	
  

materials	
  

Piezoelectric	
  

materials	
  

Electroactive	
  

materrials	
  

Optical	
  
fibers	
  

Shape	
  
Memory	
  
Alloys	
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CENTRO
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FIAT

Centro Ricerche Fiat is the sole owner of this document. It cannot be copied or given to third parties without permission

Smart materials are able to modify their 
functional characteristics if stimulated with 
electrical or magnetic fields, temperature,
light, etc…

They can substitute dozens of discrete 
actuators and sensors now present in a 
vehicle. This permits to simplify components 
and then to reduce size, weights and costs

Main advantages respect to traditional 
components:

Electrical, thermal, 
optical,magnetic input Mechanical action

Actuators

Sensors

Electrical signal Mechanical input

Functional 
materials

Piezoelectric 
materials

Optical fibers

Nanotubes

Shape Memory 
Alloys

Electro-
magneto-

rheological
materials

Elettroactive
materials

Smart materials: the enable technology

• Act simultaneously as sensors and actuators 
• Perform controlled mechanical action 

without any external mechanisms
• Are adaptive with the environmental conditions
• High level of miniaturisation
• New functions development
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Ac,ve	
  materials	
  are	
  able	
  to	
  modify	
  
their	
  func2onal	
  characteris2cs	
  if	
  
s2mulated	
  with	
  electrical	
  or	
  
magne2c	
  fields,	
  temperature,	
  light,	
  
etc…	
  

Electrical,	
  thermal,	
  
magne2c	
  input	
   Mechanical	
  ac2on	
  

Mechanical	
  input	
  Electrical	
  output	
  

Sensors	
  

Actuators 

Main	
  advantages	
  with	
  respect	
  to	
  traditional	
  
components:	
  
•  Act	
  simultaneously	
  as	
  actuators	
  and	
  sensors	
  
•  Perform	
  controlled	
  mechanical	
  ac2on	
  
•  Are	
  adap2ve	
  with	
  environmental	
  condi2ons	
  	
  
•  High	
  level	
  of	
  miniaturiza2on	
  

	
  
	
  
	
  
	
  
	
  

Electroactive	
  

materrials	
  

Piezoelectric	
  
materials	
  

Shape	
  
Memory	
  
Alloys	
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Piezoelectrical	
  Polymers	
  and	
  Ceramics:	
  
Electromechanical	
  coupling	
  

Shape	
  memory	
  alloys:	
  
Thermomechanical	
  coupling	
  

Magne2c	
  shape	
  memory	
  alloys:	
  
Magnetomechanical	
  coupling	
  

CNT-­‐based	
  devices:	
  
Electrothermal	
  coupling	
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2 1 Introduction to Shape Memory Alloys

(coupling of thermal with mechanical fields). Active materials can be fur-
ther subdivided into materials that exhibit direct or indirect coupling. Piezo-
ceramics, piezoelectric polymers, magnetostrictive ceramics, shape memory
alloys and magnetic shape memory alloys are examples of active materials
that exhibit a direct coupling. This implies that either the mechanical or
the non-mechanical field can serve as an input while the other as the out-
put. In contrast, for active materials such as electro-rheological fluids (ERF)
and magneto-rheological fluids (MRF), a change in the electric field or the
magnetic field can indirectly couple with the mechanical behavior through a
change in the viscosity of the fluid. This indirect, or one-way, coupling usually
lacks the reciprocity of the two-way coupling exhibited by active materials
that directly couple two fields.

The suitability of an active material with direct coupling for actuation
applications depends on many factors. Two key design drivers are the actu-
ation energy density (available work output per unit volume) and the actu-
ation frequency of the material. An ideal active material would have both
a high actuation energy density and a high actuation frequency. Figures 1.1
and 1.2 compare the actuation energy densities and the actuation frequencies,
respectively, of some common active materials. The actuation energy density
is denoted in Fig. 1.1 by the dotted lines and is defined as the product of
the actuation strain (related to the stroke of an actuator) with the actuation
stress, assuming here that the active material is operating under constant
stress. The specific actuation energy density (work output per unit mass)
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Fig. 1.1. Actuation energy density diagram indicating typical ranges of actuation
stress, actuation strain, and the actuation energy densities of different active mate-
rials that exhibit direct coupling.
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Fig. 1.2. Actuation frequency diagram comparing the actuation frequency ranges
of different active materials that exhibit direct coupling.

for a specific active material can be calculated from Fig. 1.1 by dividing the
actuation energy density by the mass density.

Shape Memory Alloys (SMAs) are a unique class of shape memory materi-
als with the ability to recover their shape when the temperature is increased.
An increase in temperature can result in shape recovery even under high
applied loads therefore resulting in high actuation energy densities as shown
in Fig. 1.1. In addition, under specific conditions, SMAs can absorb and dis-
sipate mechanical energy by undergoing a reversible hysteretic shape change
when subjected to applied mechanical cyclic loading. These unique charac-
teristics of SMAs have made them popular for sensing and actuation, impact
absorption and vibration damping applications. SMAs do, however, exhibit
low frequency response, as shown in Fig. 1.2. Higher actuation frequencies are
achievable for a class of SMAs called magnetic shape memory alloys, which
have recently been investigated.

The application of SMAs spans a wide variety of industrial sectors such
as aerospace, automotive, biomedical, and oil exploration. Over the past few
decades, several key works have explored the microstructural mechanisms,
engineering effects, and applications of shape memory alloys, including the
experimental work of Jackson and coworkers [1], the application considera-
tions of Duerig and others [2], and the comprehensive summaries of Perkins,
Funakubo, and Otsuka and Wayman [3–5]. In the context of the current
textbook, this chapter will provide insights into the history of SMAs, their
properties, their microstructural behavior, and their varied industrial
applications.

actuation	
  frequency	
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•  Shape	
  Memory	
  Alloys	
  (SMAs)	
  are	
  ac2ve	
  materials,	
  capable	
  of	
  
conver2ng	
  thermal	
  to	
  mechanical	
  work	
  and	
  vice	
  versa	
  

•  SMAs	
  are	
  desirable	
  in	
  a	
  wide	
  range	
  of	
  actuator,	
  energy	
  absorp2on	
  
and	
  vibra2on	
  damping	
  applica2ons	
  

Advantages:	
  
u High	
  Strength	
  
u High	
  Strain	
  
u High	
  Actua2on	
  Energy	
  

Disadvantages:	
  
u Low	
  Frequency	
  
u Low	
  Efficiency	
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(Photo courtesy of Burpee Materials Technology, LLC.)
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Burpee	
  Materials	
  Technology,	
  LLP	
  

Bomedical	
  devices	
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Variable Geometry Chevrons

� Reconfigurable engine nozzle fan 
chevron
� Apply morphing structures 

technology to enable efficient 
chevron shape change
� Shape Memory Alloy is key 

technology
� Example of new testing capability
� Mature technology TRL level 6-7

Variable	
  Geometry	
  Chevrons	
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21 

21 

The	
  rela2on	
  between	
  the	
  cubic	
  B2	
  cell	
  (shaded	
  
box)	
  and	
  the	
  undistorted	
  (tetragonal)	
  B19	
  cell	
  

Diffusionless,	
  shear	
  driven	
  transforma2on	
  
from	
  austenite	
  to	
  martensite	
  and	
  vice-­‐versa	
  

Face-­‐diagonal	
  planes.	
  Martensite	
  variants	
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Texas Institute for Intelligent Materials and Structures (TiiMS) Texas A&M University 
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•  SMAs	
  can	
  recover	
  their	
  shape	
  when	
  the	
  
temperature	
  is	
  increased	
  even	
  under	
  high	
  applied	
  
loads	
  (Shape	
  Memory	
  Effect)	
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•  Transformation	
  can	
  also	
  be	
  induced	
  by	
  applying	
  a	
  
sufficiently	
  high	
  mechanical	
  load	
  to	
  the	
  material	
  
in	
  the	
  austenitic	
  phase	
  (Pseudoelastic	
  Effect)	
  

stress	
  vs	
  strain	
  

Shape	
  memory	
  effect	
   Pseudoelas2c	
  effect	
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open  mix	
  
 Otsuka	
  (NIMS)	
  2002	
  

Voggenreiter	
  (EADS)	
  2001	
  

move	
   connect	
  

F-­‐14	
  Raychem	
  1971	
  



17 

Texas Institute for Intelligent Materials and Structures (TiiMS) Texas A&M University 

SMA Devices 
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¡  Common	
  problem	
  for	
  many	
  aerospace	
  
applications:	
  
§  Lack	
  of	
  materials	
  capable	
  of	
  handling	
  

extreme	
  environments	
  
§  High	
  Temperature	
  Regimes	
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•  Past	
  solution	
  was	
  metal-­‐ceramic	
  
composites	
  
–  Brittleness	
  of	
  ceramics	
  often	
  lead	
  to	
  

failure	
  

h^p://en.wikipedia.org/wiki/
Na2onal_Aerospace_Plane	
  

h^p://en.wikipedia.org/wiki/
File:Stsheat.jpg	
  



¡  New	
  Solution:	
  New	
  Functionally	
  
Graded	
  Hybrid	
  Composite	
  

19 

§  Top:	
  Oxide	
  Ceramic	
  Thermal	
  
Barrier	
  Coating	
  

§  Middle:	
  Graded	
  Ceramic-­‐Metal	
  
Composite	
  

§  Bottom:	
  Actively	
  Cooled	
  Polymer	
  
Matrix	
  Composite	
  

Problem:	
  How	
  to	
  improve	
  mechanical	
  behavior	
  of	
  GCMeC	
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¡  SMPs	
  present	
  a	
  rela2vely	
  low-­‐force,	
  	
  
high-­‐elonga2on	
  alterna2ve	
  compared	
  	
  
to	
  shape	
  memory	
  alloys	
  (SMAs)	
  
§  Reported	
  strains	
  up	
  to	
  800%	
  (Liu	
  et	
  al.	
  2007)	
  
§  Ability	
  to	
  significantly	
  tune	
  material	
  proper2es	
  

¡  Poten2al	
  applica2ons	
  
§  Aerospace	
  devices	
  
§  Biomedical	
  devices	
  

Lendlein	
  and	
  Langer	
  (Science	
  2002)	
  

Thrombectomy	
  Devices	
  1 Cardiovascular	
  Stents	
  2 Deployable	
  Space	
  
Structures	
  3	
  

1Buckley,	
  P.R.,	
  et	
  al.,	
  IEEE	
  Transac.ons	
  on	
  Biomedical	
  Engineering,	
  2006.	
  
2Courtesty	
  of	
  Landon	
  Nash	
  
3Lake,	
  M.S.,	
  et	
  al.,	
  Proceedings	
  of	
  SPIE,	
  1999.	
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Shape	
  memory	
  effect	
  (SME)	
  thermomechanical	
  cycle:	
  
1.	
   	
  Load	
  in	
  rubbery	
  phase	
  (T>Tg)	
  
2.	
   	
  Cool	
  at	
  fixed	
  deforma2on	
  
3. 	
  Unload	
  in	
  glassy	
  phase	
  (T<Tg)	
  
4a.	
   	
  Free	
  recovery	
  (heat	
  at	
  zero	
  stress)	
  
4b. 	
  Constrained	
  recovery	
  (heat	
  at	
  constant	
  displacement	
  )	
  

Tlow	
   Tg	
   Thigh	
  Temperature	
  

St
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ss
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¡  Large	
  deforma2ons	
  possible	
  
§  Polyurethane	
  SMPs	
  stretched	
  to	
  100%	
  strain	
  (Baer	
  et	
  al.,	
  2006;	
  Tobushi	
  et	
  al.	
  1997)	
  
§  Polystyrene-­‐based	
  SMPs	
  stretched	
  to	
  75%	
  (Atli	
  et	
  al.	
  2009)	
  and	
  100%	
  strain	
  

(Volk	
  et	
  al.	
  2010)	
  

¡  Deforma2on	
  mechanism	
  (stretching	
  chains	
  +	
  netpoints)	
  similar	
  to	
  
that	
  of	
  stretching	
  vulcanized	
  rubber	
  

(h^p://www.ncbi.nlm.nih.gov)	
   (h^p://www.worsleyschool.net) 
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¡  ‘Freeze’	
  the	
  deforma2on	
  of	
  the	
  material	
  by	
  cooling	
  while	
  
maintaining	
  a	
  constraint	
  (e.g.,	
  constant	
  strain)	
  

Type	
  of	
  Switching	
  	
  
(‘Soft’)	
  Segment	
   ‘Freezing’	
  Mechanism	
  

Semi-­‐crystalline	
  
(Ttrans=Tm)	
  

Forma2on	
  of	
  crystalline	
  regions	
  	
  
prevents	
  long	
  range	
  mo2on	
  of	
  	
  
amorphous	
  molecules	
  

Amorphous	
  
(Ttrans=Tg)	
  

Transforma2on	
  from	
  rubber	
  phase	
  	
  
to	
  glass	
  phase.	
  	
  Lack	
  of	
  thermal	
  	
  
energy	
  results	
  decreases	
  long	
  range	
  	
  
mo2on	
  of	
  molecules.	
  

Rangarajan	
  et	
  al.	
  (Macromolecules	
  1998) 

(h^p://www.ejpau.media.pl/)	
  



25 

¡  Hea2ng	
  at	
  zero	
  load	
  to	
  observe	
  shape	
  recovery	
  
§  Stretched	
  polymer	
  chains	
  inherently	
  want	
  to	
  return	
  to	
  their	
  randomly	
  

oriented,	
  coiled	
  configura2ons	
  (entropic	
  gain)	
  

§  Thermodynamically	
  consistent:	
  	
  	
  
G H T SΔ = Δ − Δ

Lendlein	
  and	
  Kelch	
  (Angew	
  Chem.	
  Int.	
  Ed.	
  2002)	
  

Swalin	
  (Thermodynamics	
  of	
  Solids,	
  1972)	
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Large	
  magnetic	
  field-­‐induced	
  
strains	
  in	
  MSMA	
  single	
  crystals	
  

Magnetic	
  Shape	
  Memory	
  Effect	
  

Magnetic	
  Domain	
  Structure	
  
Martensitic	
  Phase	
  Transformation	
  in	
  MSMAs	
   4	
  possible	
  magnetic	
  domains	
  

in	
  tetragonal	
  martensite	
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Design	
  of	
  High	
  Frequency	
  MSMA	
  Actuators	
  

Potential application: Replacement	
  of	
  	
  	
  
Motor,	
  Gears	
  and	
  Belts	
  in	
  Sewing	
  Machine	
  with	
  
Magnetically	
  Actuated	
  MSMA	
  Needle	
  

•  High	
  mobility	
  of	
  twin	
  boundaries	
  
that	
  separate	
  martensitic	
  variants	
  

•  High	
  Frequency	
  Actuation	
  

MSMA 
Needle 

Coil 

Commercially	
  available	
  MSMA	
  Actuators:	
  
(source:	
  h^p://www.adaptamat.com)	
  



¡  Ferroelectic	
  materials	
  are	
  defined	
  as	
  those	
  which	
  exhibit,	
  at	
  
temperatures	
  below	
  the	
  Curie	
  point,	
  a	
  domain	
  structure	
  and	
  
spontaneous	
  polarization	
  which	
  can	
  be	
  oriented	
  by	
  applied	
  electric	
  
fields	
  (BaTiO3,	
  Pb(Zr,	
  Ti)O3,	
  Pb(Mg,	
  Nb)O3)	
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h^p://www.micromega-­‐dynamics.com/piezo-­‐products.htm	
  



¡  The	
  converse	
  piezoelectric	
  effect	
  constitutes	
  of	
  linear	
  reversible	
  strains	
  
generated	
  in	
  ferroelectric	
  materials	
  in	
  response	
  to	
  an	
  applied	
  electrical	
  field	
  

¡  The	
  direct	
  piezoelectric	
  effect	
  designates	
  the	
  opposite	
  phenomenon	
  in	
  which	
  
low	
  stress	
  inputs	
  produce	
  changes	
  in	
  the	
  dipole	
  configuration	
  or	
  polarization	
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FIGURE 4.4 Perovskite crystal in its paraelectric cubic (left), ferroelectric tetrago-
nal (middle), and rhombohedral (right) states. PbTiO3, which is cubic in the para-
electric phase and tetragonal in the ferroelectric phase, can adopt rhombohedral
structure when modified by about 50 per cent Zr.

positive and negative orientations) along the three aC-axes of the cubic cell
in PbTiO3 are equivalent, and spontaneous polarization may arise with
equal probability along any of them when the crystal is cooled through
the ferroelectric phase-transition temperature. Directions along which the
polarization will develop depend on the electrical and mechanical bound-
ary conditions imposed on the sample, as discussed below. The regions
of the crystal with uniformly oriented spontaneous polarization are called
ferroelectric domains. The region between two domains is called a domain
wall. The walls that separate domains with oppositely oriented polariza-
tion are called 180◦ walls and those that separate regions with mutually
perpendicular polarization are called 90◦ walls (Fig. 4.5). Because cT- and
aT-axes in a tetragonal crystal are different, the angle between polarization
directions on each side of a 90◦ domain wall is slightly smaller than 90◦

[19]. In the domain-wall region, the polarization changes from one do-
main to another continuously but steeply [19]. The ferroelectric domain
walls are therefore much narrower than the domain walls in ferromagnetic
materials. Observations with transition electron microscopy show that the
width of the domain walls in ferroelectric materials is of the order of 1--10
nm [1,19,20], that is, as little as 2--3 crystal unit cells. The width of the
domains increases with increasing temperature, as the phase transition is
approached [21].

The ferroelectric domains form to minimize the electrostatic energy
of the depolarizing fields and the elastic energy associated with the me-
chanical constraints to which the ferroelectric material is subjected as it
is cooled through the paraelectric--ferroelectric phase transition [1,22,23].
Onset of spontaneous polarization at the transition temperature leads to
the formation of surface charges. This surface charge produces an elec-
tric field, called the depolarizing field Ed, which is oriented oppositely to
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noncentrosymmetric	
  structures	
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Figure 4.19 Composite actuator consisting of an elastic substrate and two piezoelectric layers.

layup that consists of piezoelectric layers attached to the surfaces of an inactive sub-
strate as shown in Figure 4.19. The elastic substrate has a thickness ts and a modulus
of Ys . Each piezoelectric layer has a thickness of tp/2 and a short-circuit modulus of
Y E

1 . For simplicity we assume that the layers are symmetric about the neutral axis of
the composite and that the active and inactive layers are equal in width. The width of
the piezoelectric materials and the substrate is denoted wp.

Consider the case in which the voltage applied to the piezoelectric layers is aligned
with the poling direction of both piezoelectric layers (Figure 4.20). Without a substrate
and with no restraining force, the strain in the piezoelectric layers would be equal
d13E3. To determine the strain produced in the piezoelectric composite, first write the
constitutive relationships for each of the three layers within the composite. These are

S1 =






1
Y E

1
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2

(ts + tp)

1
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2

≤ z ≤ ts
2

1
Y E

1

T1 + d13E3 −1
2

(ts + tp) ≤ z ≤ − ts
2
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Figure 4.20 Electrical connections for a piezoelectric extender actuator.

ch04 JWPR009-LEO July 18, 2007 19:33

31 OPERATING MODE OF A PIEZOELECTRIC DEVICE 163

z

tp/2
ts
tp/2

modulus Y1
E

modulus Ys

wp

upper piezoelectric
layer

elastic substrate

lower
piezoelectric layer

x

3

1

Figure 4.19 Composite actuator consisting of an elastic substrate and two piezoelectric layers.

layup that consists of piezoelectric layers attached to the surfaces of an inactive sub-
strate as shown in Figure 4.19. The elastic substrate has a thickness ts and a modulus
of Ys . Each piezoelectric layer has a thickness of tp/2 and a short-circuit modulus of
Y E

1 . For simplicity we assume that the layers are symmetric about the neutral axis of
the composite and that the active and inactive layers are equal in width. The width of
the piezoelectric materials and the substrate is denoted wp.

Consider the case in which the voltage applied to the piezoelectric layers is aligned
with the poling direction of both piezoelectric layers (Figure 4.20). Without a substrate
and with no restraining force, the strain in the piezoelectric layers would be equal
d13E3. To determine the strain produced in the piezoelectric composite, first write the
constitutive relationships for each of the three layers within the composite. These are

S1 =






1
Y E

1

T1 + d13E3
ts
2

≤ z ≤ 1
2

(ts + tp)

1
Ys

T1 − ts
2

≤ z ≤ ts
2

1
Y E

1

T1 + d13E3 −1
2

(ts + tp) ≤ z ≤ − ts
2

(4.118)

v

v

tp /2

tp /2

ts

z

x

Figure 4.20 Electrical connections for a piezoelectric extender actuator.

Composite	
  actuator	
  consis2ng	
  of	
  an	
  elas2c	
  substrate	
  and	
  two	
  piezoelectric	
  layers	
  

Electrical	
  connec2ons	
  for	
  a	
  piezoelectric	
  extender	
  actua2on.	
  A	
  voltage	
  is	
  applied	
  to	
  
the	
  piezoelectric	
  layers	
  aligned	
  with	
  the	
  poling	
  direc2on	
  of	
  both	
  piezoelectric	
  layers	
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The	
  deflec2on	
  	
  	
  	
  	
  	
  	
  of	
  a	
  piezoelectric	
  extender	
  of	
  total	
  length	
  	
  	
  	
  	
  can	
  be	
  
expressed	
  as	
  
	
  
	
  
and	
  the	
  electric	
  field	
  is	
  equal	
  to	
  the	
  applied	
  voltage	
  	
  
divided	
  by	
  the	
  piezoelectric	
  layer	
  thickness	
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Integra2ng	
  over	
  the	
  y	
  and	
  z	
  direc2ons	
  for	
  the	
  respec2ve	
  domains	
  gives	
  	
  

Assuming	
  that	
  the	
  strain	
  in	
  all	
  three	
  regions	
  is	
  the	
  same,	
  by	
  adding	
  one	
  obtains	
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u1 =
2

1 + e

d13Lv

tp

Thus	
  
	
  
	
  
	
  
	
  
where	
  
	
  

 e =
Ysts
Y p
1 tp
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•  Medical	
  Ultrasound	
  Imaging	
  
•  Transducers	
  
•  Hydrophones	
  
•  Micro	
  pumps	
  
•  Vibration	
  control	
  
•  Actuators	
  

 
Vibration	
  damping	
  (University	
  of	
  Bath)	
  

Global Symposium on Innovative Solutions for the Advancement of the Transport Industry, 4.-6. October 2006, San 
Sebastian, Spain 

raises the oil pan temperatures to well above 100°C. The technology to realize this challenging 
task was developed by the Institute of Composite Structures and Adaptronics of the German 
Aerospace Center (DLR). The principle design of such an actuator is shown in Fig. 3. The 
piezoceramic wafers are provided with uniformly metalized surfaces to operate in the lateral d31-
mode. The piezoceramic is embedded between thin layers of insulating material and layers with 
contacting structures. The contacting layer is made of a conductive flexible material (eg. copper 
mesh with a wire diameter of 0.03mm) having the shape and size of the piezoceramic wafer. The 
flexibility of the contacting material guarantees a long lifetime and reliability.  
 

 

Basic properties of the High Temperature 
piezomodule: 
 
Voltage range: 0 – 260 V 
Max. temperature: 180 °C 

Fig. 3  Principle device design, used for the development of high Tc – piezoelectric modules. The materials (PZT, 
Polymer, Electrodes) must be selected in view of a working temperature T = 180 °C. (Source: DLR) 

 
Miniaturized Power - Electronics 
 
Another main obstacle on the way towards AVR – systems for automotives is the question of the 
power amplification system. It must be compatible to the on-board electrical power supply, less 
space consuming, light, and robust against vibrations. Currently, such miniaturized power 
amplifiers for piezos are under investigation by the University of Twente [14]. The first 
prototypic design and basic properties of such amplifiers is shown in fig. 4. By using a novel 
aluminium housing and by filling the interior of the amplifiers with a polyurethane resin, the 
weight and the robustness as well as the self – heating during operation was dramatically 
improved.  
 

 

Basic properties of the minaturized amplifiers: 
 
Gain 34.6 dB 
Power supply: +300V / +30V 
Frequency range: 40 .. 40 kHz 
Size: ca. 10 x 3 x 2 cm 
Weight: 100g  
Energy dissipation during operation: 1,5W 
Self heating max. temperature: 45°C 
 

Fig. 4 Design and properties of the newly developed miniaturized electronics (source: University of Twente) 
 

 

electrical insulation
mechanical stabilization

piezoceramic wafers
with surface electrodescontact mesh

Electric 
contacts

electrical insulation
mechanical stabilization

piezoceramic wafers
with surface electrodescontact mesh

Electric 
contacts

10 mm 

High	
  temperature	
  piezoelectric	
  composites.	
  An	
  
active	
  damping	
  concept	
  

A	
  piezoelectric	
  sensor	
  detects	
  the	
  vibrations	
  of	
  the	
  
wheel,	
  leading	
  to	
  an	
  assessment	
  of	
  its	
  wear	
  status	
  	
  	
  

Global Symposium on Innovative Solutions for the Advancement of the Transport Industry, 4.-6. October 2006, San 
Sebastian, Spain 

Therefore, the vibration reduction of thin wall structures by means of active materials is under 
intensive research. The identification of the most prominent oil pan natural vibration modes under 
real world engine excitation as well as the definition of sensor and actuator position are performed 
by means of combined Finite Element (FEM: structural behaviour) and Multi Body System 
(MBS: power train excitation) simulation. The comparison of vibration modes reveals that the 
simulation results correlate well to the experimental results, Fig. 2. 
 

 
Fig. 2 Comparison of experimental and simulation results. Top: FEM simulation; Bottom: Near-field sound 
intensity analysis (source: FEV, AVL) [15] 
 
The most critical part in practical set up of the system is the choice of the actuator system. Here, 
piezoelectric patch actuators are used which will be attached to the surface of the oil pan.  
First numerical and experimental investigations on a laboratory demonstrator at LBF showed that 
significant vibration reduction could be achieved. However, for later practical application, some 
important steps in research have to be carried out. In the following, the recent progress in these 
topics will be shown briefly: 
 
High Temperature Piezocomposites 
 
The development of high temperature piezoelectric actuator modules is essentially for the 
practical applicability of an active damping concept for the oil pan, since the oil temperature 

 
Fig. 1 Power train component noise contribution; comparison of near-field sound intensity analysis and 
combined FEM/MBS simulation (source: FEV) [15] 
 

Significant	
  noise	
  reduction	
  can	
  be	
  achieved	
  with	
  the	
  
use	
  of	
  piezoelectric	
  patches	
  

Applica,ons	
  of	
  piezoelectric	
  materials	
  in	
  transporta,on	
  industry	
  Jürgen	
  Nuffer,	
  Thilo	
  Bein	
  



¡  At	
  temperatures	
  below	
  the	
  Curie	
  point,	
  ferromagnetic	
  materials	
  
exhibit	
  a	
  domain	
  structure	
  and	
  spontaneous	
  magnetization	
  which	
  
can	
  be	
  oriented	
  by	
  applied	
  magnetic	
  fields	
  (Fe,	
  Ni,	
  Co)	
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Advantages:	
  
u Moderate	
  Strains	
  
u Moderate	
  Force	
  
u High	
  frequency	
  

Texas Institute for Intelligent Materials and Structures (TiiMS) Texas A&M University 

Magnetostrictive Materials 
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  Advantages: 
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h^p://research.microsor.com/
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Ferromagne2c	
  sensor	
  

Miniature	
  ferromagne2c	
  
prototype	
  devices	
  can	
  be	
  made	
  
to	
  move	
  within	
  fluids	
  by	
  applying	
  
an	
  external	
  magne2c	
  field	
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Polymer	
  nanocomposites	
  consist	
  of	
  a	
  polymeric	
  material	
  
(e.g.,	
  thermoplas2cs,	
  thermosets,	
  or	
  elastomers)	
  with	
  
reinforcement	
  of	
  nano-­‐par2cles	
  

Most	
  commonly	
  used	
  nano-­‐par2cles	
  include:	
  
	
  
u  Carbon	
  nanofibers	
  (CNFs)	
  
u  Carbon	
  nanotubes	
  [mul2wall	
  (MWNTs),	
  small-­‐diameter	
  

(SDNTs),	
  and	
  single-­‐wall	
  (SWNTs)]	
  
u  Nanosilica	
  (N-­‐silica)	
  
u  Nanoaluminum	
  oxide	
  (Al2O3)	
  
u  Others	
  	
  

Thermosets	
  and	
  thermoplas2cs	
  used	
  as	
  
matrices	
  for	
  making	
  nanocomposites	
  include:	
  
	
  
u  Nylons	
  
u  Polyolefin,	
  e.g.	
  polypropylene	
  
u  Polystyrene	
  
u  Ethylene-­‐vinyl	
  acetate	
  (EVA)	
  copolymer	
  
u  Epoxy	
  resins	
  

  



§  Due	
   to	
   the	
   remarkable	
   mechanical	
  
proper2es,	
   high	
   thermal	
   stability	
   and	
  
electrical	
  proper2es,	
  CNFs	
  offer	
  opportuni2es	
  
to	
  develop	
  mul2func2onal	
  materials	
  

§ Role	
  of	
  the	
  interphase	
  around	
  the	
  inclusion:	
  
o  Polymer	
  with	
  restricted	
  chain	
  mobility	
  
o  Higher	
  Tg,	
  S2ffness,	
  Strength	
  

800 °C 1100 °C 

1400 °C 1700 °C 

Thermal	
  stability	
  of	
  CNFs	
  

TEM image of several CNFs 
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¡  Lightning	
  strikes	
  cause:	
  
§  resin	
  mel2ng,	
  vaporiza2on,	
  and	
  ply	
  

delamina2on	
  in	
  composites	
  
▪  Increase	
  in	
  affected	
  area	
  
▪  Compromise	
  structural	
  integrity	
  of	
  aircrar	
  
▪  Difficult	
  to	
  repair	
  

§  damage	
  to	
  onboard	
  electronics	
  without	
  EM	
  
shielding	
  

¡  Current	
  LSP	
  system	
  protects	
  composites	
  from	
  
complete	
  failure	
  
§  But	
  large	
  damage	
  s2ll	
  present	
  

¡  Avoiding	
  weather	
  not	
  always	
  an	
  op2on	
  

1.	
  http://abcnews.go.com/Travel/Story?id=3994564&page=1  

2.	
  http://www.lightningtech.com/d~ta/faq1.html	
  

3.	
  http://www.boeing.com/commercial/aeromagazine/aero_10/loop.pdf	
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¡  Composite	
  structures	
  are	
  significantly	
  
less	
  electrically	
  conduc2ve	
  than	
  
aluminum	
  structures	
  

¡  Lightning	
  Strike	
  Protec2on	
  (LSP)	
  major	
  
concern	
  for	
  composites	
  

¡  The	
  ini2al	
  lightning	
  strike	
  must	
  be	
  
dispersed	
  quickly	
  around	
  the	
  skin	
  to	
  
prevent	
  concentrated	
  damage	
  	
  

Aircraft Paint 

Composite 

Unprotected Composite 

Aircraft Paint Lightning Strike 
Protection Layer 

Composite 

Ideal System – repaint only 

Aircraft Paint Lightning Strike 
Protection Layer 

Composite 

No composite damage, some LSP repair / repaint 
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¡  Carbon	
  nanotube	
  thin	
  film	
  fabrica2on	
  

	
  

¡  Incorporate	
  thin	
  films	
  into	
  composite	
  laminate	
  structure	
  	
  
§  Embody	
  CNT	
  loaded	
  resin	
  thin	
  film	
  on	
  top	
  carbon	
  fiber	
  ply	
  
§  Lay-­‐up	
  rest	
  of	
  carbon	
  fiber	
  and	
  Cu	
  mesh	
  

▪  T650-­‐135	
  carbon	
  fiber	
  plies	
  
▪  Astrostrike	
  Cu	
  mesh	
  

§  Autoclave	
  

Autoclave	
   Cu-­‐Mesh	
  
Composite	
  

Thin	
  film	
  incorporated	
  
into	
  top	
  ply	
  

Film	
  Applicator	
   Thin	
  Film	
  

+ Epon	
  862/W	
  
Oxidized	
  CNTs	
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¡  Composite	
  Electrical	
  Conductivity	
  

• 	
  	
  Increase	
  of	
  about	
  
1000	
  S/cm	
  from	
  
control	
  to	
  0.5	
  wt%	
  and	
  
from	
  0.5	
  to	
  1.0	
  wt%	
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¡  Self	
  healing	
  can	
  be	
  described	
  as	
  mechanical,	
  
thermal	
  or	
  chemically	
  induced	
  damage	
  that	
  
is	
  repaired	
  by	
  materials	
  already	
  contained	
  
within	
  the	
  structure	
  	
  

¡  The	
  release	
  of	
  repair	
  agent	
  from	
  embedded	
  
storage	
  reservoirs	
  mimics	
  the	
  bleeding	
  
mechanism	
  in	
  biological	
  organisms.	
  Once	
  
cured,	
  the	
  healing	
  resin	
  provides	
  crack	
  
arrest	
  and	
  recovery	
  of	
  mechanical	
  integrity	
  

¡  Experiments	
  have	
  shown	
  as	
  much	
  	
  75%	
  
recovery	
  of	
  the	
  original	
  strength	
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   Table  1.     Natural and engineering approaches to healing.  

Nature’s solutions Engineering solutions for FRP composite systems 

Stage 1 – Healing agent delivery

• Branched vascular networks distribute functional 
agents.  

• Plants - segregated network approach which 
incorporates some redundancy. 

• Rule of minimum work applies to both 
animals[27] and plants.[28]

   Microcapsulesb)            HGFc)         Vasculesd)

• Compartmentalised storage – microcapsules  
or hollow glass fibres.  

• Microvascular channels – delivery of a 
healing agent from reservoir to damage. 

Stage 2 – Reaction to damage 
• Haemostasis – blood flow into wounds. Platelet 

aggregation and coagulation cascade results in 
blood clotting to seal the wound [50,51].

• Fracture of vessels to release healing  
reliant on capillary forces for transportation  
to damage. 

• Microcracking or delaminations breach vascules 
– transportation of healing agent from external 
reservoir to sites of damage.  

• Compartmentalisation – Formation of internal 
impervious boundary walls within trees to protect 
from further damage.[49]

Stage 3 – Healing processes 
• Skin wounds: Inflammation – neutrophils enter 

wound site, remove foreign material and bacteria. 
Proliferation  – fibroblasts migrate to damage 
site, deposit new extracellular matrix. 
Remodelling  – new collagen matrix becomes X-
linked and organised [25].

• Bone: dead or damaged bone replaced by a 
continuous state of remodelling.[21–24]

• Single stage polymerisation: Monomer  
hardener or catalyst to initiate polymerisation. 

• Polymerisation restores strength to allow normal 
function of structural component.   

Stage 4 – Damage visualisation 

• At various stages of healing process, scabbing, 
bruising and scarring quickly highlight presence 
of damage. 

• Healing agents doped 
with dye shown to 
migrate to damage 
sitesg) offering fast and 
effective damage 
visualisation.[52,53]

a)
Reproduced with permission.       [28]   

b)
Reproduced with permission.   

Vascular 
networksa)

Resin bleed from HGFf)

Blood 
clote)

c)
Reproduced with 

d)
Reproduced with permission.

[38]
 Copyright 2011, Elsevier;

e)
Reproduced   [50]

 Copyright 1997, AAAS; f)Reproduced  with  permission.[42]  Copyright  2006,  IOP  Publishing; g)Reproduced [52]

 Copyright 2005, Elsevier. 

Copyright 2003, NPG;
[40] Copyright 2001, NPG;

[44]     Copyright 2009, Elsevier;       permission. permission.
with permission.

with

self-

agent,

plus
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Resin bleed-out was not seen for every specimen, however; this 
is deemed to be an artefact of the variable severity of back face 
tensile cracks formed within each specimen during impact 
testing, rather than differences between the sample sets. Pang & 
Bond fi lled HGFs with a UV dye doped resin prior to incorpora-
tion within an FRP laminate and showed that similar back face 
bleed-out of resin could be used to assist rapid visual inspection 
of large surfaces, such as wings skins. [  52  ,  53  ]  It can be inferred 
that vascules could be utilised to provide this type of damage 
visualisation and thus play a crucial role in reducing the costs of 
routine NDE testing.  

 NDE ultrasonic C-scan analysis was conducted for each 
specimen in both the post impact damage and post healed 
states, examples for each vascule confi guration are provided in 
 Figure 5   . C-scan “time of fl ight” (TOF) analysis provides infor-
mation regarding delamination location in the through thick-
ness direction of the laminate. Here, delaminations of lighter 
shades of grey are nearer the impact surface, with darker 
shades located increasingly closer to the laminate back face. It 
is immediately obvious that signifi cant delamination areas have 
been infused with resin regardless of the chosen fabrication 
route, vascule location or diameter.  

 A limitation of the C-scan technique is that ultrasonic waves 
are refl ected by a delamination or defect, effectively “shading” 
the response from entities of the same or smaller size lower 
down in the ply stack. Therefore, complete characterisation of 
the remaining through thickness damage is not possible and 
only general observations can be made. Both confi gurations with 
vascules located in the asymmetric position toward the backface 
(0.25A_A & 0.25B_A) show signifi cant removal of delamina-
tions in the lower portion of the laminate, as would be expected. 
It is evident that all delaminations have been reduced in width, 
suggesting that resin has infi ltrated the crack tips of the delami-
nations. These vascules appear less effi cient at infusing damage 
in the upper regions of the laminate in comparison to the cen-
trally located vascule confi gurations (0.25B_C & 0.5B_C). Dela-
minations do not initiate between plies of similar orientation; [  2  ]  
therefore, it is proposed that the 0//0 plies at the centre of the 
laminate act as a 0.25 mm thick barrier between the damage in 
the upper and lower portions of the laminate, with microcracks 
providing limited connectivity between the two. It is apparent 

that some resin passed through this central segment but in 
insuffi cient quantity to fully infuse all the damage. 

 Centrally located vascules lead to an overall improvement of 
damage infusion, with all delaminations signifi cantly reduced in 
size or completely infused, informing the shift in compression 
failure mode from central collapse to end brooming in some of 
these specimens. C-scan images offering a comparison between 
specimens that failed by end brooming or central crushing can 
be seen in  Figure 6   . These images confi rm that resin infu-
sion was suffi cient, in some specimens, to prevent the growth 

    Figure  5 .     Example TOF C-scan images of the same specimens post 
impact then post healing.  

    

    

    

    

Damaged               Healed 

0.25A_A 

0.25B_A 

0.25B_C 

0.5B_C 

10mm

    Figure  4 .     Example of 0.5B_C vascules: a) UV dye aided microscopy image 
of typical damage layout and b) resin bleed from back face tensile cracks 
post infusion.  

Back face 
tensile 
cracks 

Delaminations Intra-ply shear cracks 

(a) 

(b) 

Healing 
agent 
bleed
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