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MURI Goals 
A comprehensive research program coupling thermal-mechanical-
acoustic flight loads to guide the design of multi-functional Functionally 
Graded Hybrid Composite (FGHC) systems with integrated sensing 
capabilities for extreme environments. 

•  Develop a novel hybrid ceramic/metal/polymer composite for high-
temperature multifunctional aerospace applications through 
integrated multiscale characterization and modeling approaches. 

•  Incorporate integrated sensing capabilities for structural health 
monitoring. 

•  Target operating environment: 250 °C - 1000 °C, with a durability 
envelope of 1000 hours exposure at 550 °C and 300 thermal cycles. 
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Research Thrusts  
 1. Development and Fabrication 

•  Develop a multifunctional functionally graded hybrid composite (FGHC) 
with multiple layers: a ceramic thermal barrier layer, a graded ceramic/
metal composite (GCMeC) layer and a high-temperature polymer matrix 
composite (PMC).  

 2. Multiscale Characterization 
•  Apply experimental techniques to obtain mechanical and physical 

properties of GCMeC and PMC layers and of the hybrid interfaces. 

3. In situ NDE/SHM 
•  Integrate SHM capabilities through networked sensor/actuator arrays, 

diagnostic algorithm development, control theory and fabrication process 
optimization.  

 4. Multiscale Modeling 
•  Develop novel material systems for use in extreme environments: design 

FGHC microstructure, develop  experiments and interpret data to obtain 
basic material properties.  
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Research Thrust 1 
Development and Fabrication  

GCMeC 
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•  MAX Phases: unusual combination of properties 
typical of either ceramics or metals – high 
fracture toughness. 

•  Self-healing damaged protective ceramic 
surface.  

•  Infiltration of Ti based shape memory alloys 
(SMAs) into porous ceramic template to enhance 
energy absorption capabilities. 
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  Actively-Cooled PMCs (AC-PMCs) 

•  Short term: 2D planar 
array of embedded 
microchannels layered 
within a PMC 

•  Long term: 3D woven 
PMC architectures with 
integrated microvascular 
networks with sacrificial 
fibers co-mingled with 
reinforcement tows 

3-D Woven Microvascular Composites  

AC-PMC Concepts MAX Phase 

Mg, Ti, Shape Memory Alloys 
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High-Temperature Polyimide-Based Composites 
 Polyimides have good thermo-oxidative stability, resistance 
to moisture absorption, relatively high moduli, and can 
withstand hot spikes up to two times their Tg. 

HT-PMC Concepts 
•  Polyimides with Tg up to 400 oC (Maverick Co. and AFRL) 
•  Aromatic polyimides with varying dianhydrides 

     

Solvent-assisted Resin 
Transfer Molding 

Solution-cast, Thermal 
Cure then Autoclave 

Depending on polymer viscosity 
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Research Thrust 1 
Development and Fabrication Timeline 
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Research Thrust 2 
Multiscale Characterization 

Characterization of Composite Layers 

•  Graded Ceramic/Metal Matrix Composites 
•  Polymer/Matrix Composites 
•  Local Strain Fields/Damage Initiation 

Interfaces and Bonded Joints 

•  Thermal Impedance 
•  Interfacial Delamination 

Structural Performance 

•  Impact Response 
•  Vibration Analysis 
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Structural Characterization of GCMeCs 
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Interfaces and Joints 
•  Characterize various bonding strategies and material 

configurations using both quasi-static and dynamic 
testing at varying length scales.  

bonding of metal  
    to consolidated composite using vertical 
nanocolumns followed by resin infusion. 
    to an intermediate fabric preform using vertical 
columns grown on both surfaces, with 
subsequent infusion of resin. 
    using Z-pinning technology. 

•  Evaluate the quality of the interface with thermal 
impedance measurements.  

•  Interfacial integrity of GCMeC/PMC through the 
double cantilever beam (DCB) and end notch flexure 
(ENF) test from 70 to 1000 °C.  
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Research Thrust 2 
 Multiscale Characterization Timeline 
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Research Thrust 3 
In situ NDE/SHM for Functionally  

Graded Hybrid Composites 
  Develop a damage tolerant, reconfigurable multi-scale 

sensing network for monitoring the health state of the hybrid 
composite materials during manufacturing and in service.  

  Investigate a series of algorithms that are sensitive to 
changes in impedance, to Lamb wave propagation, and to 
vibration signatures as the scale or type of damage 
changes.  

“Fuzzy fibers” where 
CNTs are grown on carbon 
fibers.  

Sensor Arrays 
•  A high-temperature piezoelectric sensor/

actuator. 
•  A sensor based on CNTs grown on fibers or 

fabrics. 
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Sensory Network 

Expandable network made at Stanford University.  

•   Develop an embedded sensory network to accommodate the 
sensor arrays providing communication among the sensors and 
collect data from them.  
•   The sensory network will consist of a flexible film with wires 
(micro- or nanoscale) connecting the sensors to each other and/or 
to a data interface.  

The network will accommodate large arrays of sensors and actuators, 
and can be embedded within the hybrid composite.  
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Diagnostics/Algorithm Development 

Adapt algorithms to account for extreme temperature changes, methods to 
distinguish damage types, output only methods, baseline free methods, impact 
methods and networking. 
Focus on impact force identification methods and develop a vibration based 
approach to determine the damage induced by impact.  

Hybrid material with internal (Right) 
and externally (left) affixed PZT 
SMART layer networks. 

a) Hair line cracks detected by visual inspection on hybrid 
laminates, b) Diagnostic image by SHM detected the presence 
of these cracks, c) Traditional NDE.  
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Research Thrust 3 

Insitu NDE/SHM Timeline 
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Structural Performance 
Impact Behavior of Plate and Shell FGHC Structures  

Aeroelastic Model of FGHC Structural Response 

  Development of an efficient computational framework for use in the 
performance evaluation of the proposed FGHC, including bonded joints and 
functionally graded plate and shell type structural components subjected to 
low velocity impact. 

  Finite element formulations based on traditional shear deformation shell 
theories as well as layer-wise theories will be developed with an elastic-
plastic constitutive law based on a multiplicative decomposition of the 
deformation gradient.  

  A flow solver based on Reynolds-averaged Navier-Stokes equations with a 
shear stress transport turbulence model will be used to predict the 
aerodynamic loads on a FGHC structure.  

  The modeling effort will also capture two of the most common sources of 
structural nonlinearities: (i) geometric structural nonlinearities, and (ii) 
internal structural damping. 
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Research Thrust 4  
Multiscale Modeling Timeline 



AFOSR-MURI 
Functionally Graded Hybrid Composites 

Joining PMC  
w/ GCMeC, 
embedded 

SHM sensors 

Synthesis, Characterization and Prognostic Modeling of 
Functionally Graded Hybrid Composites for Extreme 

Environments    

Multi-scale 
Characterization 

Multiscale Structural 
Modelling 

Structural 
Health 

Monitoring 

http:\\muri18.tamu.edu 


