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ABSTRACT 

Shape memory alloy (SMA) materials such as nitinol have unique properties associated with the 

shape recovery effect and the material’s phase changes that have been used in a variety of actuator 

and sensing applications. By embedding SMA elements into host composite materials, control 

or modification of the SMA hybrid composite’s structural properties can be accomplished in- 

service, thereby increasing the hybrid composite’s structural functionality. Previous studies 

addressed increasing composite materials’ functionality by enabling in-service control of their 

dynamic response. Utilizing the SMA’s substantial recovery stress and capacity to dissipate strain 

energy to increase the hybrid composite’s static functionality is addressed herein. Specific 

applications for SMA hybrid composites include improving composite material’s impact damage 

resistance and composite cylinder stress and deflection control. 

In stress and deflection control of cylindrical structures, SMA actuators are placed within the 

composite cylinder to form an active compound cylinder. The active SMA elements can 

significantly reduce the internal pressure-induced radial dilation and creep so that under severe 

loading, piston to cylinder tolerances may be maintained. Similar to a conventional metallic 

compound cylinder, the active compound cylinder also reduces peak cylinder hoop stresses.



Hybridizing composites with nitinol improves their impact resistance because of nitinol’s 

tremendous capacity to absorb impact strain energy through the stress-induced martensitic phase 

transformation. The amount of impact damage is reduced and the material’s resistance to impact 

perforation at various velocities is improved. The experimental response of nitinol hybrid 

composites and the associated mechanics are presented. The unique toughness and resistance to 

permanent deformation that is a result of the stress-induced martensitic phase transformation 

enables the nitinol to absorb on the order of 4 times the strain energy of high alloy steel and 16 

times that of many graphite/epoxy composites. 

In most static applications where SMA elements are used for reinforcement, maintaining the 

integrity of the interface between the SMA elements and the host polymeric matrix composite 

material is critical to operation. The relationship between preparation of SMA elements for hybrid 

composite fabrication and interfacial bond strength is presented to address this issue. The 

mechanics of interfacial shear failure between SMA element and composite is also presented.
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INTRODUCTION 

Materials research in the last 10 years has experienced the development of a new class of material 

systems called intelligent or smart material systems. Like the biological systems they attempt to 

mimic, intelligent material systems often consist of four basic elements: a skeletal structure, 

typically an advanced composite material; a nervous system, a network of embedded sensors; a 

muscular system, a network of muscle like actuators such as shape memory alloy fibers and 

piezoelectric devices; and the intelligent aspect, an integrated active control system that monitors 

the sensor output and controls the input to the actuators. Increased structural and energy 

efficiency of structural systems is the incentive for much of the intelligent material systems 

research. By creating material systems that can perform multiple functional requirements without 

requiring massive external actuators, sensors and/or additional reinforcement materials, the 

efficiency of the structure can be increased. The term "multi-functional" has been applied to many 

of the intelligent material systems because of their ability to adapt to various functional 

requirements during their use. It simply represents the ability of intelligent material systems to 

perform functions in addition to the load carrying capacities required of them. 

Shape memory alloy (SMA) hybrid composite materials are material combinations that emerged 

from the "intelligent" or "smart" material research early in the progression. For various reasons, 

SMA hybrid composites were identified as having great potential to be used in actual structures 

to change the material’s dynamic response in various environments. Few structures were 

developed, however, that used SMA hybrid composites for adaptive applications. In current 

research, the potential of SMA hybrid composite materials to effect the structures properties in 

a passive or quasi-static fashion in various applications has been identified. Increasing impact 

damage resistance in brittle composite material structures, deflection control in cylindrical 

structures, and stress reduction in cylindrical and other closed structures are material functions that



have been investigated. Aspects of SMA materials that limit their use in changing a structural 

material’s dynamic response (such as heating and cooling rates of the SMA material, boundary 

and power considerations) become less important in passive or quasi-static applications. 

In stress and deflection control of cylindrical structures, SMA actuators are placed within the 

composite cylinder to form an active compound cylinder. The active SMA elements can 

significantly reduce the internal pressure-induced radial dilation and creep so that under severe 

loading, piston to cylinder tolerances may be maintained. Similar to a conventional metallic 

compound cylinder, the active compound cylinder also reduces peak cylinder hoop stresses. 

Hybridizing composites with superelastic nitinol SMA elements improves their impact resistance 

because of nitinol’s tremendous capacity to dissipate impact strain energy through the stress- 

induced martensitic phase transformation. The amount of impact damage is reduced and the 

material’s resistance to impact perforation at various velocities is improved. The experimental 

response of nitinol hybrid composites and the associated mechanics are presented. The unique 

toughness and resistance to permanent deformation that is a result of the stress-induced martensitic 

phase transformation enables the nitinol to absorb on the order of 4 times the strain energy of high 

alloy steel and 16 times that of many graphite/epoxy composites. 

In most static applications where SMA elements are used for reinforcement, maintaining the 

integrity of the interface between the SMA elements and the host polymeric matrix composite 

material is critical to operation. The relationship between preparation of SMA elements for hybrid 

composite fabrication and interfacial bond strength is presented to address this issue. The 

mechanics of interfacial shear failure between SMA element and composite is also presented. 

Chapter one consists of a review of SMA hybrid composite material research and _ their 

applications. It also serves as an introduction to SMA hybrid material issues in various



applications for the reader who may be interested in beginning some research in the area. Issues 

pertinent to the fabrication of SMA hybrid composite materials that effect their integration into 

the host composite structure are addressed in the second chapter. The interfacial issues are of 

special significance when the SMA elements are used in impact damage alleviation applications. 

Chapter three presents the mechanics of shape memory alloy elements in cylindrical structures. 

The use of shape memory alloy layers to reduce radial dilation in composite pressure vessels and 

to reduce critical hoop stress levels is specifically addressed. Use of superelastic nitinol elements 

to improve the impact damage resistance of brittle composite materials is the subject of chapter 

four. Experimental results from an investigation of two different types of SMA hybrid materials 

(SMA elements embedded within composite and surface mounted) are presented. Various levels 

of impact energy and velocity (both low velocity and high velocity impact) are addressed. 

Chapter five presents some mechanics issues that provide insight into the improved impact 

behavior of the nitinol hybrid structures. In the final chapter, conclusions and recommendations 

for continued research are presented.



CHAPTER 1: REVIEW OF MULTI-FUNCTIONAL SMA HYBRID COMPOSITE 

MATERIALS AND APPLICATIONS 

1.1 INTRODUCTION 

Adaptive or smart composite materials with embedded shape memory alloy elements have been 

under investigation since 1988 at the Center for Intelligent Material Systems and Structures or the 

former Smart Materials laboratory at Virginia Tech. Shape memory alloy elements were 

embedded in polymer matrix composites (PMCs) to give the host composite structure the ability 

to adapt to its environment under the control of a sensing and processing unit. In a recent paper, 

Jang (1994) described multi-functional materials as materials that "exhibit multiple responses (e.g., 

combined mechanical and electrical variations) when subjected to one stimulus (e.g., thermal) or 

exhibit one response when subjected to multiple stimuli all in a coordinated fashion". The "multi- 

functionality" of SMA hybrid composites lies in their ability to not only carry required structural 

loads but also adapt to various loads or perform additional functions such as sound or vibration 

suppression. A significant amount of research has been performed to characterize the mechanisms 

by which the SMA elements effect the host composite. Initially, SMA hybrid composite materials 

were investigated for their ability to change the dynamic response of a composite structure by 

modifying the inherent modulus and stress-stiffening the structure. Simple investigations were 

also accomplished to determine the embedded SMA wire’s ability to sense structural vibrations 

and deflection. Static applications were also investigated where the large recovery stress and/or 

recovery strain of the embedded prestrained SMA wires were used to cause changes in the host 

structure’s shape or stress state. An understanding that SMA wires can only be effective in 

applications which require low additional power consumption, low or moderate SMA wire volume 

fractions, or the unique combination of SMA wire’s mechanical and recovery properties was the 

outcome of the early investigations.



In current research, the SMA wires’ unique properties have been leveraged by placing the wires 

in specific composite structures, materials or applications where the properties or behavior of the 

SMA wires will be most useful. The shape recovery and recovery stress is typically used in 

quasi-static mode in current applications for multi-functional hybrid SMA composites. First, a 

short review of SMA properties applications for SMA hybrid composites will be presented and 

then current applications and research will be presented. 

1.2 SHAPE MEMORY ALLOYS 

Some aspects of SMA materials that make them useful in multi-functional composite materials 

have been reviewed by Rogers (1990). Of the many alloys that demonstrate the shape memory 

effect, nitinol has been investigated predominantly for SMA hybrid composites. For this reason, 

the properties of nitinol will be used as the generic SMA properties. Only a short review of the 

properties will be included herein. The reader is referred to the references for more detail. 

1.2.1 Recovery Stress and Strain 

The ability of SMA materials to recover forcibly from significant prestrain levels when heated has 

been well documented (Jackson, et al., 1972). When the SMA is prestrained and constrained from 

recovering within a composite material, a recovery stress is generated. Figure 1.1 shows the 

recovery stress versus temperature as a function of initial strain. If the compliance of the host 

composite material is such that both SMA recovery stress and strain can occur, recovery stress 

will develop in the SMA wire until the host composite and the wire reach stress equilibrium. 

1.2.2 Change in Stiffness, Yield Stress, Damping Coefficient and Resistivity 

Independent of the SMA prestrain, the mechanical properties of modulus, yield stress, damping



  
80 J Tt l T T 

79 | HEAT RATE = 40 “F/MIN. 10% 

60 _ 
Ks

i 

q 

n
o
 

x 2
2 

mo Uff n 
40r MUL 39-4 

20F-F i 

| G | l l 

60 100 140 180 220 260 300 340 380 

TEMPERATURE ‘F 

R
E
C
O
V
E
R
Y
 

S
T
R
E
S
S
 

      
Figure 1.1 The recovery stress versus temperature of an SMA for different initial strains (Cross et al., 1970). 

and electrical resistivity all change significantly with material phase. As the material undergoes 

the phase transformation from the martensitic (low temperatures) to the austenitic (high 

temperature) phase, the nitinol elastic modulus changes by as much as a factor of four. The yield 

stress and resistivity also change according to phase as depicted in Figures 1.2 and 1.3. The 

damping coefficient for SMA materials also changes with temperature (Fig. 1.4) and is very high 

compared to steel even at its lowest value near the activation temperature. 

1.2.3 Stress-Strain Relations 

The high and low temperature phases of the nitinol SMA demonstrate significantly different stress- 

strain relations. In the high temperature austenitic phase, nitinol completely recovers from up to 

8 percent strain and is often termed superelastic. The stress-strain relations for loading up to 5 

percent and unloading is shown in Fig. 1.5. A significant portion of the strain energy put into the
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Figure 1.4 SMA material damping coefficient as a function of temperature (Lin et al., 1989). 
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superelastic SMA wire is dissipated in the form of heat resulting in a large hysteresis between the 

loading and unloading curves. Because strain energy is dissipated in the SMA simply through the 

process of loading and unloading, the hysteresis of the SMA can be used to dampen large 

vibrations and remove strain energy that can cause damage to propagate in the host composite 

structure. In the low temperature martensitic phase, the nitinol behaves much like aluminum with 

a much lower elastic stiffness of 3-4 Msi. Upon unloading after being inelasticly deformed, 

deformation in the martensitic nitinol can be removed by heating the alloy above its activation 

temperature and recovering its original shape. 

1.3 REVIEW OF SMA HYBRID COMPOSITES 

1.3.1 Fabrication of SMA Hybrid Composites 

Numerous papers have addressed various aspects of integrating SMA elements into host composite 

materials and achieving the desired properties. Issues that have specifically been addressed 

include: the effect of the composite fabrication heat cycle and training of the SMA wires on the 

integrity of the shape memory effect (Barker, 1989; Paine and Rogers, 1991; White et al., 1993); 

bonding of SMA wire to host composite, actuator surface preparation and interfacial issues (Paine 

et al., 1992, Paine and Rogers, 1993, White et al., 1993, Bergman and White, 1994); and concepts 

for SMA element integration (Maclean et al., 1993; Mooi, 1992; Paine and Rogers, 1994). Shape 

memory alloy hybrid composite materials are generally fabricated using standard polymer matrix 

composite fabrication methods. Embedding SMA wires or foils into the polymer composite 

material structure is accomplished by laying the elements into the composite prepreg between or 

merged with the reinforcing wires. For applications which require recovery stress from the SMA 

wires, the wires must be prestrained and anchored in some fashion to prevent shape recovery 

during the composite cure cycle (Paine and Rogers, 1991). Various alternative attachment and 

integration schemes have been investigated for placing the SMA wires into the composite material 

structures such as surface attachment and insertion into composite structures through tubes or



sleeves (Mooi, 1992; Maclean, et al., 1993; Baz and Chen, 1993; Chandra, 1993; Chaudhry and 

Rogers, 1992). 

1.3.2 Vibration and Acoustic Transmission Control 

1.3.2.1 Active Strain Energy and Property Tuning (ASET) 

By applying heat (activating with electric current) to embedded, prestrained SMA elements, the 

apparent natural frequencies of the composite structure can be modified (Rogers and Barker, 1990; 

Chandra, 1993). ASET uses the recovery stress from SMA wires to apply stress to the structure 

while active property tuning uses the change in the inherent modulus of the SMA to modify the 

structure’s modulus. For ASET to be effective in stress-stiffening a composite beam or plate, the 

SMA wires must be clamped separately and in addition to the structure’s clamped boundaries as 

shown in Fig. 1.6. Rogers (1990) showed that the first mode natural frequency could be shifted 

by as much as 500 percent for a graphite/epoxy beam with a 15 percent volume fraction of 

prestrained nitinol. 

ASET Clamping Configuration 
wires 

SMA wires clamped 
\ beam clamped 

7 

Figure 1.6 Both the beam and SMA elements must be clamped for Active Strain Energy Tuning. 
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A range of applications have been proposed which use the stress-stiffening and the stiffness 

change of the embedded SMA to tune vibration frequencies and/or vibrational amplitudes. Baz 

and Chen (1993) embedded SMA wires near the outer surfaces of rotating drive shafts to control 
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the bending stiffness of the rotating beam. They observed changes in vibrational amplitude of the 

beam and shifts in the natural frequency of the first mode during activation of embedded nitinol 

wires. The nitinol wires were clamped to end boundaries that rotated with the beam. The 

effectiveness of the nitinol wires was increased by using a more compliant Teflon polymer as the 

host material instead of a stiffer reinforced composite. 

1.3.2.2 Active Modal or Frequency Modification 

Using a controller tuned to the beam’s radiation response, the amount of sound radiated from a 

clamped beam can be minimized using active strain energy tuning and active properties tuning. 

The control algorithm effectively activates the nitinol to stiffen the beam and shift the natural 

frequencies away from the frequencies that efficiently transmit the sound (Liang, et al., 1989). 

One concept of active modal modification uses piecewise control of the activation of embedded 

elements to reduce sound transmission by the structure. Put simply, regions or specific layers of 

embedded SMA wires in the composite plate, shell or beam are activated to attain mode shapes 

that reduce the level of transmitted sound (Anders, Rogers and Fuller, 1992; Rogers, Liang, and 

Fuller, 1991; Rogers, Liang and Jia, 1991). Active modal modification in conjunction with active 

strain energy tuning has been shown to be effective in reducing sound transmission from simply 

supported plates (Liang, Rogers and Fuller, 1991). The concept utilizes various control 

methodologies to reduce the acoustic transmission response of SMA hybrid structures (Rogers, 

Fuller and Liang, 1990). By activating only portions of the SMA wires within the plate, pseudo 

stiffeners are created, thereby changing the mode shape of the plates acoustic transmission 

response. 

1.3.3 Active Shape Control 

By embedding prestrained SMA wires off the neutral axis of a composite beam, curvature in the 
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beam is produced upon SMA activation. Differing from applications where only stress-stiffening 

is required, active shape control requires a combination of high recovery force and recovery strain 

from the SMA elements to produce significant shape change in the host structure. It is well 

known that SMA recovery forces diminish as the SMA recovers its prestrain. As a result, either 

large SMA volume fractions are necessary to quickly cause significant levels of shape change in 

graphite and glass reinforced composite structures or the shape change occurs only at quasi-static 

rates. 

Chaudhry and Rogers (1992) investigated the ability of SMA wires to cause bending in a 

glass/epoxy composite beam. One percent volume fraction of SMA wires were inserted into 

sleeves in the composite beam and attached at the beam ends. Deflections on the order of d// = 

0.06 were demonstrated (Fig. 1.7). Lagoudas and Tadjbaksh (1992) performed a similar analysis 
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on the bending of flexible rods with various configurations of embedded SMA wires. The 

deformed shapes and extent of deflection for various SMA wire configurations was determined. 

Following their analysis, Pfaeffle et al, (1993) prepared a set of design rules for fabricating 

flexible rods with single or multiple embedded SMA wires. The importance of various design 

parameters such as rod/actuator interfacial shear strength and number of SMA wires for creating 

optimal shape control in the flexible rods was also investigated. 

Similar in concept to the shape control of beams, Maclean, et al, (1993) developed a method to 

control the silicon rubber surface of a foam core composite structure. They used SMA tendons 

within a foam-core structure called a compliant control fin to control surface displacements 

(approximately 0.05 m over a length of 0.3 m) on a submarine model’s rudder and sternplane 

appendages. Fairly slow displacement rates of one cycle every 30 seconds were achieved. 

1.3.4 Active Damage Control 

Using the SMA recovery force and accompanying recovery strain to lessen the debilitating effect 

of damage in a composite structure was the objective in active damage control. As a damage- 

induced crack propagates through the SMA hybrid composite material and reaches an SMA wire, 

the crack opening could be effectively closed by activating the prestrained SMA. The resulting 

stress intensity factor near the crack would be reduced. The concept was demonstrated on a 

thermoset polymer host material with embedded prestrained SMA wires (Rogers, Liang and Li, 

1991). The concept requires a complex sensing and controlling system to detect the propagating 

crack and activate the appropriate SMA wire(s) and high power and recovery force requirements 

to close cracks in graphite/epoxy composites. 
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1.3.5 Modelling of SMA Hybrid Composite Properties 

Many researchers have developed methods to model the behavior of SMA elements within 

composite materials. One of the earliest methods modeled the SMA recovery force as an induced 

in-plane traction in the classical lamination theory (Rogers, Liang and Barker, 1989). The amount 

of SMA recovery stress with which to load the laminate was determined by applying an initial 

level of recovery stress to the laminate and iteratively adjusting the laminate and SMA element 

strain until equilibrium was achieved. A similar approach was used by Rogers, Liang and Jia 

(1989) to model the effect of the SMA recovery force on simply supported laminates. Including 

the change in SMA modulus and recovery stress effects as a function of recovery strain was then 

incorporated into an iterative procedure by Jia and Rogers (1989) and used to model the SMA 

elements using micromechanics concepts. The recovery stress and change in modulus was also 

incorporated into a laminated shell theory (Jia and Rogers, 1990). A thermo-mechanical model 

was derived by Liang and Rogers, 1990) to determine the state of SMA recover stress as a 

function of strain, prestrain and martensitic volume fraction. Constitutive relations for SMAs were 

presented that could be incorporated into composite structural models. Lin and Rogers (1991) 

used the SMA model to determine the stress distribution in an SMA composite beam. 

Modelling the effect of intentional and unintentional heating of the SMA elements by activation 

of neighboring SMA elements was investigated by Baz and Ro (1992). They investigated the 

ability of the SMA elements and the activation heat to change the dynamic characteristics of a 

composite beam. The effect of the high specific damping of SMA elements in glass/epoxy 

composite beams was theoretically modelled by Baburaj and Matsuzaki (1992). They found that 

an SMA volume fraction of 10% increased the specific damping substantially. 
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Figure 1.8 Deflection of the hybrid SMA gr/ep composite beam for different activation power levels. 

1.4 RECENT STUDIES OF SMA HYBRID COMPOSITES 

1.4.1 Deflection Control 

While SMA elements are used in shape control to temporarily produce a new shape, in deflection 

control, the SMA elements return a structure to its original shape after being deformed by a load. 

Under an applied load the SMA elements are further strained and when activated the recovery 

stress is increased from the original value. The prestrained elements are only activated when a 

load is applied so that the structure can more closely maintain its relaxed shape. Deflection 

control essentially uses the concepts of ASET are used in a quasi-static application. Paine (1993) 

demonstrated the deflection control concept by measuring the deflections of a centrally loaded 

clamped-clamped SMA hybrid gr/ep beam (10 in. x 1.0 in. x 0.03 in.) with a 15 percent volume 

fraction of nitinol prestrained to 3 percent. The nitinol wires were additionally clamped outside 

of the beam boundaries as required for ASET (Fig. 1.6). When activated, the SMA elements can 

reduce the deflection by as much as 30 percent as shown in Fig. 1.8. The recovery stress from 

the SMA reduces the beam’s deflection similar to pretensioning a loaded cable. 
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Using the constitutive relations of SMA and the finite element method, Turner, Zhong and Mei 

(1994) demonstrated theoretically that a 10% volume fraction of SMA wires in a composite panel 

significantly increased the thermal buckling temperature. The post-buckling deflections of an 

SMA hybrid composite panel could be eliminated in high temperature application. With very high 

SMA volume fraction (30%) however, the theoretical RMS maximum deflection actually 

increased, partly due to the relatively lower modulus of the SMA wires. 

Few practical applications for deflection control in plates and beams arise because of the strict 

requirement for carefully clamped structural and stiffening element (nitinol wires) boundaries. To 

make the concept less dependent on external boundaries, host composite structural geometries 

which allow internal anchoring of the embedded nitinol wires against the natural boundaries of 

the structure can be devised. In a cylinder for example, the prestrained SMA wire can be 

anchored (clamped) by continually winding the wire around the structure. 

Paine, Rogers, and Smith (1994) investigated the use of SMA wires to reduce radial expansion 

of an internally pressurized composite cylinder. Under internal pressure, polymer matrix 

composite (PMC) cylinders expand more than their equivalent metallic counterparts because of 

their lower transverse and hoop direction elastic moduli (Lark, 1973). For comparison, a gr/ep 

composite cylinder has a radial displacement at least five times that of a low alloy steel cylinder 

when each is loaded to their respective ultimate strengths (Paine, 1993). While this does not 

hinder the load carrying capacity of the PMC cylinder, the excessive radial expansion hinders the 

use of a internal piston without leakage for applications requiring one. In the cylinder deflection 

control concept, SMA wire is continuously wrapped around or within a composite cylinder much 

like filament winding the composite reinforcing fibers. The SMA is anchored only at the wire 

ends. When heated, the SMA attempts to recover against the inner composite layers and internal 

pressure which resists the shape recovery, not rigid external boundaries as in ASET. 

Consequently, the SMA recovery force effectively applies an external pressure to the cylinder 
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Figure 1.9 Compressive strain in gl/ep cylinder inner wall versus temperature during heating and cooling. 

reducing the internal pressure-induced radial expansion. 

In an experiment analogous to the beam, the ability of a nitinol wire layer to reduce radial 

expansion (dilation) of a gl/ep cylinder was investigated. A thick-wall (R=1.0 in., h=0.1 in.), gl/ep 

cylinder with a 0.03 in. thick overwrapped layer of nitinol wire prestrained to three percent was 

activated by heating the entire configuration. The gl/ep cylinder was tape wound at +10° and 

+80° and had an experimentally determined hoop stiffness of 3.3 Msi. The compressive hoop 

strain in the cylinder inner wall as a function of activation temperature for the nitinol wires is 

shown in Fig. 1.9. The strain values can be superimposed with the tensile values produced from 

internal pressure to yield the final hoop strain. A 0.3 percent compressive hoop strain translates 

to a 0.003 in. radial contraction for the cylinder or a reduction of the radial expansion by 0.3 

percent of the radius for any size cylinder. 

In general operation, as internal pressure dilates the composite cylinder, the nitinol wires would 

be activated to reduce the dilation. Keeping the nitinol wires continually activated could cause 
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local buckling of the inner composite layers during release of the internal pressure and would 

cause binding with the internal piston. Buckling of the inner composite layer is possible when 

the SMA wires deform differently from the host cylinder such as when a slight separation of the 

two layers occurs due to waviness or wrinkles in the surface of the host composite. In the 

demonstration, even the 0.30 inch thick nitinol layer caused some local buckling to occur in the 

gl/ep cylinder. The concept of creating a creep resistant structure is very similar. The nitinol is 

used to prevent swelling of the PMC cylinder over long periods of elevated temperature loading. 

1.4.2 Adaptive SMA Compound Cylinder 

Not only does the recovery stress of the embedded or overwrapped SMA wires reduce radial 

expansion of a composite cylinder, but the recovery stress also reduces the critical tensile hoop 

stress levels in the cylinder. As the nitinol wires contract against the inner composite layers, a 

compressive hoop stress is generated in the cylinder inner layers. A transfer of the tensile hoop 

stresses from the inner wall to the outer layer is the net result, as in a compound steel cylinder. 

For example, the 0.3 percent strain in the cylinder inner wall of Fig. 1.9 produces a 10 Ksi 

compressive stress in the inner wall. As the cylinder is pressurized, the tensile hoop stresses must 

first overcome the nearly 10 Ksi compressive stress before tensile loading occurs. Since the 

ultimate hoop strength of the composite cylinder is approximately 40 Ksi, the ultimate tensile 

capacity or maximum internal pressure has been effectively increased by 25 percent. 

The compound or shrink-fit cylinder concept is commonly used in thick-wall, multi-layer steel 

pressurized cylinders to more efficiently load the outer layers which are usually under-loaded 

because of the radial and hoop stress gradient in the cylinder walls. The hoop stress in the gl/ep 

and nitinol layers during the full activation of the hybrid SMA composite was determined with 

an analytical model presented by Paine, Rogers, and Smith (1994) and is shown versus its position 

in the cylinder wall in Fig. 1.10. From Fig. 1.10, a recovery stress level of approximately 33 Ksi 
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Figure 1.10 Hoop stress distribution in the gl/ep and nitinol cylinder from activation of the nitinol layer. 

must be attained by the SMA layer. Since the nitinol has only a 74 percent volume fraction in 

the outer layer (intimate packing), actual wire recovery stress is near 44 Ksi which corresponds 

well with recovery stress of three percent prestrained nitinol (Fig. 1.1). 

1.4.3 Improved Impact Damage Resistance 

One area of recent investigation is the utilization of SMA wires to increase the impact penetration 

resistance of gr/ep and gl/ep PMCs. Compared to metals and thermoplastic polymers, 

graphite/epoxy composite materials are very susceptible to impact damage. Because 

graphite/epoxy composites lack a mechanism for dissipating impact strain energy such as plastic 

yielding, damage from impact type loading can be very severe. Delamination, matrix cracking 

and material puncture are the composite’s mechanism for dissipating impact strain energy prior 

to wire failure. Methods such as rubber toughening or creating a thermoplastic fiber-matrix 
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interphase have been effective at reducing the amount of matrix cracking and delamination in 

composite structures prior to fiber fracture. However, few mechanisms exist for reducing fiber 

fracture and material puncture once the elastic strain energy storage capacity of the fibers has been 

exceeded under impact type loading. 

Superelastic SMA materials have a stress-induced martensitic phase transformation, which creates 

a hysteresis in the stress-strain loading and unloading paths and enables the nitinol to absorb very 

high levels of strain energy without failing. Similar to zirconia toughening of ceramics, 

embedding nitinol SMA wires (forming a hybrid) into a brittle graphite-fiber composite, improves 

the material’s impact resistance. SMA wires begin dissipating impact strain energy before the 

PMC’s elastic strain energy storage capacity is reached which diminishes the level of strain energy 

remaining to damage the composite fibers. Under high localized composite impact stresses, the 

SMA undergoes a stress-induced martensitic phase transformation and dissipates the impact strain 

energy. During unloading, rather than return the strain energy to the composite structure, a 

significant portion of the strain energy 1s dissipated as thermal energy. Results from impact tests 

performed in a recent study (Paine and Rogers, 1994) on graphite/epoxy composites with a low 

volume fraction of SMA wires (V,;< 3%), demonstrate an increase in impact resistance of up to 

20 percent in the hybrid composite materials as measured by delamination extent. Figure 1.11 

shows the increase in peak impact force which correlates with increased impact energy dissipation. 

Figure 1.11 also demonstrates the reduction in delamination area for the specimens. At impact 

energies that perforate the plain gr/ep, the SMA wires stopped perforation in the hybrid composite. 

1.5 CONCLUSIONS 

The concepts behind shape memory alloy hybrid composites have evolved since their inception 

in the late 1980’s. Initial applications focused on using the embedded SMA wires to change the 

dynamic properties of the hybrid composite structures. Present applications are demonstrating the 
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Figure 1.11 Peak forces during impact and the resulting delamination area for gr/ep and hybrid SMA specimens. 

utility of the SMA wires to change quasi-static or static behavior. Deflection control of cylindrical 

and shell structures, stress reduction in composite cylinders and improving the impact damage 

resistance of the host composite material all have the potential to increase the use of composite 

structures in applications where they might be eliminated because of disadvantages in the host 

composite itself. Significant amounts of research are still required to verify these concepts and 

to show that the presence of the SMA wires in the host composite material does not degrade the 

host composite’s mechanical properties. Long term cycling studies of the activation of the SMA 

and the integrity of the interface between the SMA wires and host composite are also necessary. 
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CHAPTER 2: FABRICATION ISSUES ASSOCIATED WITH SMA _ HYBRID 

COMPOSITES: INTERFACIAL ADHESION OF NITINOL TO HOST COMPOSITES 

2.1 INTRODUCTION 

Adaptive hybrid composite materials (or adaptive hybrid composites) consist of composite 

materials with integrated actuators and/or sensors to monitor and/or control the properties and 

behavior of their host structures (Barker and Rogers, 1989). Applications for adaptive hybrid 

composites include adaptive structures, adaptive optics, control of damage in composite materials 

and structural acoustic control (Liang et al., 1991a, 1991b). Their goal being to more efficiently 

perform the functions of structural composite materials with external actuators and sensors, 

requiring less energy and/or mass. 

Nitinol SMA fibers are commonly used in adaptive hybrid composites. Nitinol fiber actuators can 

generate large induced strains and high actuation forces and can accommodate large structural 

strains (i.e. under impact loading). The performance of adaptive hybrid composites utilizing 

embedded nitinol actuators or sensors, is dependent on the transfer of strain, either actuator- 

induced or structural, between the nitinol fiber and the host composite. The nitinol fiber to host 

composite interface must be strong enough to consistently and accurately transfer the strain 

between the components of the hybrid composite. 

The findings from an experimental investigation of methods for bonding and embedding nitinol- 

fiber actuators or sensors into composite materials were presented in an earlier paper (Paine et al., 

1992). Various surface treatments for the nitinol actuators, different lengths of actuators 

embedded in the host composites, and two different host composite materials were tested. The 

pull-out test was used to qualitatively compare the interfacial adhesion between the nitinol actuator 
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and Graphite/Epoxy (Gr/Ep) and PEEK/Carbon (APC-2) composites. A direct correlation between 

the pull-out stresses and the strength of the interface could not be made from the experimental 

data alone. It is now desirable to further characterize the interface between the nitinol actuator 

and the host composite material. By determining the mechanisms of failure in the nitinol-host 

composite system, the strength of the interface may eventually be tailored to the hybrid composite 

application. 

The experimental pull-out stress behavior and the strength of the nitinol-composite interface will 

be investigated in the following analysis. A theoretical fiber pull-out model, presented by Piggott 

(1991) and Penn and Lee (1989), will be used to characterize the nitinol fiber--composite pull-out 

behavior. Compared to many recent fiber pull-out models in the literature (Jiang and Penn, 1992; 

Hsueh, 1992), Piggott’s model presents a simple and direct formulation. A simple model was 

chosen over more complex models because of a desire to focus the study on the nitinol-composite 

interaction and to avoid the complexities involved with applying fiber-matrix pull-out models to 

a fiber-composite system. 

2.2 THEORY 

2.2.1 Nomenclature 

The following symbols will be used: 

Ty Frictional shear stress 

Ty Debond shear stress 

r Pull-out fiber (nitinol) radius 

L Pull-out fiber embedded length 

G,. Interface critical strain energy release rate 

E, Fiber elastic modulus 

Vy Fiber Poisson’s ratio 
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Matrix elastic modulus (composite axial modulus) 

Composite transverse modulus 

Vin Matrix Poisson’s ratio 

R Radial extent of the shear stress in the matrix 

S Dimensionless parameter for embedded length, s = L/r 

P, Radial interface pressure or residual clamping stress 

Ll Coefficient of friction between matrix and fiber 

O; Axial stress on the fiber, function of debond length 

On, Axial stress on fiber to initiate debond crack 

Ox, Debonding axial stress on the fiber 

m Fraction of the fiber interface length debonded 

Vv, Effective fiber Poisson’s shrinkage effect 

U, Total axial displacement in the fiber 

Ww; Radial displacement at the fiber-composite interface 

2.2.2 Interfacial Failure Processes 

Numerous authors have studied the composite fiber-matrix interface fracture process to determine 

the interface failure mechanisms. The pull-out test’s method and results have been particularly 

well examined. Generally, studies report two types of failure processes, ductile yielding (Chua 

and Piggott, 1985; Subramanian et al., 1978) and brittle fracture (Piggott, 1991; Penn and Lee, 

1989, Marshall and Price, 1991). Based on the observations from an earlier paper and the 

characteristics of the brittle fracture process as described by the above authors, it may be 

concluded that the nitinol-composite interface fails with a typical brittle process. The 

accumulation of strain at the point of fiber entry initiates a crack at the fiber-matrix interface and 

subsequently propagates the debond along the entire interface until complete debonding occurs. 
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The characteristics of the nitinol-composite systems that promote a brittle interface fracture process 

are: the long embedded lengths of the nitinol pull-out specimens (L >1207), the ratio of low nitinol 

modulus to high composite matrix modulus, a leveling off of 6,, for longer L, and a sudden 

interface failure involving a large drop in o,, after debonding (Paine et al., 1992). Finite element 

analysis confirms that within 5 fiber radii the nitinol axial stress is transferred to the composite. 

Shear stresses at the point of fiber entry initiate the debond crack. 

2.2.3 Brittle Failure Modelling 

Equations to model the stress versus displacement behavior of the nitinol-composite pull-out test 

will be presented with the appropriate parameters to account for the nitinol-composite specimens’ 

unique material properties (i.e. Nitinol fibers E,= 10-25 GPa and stiff composite "matrices") and 

behavior. 

2.2.3.1 Interfacial Failure Without Friction 

Penn and Lee (1989) determined the relationship governing the brittle debonding in a pull-out test. 

They determined the maximum applied pull-out force to initiate debonding using the interface 

critical strain energy method. Their expression has been converted to the maximum pull-out fiber 

stress, (O=F/tr’) and is given in Eq. 1. 

1/2 

E 
6, = 2VE,G,/r tanh(ns) ; n = |——__*__ (1a,b) 

J pe ms) eames 

If no friction is present on the already debonded portion of the interface, the relationship yields 

the maximum pull-out stress to fracture the interface (6,,). When friction or fiber matrix 

interaction is present, the equation may be used to determine the stress to initiate the debonding 

crack, O;,, if the interface critical strain energy release rate is known. 

29



The value of n is dependent on the extent to which the interface shear stress distribution extends 

radially from the fiber-matrix interface during the pull-out (Penn and Lee, 1989). Because the 

*matrix’ in the nitinol-composite system is orthotropic, to determine n for the nitinol-composite 

system, the isotropic shear stiffness relationship, £,, /(1-v,,), was replaced with twice the host 

composite material’s shear modulus (2G,, ), yielding a similar ratio. 

Without friction present between the debonded fiber and matrix, the shear stress necessary to 

initiate debonding is determined using Piggott’s (1991) expression given in Eq. 2. When friction 

is present, the shear stress to continue propagating the crack may eclipse 1, to overcome the 

friction acting on the debonded portion of the fiber. 

1, = nyE,G,./r (2) 

2.2.3.2 Interfacial Failure With Friction 

During brittle debonding in the pull-out test, friction is often present on the already debonded fiber 

as the crack progresses along the interface as shown in the schematic of the fiber-matrix 

equilibrium element in Fig. 2.1. Because the critical strain energy level to initiate the crack has 
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Figure 2.1 The fiber-matrix equilibrium element shows the stresses that are present during the fiber pull-out. 
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already been reached, as the crack progresses, 6; should not increase unless friction is present. 

Friction necessitates a non-linear increase in axial stress, 6,,, to continue propagating the crack (to 

overcome 1, at the debonded interface). Piggott (1991) presented the following equations to model 

this behavior. Frictional shear stress on the debonded region is given by Eq. 3a & b. 

T.=uU(P.-V.G,) ; yom (3a,b) 
f i s s d +v,,)E; 

The term v, represents the effect of fiber Poisson’s shrinkage. Piggott also derived the following 

expression for the axial stress on the fiber as the debonding progresses (m approaches 1) in the 

presence of friction. 

Oo, =—- > - 6, |exp(-2v,nms) (4) 

Expressions for the effect of the fiber Poisson’s shrinkage, v,, and the interfacial radial pressure 

P, were derived for the nitinol-composite system. They accommodate the unique geometry and 

composite material properties. Residual radial interference develops between the nitinol and 

composite at the interface due to the differences in the amounts of thermal contraction in the two 

materials as the composite cools from the cure or consolidation. Radial interface pressure or 

residual clamping stress, P,, results from the residual radial interference in a manner similar to a 

shrink-fit cylinder and is determined from Eq. 5. 

  

2 2 1-v 

p- A. : K-_ fo+a ay, .S ? (5) 
Kr, Em (a*-c’) m E, 

The derivation for P; (Eq. 5) is described in Appendix 1. The geometry parameters, a and c are 

shown in Fig. 2.2. The expression for v, is derived using a similar formulation in Appendix 2. 

The fiber radial displacement due to Poisson’s shrinkage under the action of the applied axial pull- 

out stress, O,,, reduces the residual radial interference at the interface. Based on this behavior, the 

expression for the fiber Poisson’s shrinkage effect becomes, v,=v,/KE,, as in Eq. A.9. The term 
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Figure 2.2 Pull-out geometry and parameters for the specimen dimensions 

K is expressed as in Eq. 5. Hsueh (1990) used a similar formulation to express the effect of the 

axial stress in reducing the residual radial clamping stress. 

Piggott (1991) also derived an equation for determining the axial displacement of the pull-out fiber 

as the crack progresses (Eq. 19, in Piggott, 1991). His expression for u, accounts for axial 

displacement of both the bonded and debonded portions. From analysis of his expression, it is 

clear that the displacement of the bonded portion for a nitinol fiber, is insignificant compared to 

the other terms. For this reason, the displacement of the bonded portion of the nitinol fiber will 

be ignored and the expression for the displacement of the debonded fiber is as in Eq. 6. 

  

r|P.ms | P, exp(2v. ums) -1 6 
u = -|_f-g, |Jo (6) 

Ey V, V, ”e 2V,u 

Equation 6 does not account for the displacement in the free length of the fiber (portion of the 

nitinol pull-out specimen not embedded in composite). Fiber free length displacement is included 

in u, by adding displacements of the nitinol stress-extension plot. Fig. 2.3 shows the non-linear 

stress-strain behavior of the nitinol fibers within the pull-out stress range. A free length of 
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Figure 2.3 Nitinol stress-strain (extension) and displacement for an 0.08 m gage length 

approximately 0.08 m was used. Upon adding the free length displacement, nitinol wire axial 

stress versus pull-out displacement (6;, versus u,) can be modelled using Eqs. 4 and 6. 

2.3 EXPERIMENTAL: NITINOL-COMPOSITE SYSTEM 

2.3.1 Pull-out Specimens and Configuration 

The method of embedding the nitinol fiber into the host composite materials and the pull-out test 

dimensions and method are found in a previous paper (Paine et al., 1992). In short, the nitinol 

actuators are given a 5% prestrain and then co-cured or consolidated (embedded) with the host 

composite. The geometry of the pull-out configuration is shown in Fig. 2.2. Two host composite 

materials were used in the pull-out experiments, Peek/Carbon (APC-2) and Graphite/Epoxy 

(GR/EP). The material parameters for nitinol and the host composites are given in Table 2.1. 

33



TABLE 2.1 MATERIAL PROPERTIES 
  

  

  

  

  

Nitinol APC-2 GR/EP 

6,<170 MPa: 25 
E 1m (GPa) 6,>170 MPa: 10 134 150 
E,,, (GPa) NA 8.9 9.8 

G,. (GPa) 9.4 5.1 5.0 

V4 0.33 0.3 0.337 

Vos NA 0.4 0.4 

6/0 T>50°C: 6.6 
ot, (10°/°C) T<50°C: 11.0 30 29 

TABLE 2.2 EXPERIMENTAL VALUES FOR PEAK o,, 

Surface Treatment Applied o,,, (MPa) 

L =2.5 cm, s =130 APC-2 GR/EP 

Plain 333 + 45 386 + 32 

Sandblasted 289 + 18 518 + 39 

Sanded 237 +19 465 + 81 

Acid-cleaned 237 +12 395 + 46 
  

Experimental pull-out stress versus fiber displacement graphs and the peak stress values for both 

host composites are shown in Figs. 2.4a and b and Table 2.2. 

2.3.2 Modelling the Nitinol-Composite Pull-out 

Equations 4 and 6 model fiber pull-out stress versus fiber displacement up to complete interfacial 

fracture or when the variable m equals one. By manipulating the parameters P, and 6,,, a wide 

range of pull-out stress versus displacement behavior can be modelled. Figures 2.5 and 2.6 

demonstrate the effect that changes in P; and Oy, have on the fiber pull-out stress, 6,,. In Fig. 2.5, 

the debonding stress is kept constant at 200 MPa and P, varies from 25 to 60 MPa (v, =0.15, 

s=130, u=0.18, E= 20 GPa, all set arbitrarily). Figure 2.5 demonstrates the type of behavior that 

can be expected when the stress to begin debonding (adhesive strength) is constant but as the 

crack propagates along the fiber, various amounts of fiber-matrix interaction exists. When little 
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Figure 2.4 Experimental pull-out curves, nitinol in (a) apc-2 composite, (b) gr/ep composite 

mechanical or friction interaction exists, P, 1s low (25 or 28 MPa) and the stress drops after the 

debond begins. If a high degree of friction or mechanical interaction exists, Pi is much higher and 

the stress to continue debonding must increase. Note that the increase occurs with a concave 

down or decreasing slope until the fiber has completely debonded or the debond crack propagates 

without any additional loading. Figure 2.6 demonstrates the type of behavior that occurs when 

the stress to begin debonding varies (100, 200, 250, 280 MPa) but the stress to continue 

debonding after crack initiation, remains constant. The amount of mechanical interaction after 

initial debond is constant and to model this, P,; remains constant (40 MPa). 

Two types of pull-out stress versus displacement behavior are manifested by Eqs. 4 and 6. One 

type occurs when the ratio P;/v, > Oy and the other when 6, > P/Vv,. The two types of behavior 
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Figure 2.5 Variation in pull-out stress due to different levels of mechanical interaction is modeled by varying P.. 

are demonstrated in Figs. 2.5 and 2.6. If P;A, > 6», the fiber pull-out behavior is influenced by 

friction on the already debonded portion of the fiber. The debond crack begins as the pull-out 

stress reaches Gy. Because of high residual radial pressure P; or mechanical interaction at the 

fiber-matrix interface, the fiber stress must increase to overcome friction at the interface. If On, 

> P,A,, the fiber pull-out behavior is dominated by the adhesion between the bonded fiber and 

the host composite matrix. Once again, the debond crack begins as the pull-out stress reaches O,,. 

Because Gy, is greater than P,/V,, the fiber quickly pulls away radially from the matrix (due to 

Poisson’s shrinkage effect) enough to eliminate the fiber-matrix interaction. The interaction is 

needed to generate friction at the interface and since it no longer exists, the debond crack 

immediately propagates along the entire interface causing complete interface fracture. The post- 

fracture stress levels in the experimental pull-out specimens help denote the type of behavior that 

is applicable. The post-fracture stress levels will also be used to describe the mechanical 

interaction and friction between nitinol and composite that occurs with different surface treatments. 
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Figure 2.6 The effect of varying the initial debond stress with a constant level of post-debond interaction (constant P). 

To use Eqs. 4 and 6 to model the pull-out behavior of the nitinol-composite system, the following 

parameters were determined using the material properties in Table 2.1 and the geometry in Fig. 

2.2. The P., due only to residual thermal stresses, are determined for the embedded fiber when 

the axial stress is zero. Equation A.4 is used with E, = 25 GPa. The value for v, is used in Eqs. 

4 and 6 when the axial stress is greater than 170 MPa. Therefore, Eq. A.9 is used to determine 

v, with E=10 GPa. For the APC-2 and the GR/EP systems respectively, P; is 14 and 10 MPa and 

v, is 0.13 and 0.15. From the geometry, s=130 and r=0.191 mm. The friction coefficient, 4 was 

determined for sanded nitinol against smooth composite by experiment and is approximately 0.18. 

The displacement versus stress behavior is obtained by incrementing m from 0 to 1. 

2.3.2.1 Nitinol Fiber Modulus 

The different values for the nitinol modulus, E,, occur due to the different material phases in the 
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nitinol as it is stressed at various levels. As shown in Fig. 2.3, the two composite fabrication 

heating cycles effect the stress levels at which the different material phases occur. The APC-2 

composite fabrication cycle removes much of the nitinol’s 5% prestrain, returning to the nitinol 

most of its original behavior (Paine and Rogers, 1991). E, for the APC-2 Nitinol is approximately 

25 GPa initially, near zero for O; from 150 to 170 MPa, and 10 GPa thereafter. The GR/EP 

thermoset cycle actually enhances the shape recovery effect of the GR/EP Nitinol and its low 

temperature allows the nitinol to retain the 5% prestrain. &, for the GR/EP Nitinol is 

approximately 25 GPa up to 270 MPa and 10 GPa thereafter. This unusual stress-displacement 

behavior, as shown in Fig. 2.3, is reflected in the stress-displacement behavior pull-out specimens. 

2.3.2.2 APC-2 Host Composite 

Using the material parameters and pull-out parameters determined above, the stress versus 

displacement curves for the sandblasted, sanded and acid-cleaned, APC-2 pull-out specimens are 

plotted in Fig. 2.7. Figure 2.7 shows the stress versus pull-out behavior that occurs when the 

stress to initiate debonding is greater than the possible frictional shear stresses (G,,>P;/V,). AS 

the axial stresses increase to the peak value of 6,, sharp variations in pull-out stress and 

displacement occur due to the nitinol free length stress-displacement behavior as depicted in Fig. 

2.3. The maximum pull-out stresses rise to a sharp peak at 6,, which match the peak 

experimental applied stresses for the APC-2 specimens (Table 2.2). After the peak stresses in Fig. 

2.7, the frictional pull-out stresses decrease to levels which match the post-fractures friction pull- 

out (PFFP) stresses. The lower PFFP stress levels are those required to continue pull-out in the 

presence of friction alone. Equations 4 and 6 can model the PFFP stress levels when Gy, is set 

to zero. 

Two factors indicate a brittle interface failure without friction in the APC-2 nitinol system. The 

first is the similarity of the APC-2 pull-out specimens’ pre-fracture stress-displacement behavior 
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Figure 2.7 Nitinol-apc-2, theoretical pull-out stress versus displacement behavior 

to the stress versus displacement behavior of the nitinol fiber. The stress in the pull-out 

specimens, independent of surface treatment, imitates the stress versus displacement behavior of 

Fig. 2.3. Upon examining Eq. 4 and Fig 2.5, one observes that the pull-out force should have a 

decreasing slope as it approaches peak stress values if a frictional shear force acts on the already 

debonded fiber prior to interface fracture. Thus, the telltale indication of friction acting on the 

interface is a concave-down-increase in pull-out stress just prior to interface fracture. The stress- 

displacement curves for the experimental APC-2 pull-out specimens and the APC-2 nitinol all 

increase concave-up prior to interface fracture. 

The low PFFP stress levels is the second indication that friction does not add significantly to the 

pre-fracture stress levels. The level of the PFFP is given by the ratio of P,/v, in Eq. 4. Once the 

interface has been completely fractured, the term 6,, becomes zero and only 1, (Eq. 3a) remains 

to hinder pull-out. Based on the calculated residual P; (14 MPa), the PFFP stress levels should 

be approximately 100 MPa. To match the experimental PFFP stress levels of the surface treated 

fibers, the P, was increased to 19.2 MPa for the sanded and acid-cleaned specimens, and 26 MPa 
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for the sandblasted specimens. A value of P; =19.2 MPa is reasonable given that the APC-2 

polymer can develop some stiffness at temperatures above its T, and that the sanded and acid- 

cleaned fiber surfaces allow for clean contact between fiber and composite. The 26 MPa required 

to model the PFFP stress levels for the sandblasted fiber is an indication of mechanical interaction 

between the rough surfaced fiber and the tough PEEK resin in the APC-2. The resin protrudes 

into the nitinol’s sandblasted surface during composite consolidation which increases the o,, and 

causes higher PFFP levels. 

The plain fiber was not plotted in Fig. 2.7, but has a similar, albeit fluctuating, behavior. It was 

reasoned in an earlier paper that the oxide coating on the non-surface-treated nitinol fiber develops 

a sometimes good, but unreliable adhesion with the APC-2 composite. The PFFP is consistently 

low, an indication of the oxide having fractured and acting as a smooth interface between fiber 

and composite. 

2.3.2.3 GR/EP Host Composite 

The pull-out stress versus displacement curves for all surface treatments of the GR/EP specimens 

are plotted in Fig. 2.8. The stress versus pull-out behavior of the GR/EP specimens demonstrates 

the type of behavior that occurs when the stress to initiate debonding is less than the possible 

frictional shear stresses (Oy, <P;/v,). The maximum pull-out stresses rise in the telltale concave- 

down fashion to a gradual peak. After 6, surpasses 6,, at 280 MPa, friction prohibits the fiber 

from further debonding until axial stress is increased. The peak pull-out stresses are therefore 

dependent on the amount of mechanical interaction or friction between nitinol and GR/EP 

composite. To use Eq. 4 to model the increase in 6,,, P; for each surface treatment was increased 

beyond 10 MPa so that the theoretical peak pull-out stresses and experimental values matched. 

Such increases are justified because of the high levels of PFFP seen in the experimental pull-out 

plots of the GR/EP specimens (Figs. 2.4). Like the experimental pull-out curves, the pull-out 
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Figure 2.8 Nitinol-gr/ep, theoretical pull-out stress versus displacement behavior 

stress, 6, rises sharply to 6,, which is at a theoretical value of approximately 280 MPa. 

The PFFP stress levels for the GR/EP composites are significantly higher those in the APC-2 

composites and much higher than the calculated value of P; would indicate. From the 

experimental data, the PFFP levels in the sandblasted and occasionally in the sanded specimens 

surpass the pull-out stresses which initially fracture the fiber-composite interface. Such behavior 

indicates a great amount of mechanical interaction between nitinol fiber and composite. It is 

presumed that after fracture of the fiber-composite interface in these specimens, particles at the 

resin-fiber interface may cause wedging action that increases the interface friction. The increased 

interaction between the nitinol and composite can be considered an additional interfacial contact 

pressure (greater P,) which requires additional shrinkage of the fiber to pull it away from the 

GR/EP matrix. 

Differing from the APC-2 pull-out behavior, the GR/EP specimens lack the concave up stress- 

displacement pattern present in the APC-2 specimens. Figure 2.3 depicts this behavior for the 
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nitinol subject to the GR/EP treatment. The theoretical variations in the fiber displacement at peak 

stress between the different surface treatments (Fig. 2.8) are not discernible on the experimental 

data of Fig. 3 due to the resolution of the displacement scale. 

2.3.3 G,, and t, for the Nitinol-Composite Systems 

Using Eq. 1 and 2 and the material and geometry properties, G,, and 7, may be determined from 

the values of 6,, for the nitinol-composite systems. These values are tabulated in Table 2.3. In 

the APC-2 system, the peak fiber pull-out stresses occur without friction and G,,. represents the 

absolute critical strain energy. In the GR/EP system, G,. is found from the value of fiber stress 

which initiates debonding. Additional strain energy is needed to complete pull-out. The values 

of t, for all the systems are suspiciously high. By definition, the value of t, for the GR/EP 

system does not account for increases in pull-out stress due to fiber-composite interface friction 

or mechanical interaction. The interface shear strength increases significantly above t, for the 

sanded and sandblasted nitinol fibers in the GR/EP composite. 

The values of G,. are useful in studying the impact and fracture behavior of the hybrid composites 

and determining how the energy absorbing characteristics of the interface affect the response. The 

values indicate that the interface in the APC-2 system is fairly tough but lacks a post-interface- 

fracture mechanism to prevent further pull-out. G,. is dependent on the surface treatment of the 

fibers in the APC-2 system. The interface in the GR/EP system is very tough and G,, appears to 

be independent of the surface treatment. In the GR/EP system, the rough-surfaced nitinol typically 

remains firmly attached to the GR/EP even after experiencing fiber stresses above 6,,. 
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TABLE 2.3 Values of pull-out model parameters 

O;,, (MPa) P,, (MPa) G,, (J/m’) TAMPa) 

  

  

APC-2 

Sanded 237 19 267 119 

Acid-cleaned 237 19 267 119 

Sandblasted 289 26 397 145 

Plain 333 14 528 166 

GR/EP 

Sanded 280 70 373 140 

Acid-cleaned 280 59 373 140 

Sandblasted 280 77 373 140 

Plain 280 58 373 140 

  

2.4 CONCLUSIONS 

By modifying an existing pull-out stress/displacement model, the nitinol fiber/composite pull-out 

behavior has been modeled. Peak pull-out stresses in the GR/EP host composite system are very 

dependent on a good mechanical interaction at the nitinol fiber interface. Peak pull-out stresses 

in the APC-2 host composite system rely mainly on adhesion between nitinol fiber and composite. 

Sandblasted nitinol fibers in APC-2 composite can increase the adhesion strength and PFFP stress 

levels. Sandblasting of nitinol fibers in both composites can increase the adhesion strength and 

PFFP stress levels. Mechanical interaction between the nitinol and host composite can be 

enhanced by increasing the nitinol surface roughness. 

The model can be used to design more complex hybrid composite material systems with 

embedded nitinol fiber actuators and sensors. A design rationale for preparing (surface treatments) 

nitinol actuators for various applications has been developed. High values of fiber to composite 

interfacial adhesion can be attained in structural configurations where P; is high (i.e. loads normal 
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to the plane of the hybrid composite). Cylindrical shells and pressure plates provide such 

applications. 

2.5 APPENDIX 1: INTERFACE PRESSURE 

During specimen processing, both the polymer composite matrix (m) and the nitinol fiber (f) 

contract while cooling. Contraction at different rates results in a radial interference and 

compressive stress at the interface at room temperature. Using Eqs. A.la & b, the amount of 

radial displacement (w;) in each material at the interface (r;), and the amount of interference from 

thermal contraction (A,,) can be determined. 

An =Wig~Wy and w,,,=7,0,,(Ty-T,) ; w,,=7,0,(1,-T)) (A.1a,b) 

The interference between the nitinol and composite is found by taking w, of each upon cooling 

from the host composite’s T, (APC-2 =143°C, GR/EP =107°C). Values for A,, at the interface 

are 0.51x10° mm for the APC-2 and 0.34x10° mm for the GR/EP. It is assumed that most 

residual stresses develop during cooling below T, because of the low polymer modulus above T,. 

Radial (o,) and hoop stresses (6) at the interface in the nitinol-composite cylinder configuration 

due to external and internal pressures are from Cook and Young’s (1985) formulations. 

0.,.=0,,=-P.;6.=-P.;6, =~ (A.2) 

By substituting the stresses, Eqs. A.2, into the stress-strain relations, the displacements are as in 

Eq. A.3. 

Radial displacements, Eqs. A.3, are substituted into Eq. A.la and rearranged to solve for P,, 
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r.P. r.P| n2472 
Ww, =~ (v,-1); Winm |: ‘a Hn (A.3a,b) 

resulting in Eq. A.4. 

  p=A.x=1 |r") | OW) (A.4) 
Kr, Eom (a’-c*) . Ey 

Substitute the material property and geometry values from Table 1 and Fig. 1 into Eq. A.4 to 

determine interference pressure at the interface. For the APC-2 and GR/EP systems, K is 2.0x10"° 

and 1.8x10"° respectively. Corresponding values of P, are 14 and 10 MPa respectively. 

2.6 APPENDIX 2: POISSON’S SHRINKAGE EFFECT 

Equations A.1 through A.4 can be used to derive an expression for v, that has more utility for the 

nitinol-composite system than Eq. 3b. The radial displacement of a fiber can be related to pull-out 

stresses on the fiber through the radial strain expression (Eq. A.5). 

d 1 — = &, = (6, -V,0y~V,0,) (A.5) 
f 

During the fiber pull-out, only the axial stress (0,) acts on the portion of the fiber that has already 

debonded (6,=0,=0). Rearranging Eq. A.5 and integrating both sides with respect to 7, (6; is 

constant throughout the fiber and w(r=0)=0). Fiber radial displacement (w,,) at the interface due 

to pull-out stress is given by Eq. A.6. 

  w  =—1f (A.6) 

The term w,, represents the nitinol fiber shrinkage due to the Poisson’s effect as it is pulled out 

of the composite. The radial shrinkage reduces the amount of thermal interference (A,,). To use 
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this to derive an expression for the Poisson’s contraction of the fiber, the difference of A,, and w,, 

is set equal to w,, and w,,, (from Eqs. A.3). 

An Win =Wim “Wi where Wip Wig =T)P, K (A.7) 

The total pressure at the interface (P,) due to residual thermal contraction (P,;) and Poisson effect 

contraction (w,,) is then derived using the Eqs. A.3 and K from Eq. A.4. Rearranging the first part 

of Eqs. A.7 to solve for P, and substituting w,, from Eq. A.6, the expression for P, is given in Eq. 

A.8. 

A, -w, VO p = On) _p Mir (A.8) 
rK | KE, 

The frictional shear stress, t,, can be rewritten t,= uP,. By substituting the expression for P, from 

Eq. A.8, and comparing the new expression for 1, to Eq. 3a, the expression for v, becomes as in 

Eq. A.9. 

V, Vy 
T= H(P, = ©) and V = . (A.9) 

f KE, 
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CHAPTER 3: APPLICATIONS FOR SMA HYBRID COMPOSITES IN DEFLECTION 

CONTROL AND STATIC STRESS REDUCTION 

3.1 INTRODUCTION 

3.1.1 Composite Filament Wound Cylinders 

Filament wound composite cylinders have found many applications in pressure vessel design 

(Grover and Ayler, 1981; Williams, 1991; Kokan and Gramoll, 1994; Robinson, 1994; Lark, 

1973). For high performance applications (i.e. pressure greater than 10 Ksi), thick-wall designs 

(R/h<10) are typically required to achieve desirable safety factors (Tsai, 1988). Design of thick- 

wall composite pressure vessels is particularly tedious because of problems that may arise in the 

manufacturability of the composite cylinder (fiber waviness and ply wrinkles) and residual stresses 

that can develop (Tarnopol’skii, 1992; Kokan and Gramoll, 1994; Sampson et al., 1993). 

In the design of composite pressure vessels it is desirable to have the entire composite wall 

thickness loaded as efficiently as possible (Tsai, 1988). Thick-wall, single layer composite 

cylinders have very inefficient material loading through the wall thickness (Tsai, 1988; Grover and 

Ayler, 1982). Large radial stress gradients in thick-wall designs and low radial stiffness contribute 

to inefficient loading of outer composite plies. Multi-layer designs enable more efficient loading 

of the outer composite layers (Tsai, 1988; Grover and Ayler, 1982), but may have problems with 

premature separation of layers during loading because of high residual thermal stresses (Kokan 

and Gramoll, 1994; Sampson et al. 1993; Hyer, 1988). The adaptive shape memory alloy 

composite cylinder presented in this chapter is a multi-layer composite cylinder with layers that 

can produce a controllable compressive stress. The active layers can produce an efficient stress 

distribution through thick-wall composite cylinder walls without any residual stress problems that 

may be associated with conventional multi-layer composite designs. 
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Polymeric matrix composite (PMC) cylinders also have a relatively high amount of radial 

expansion or dilation in the inner walls under internal pressure loading compared to metallic 

vessels (Faddoul, 1973; Lark, 1973). The composite transverse stiffnesses are very low, typically 

between 0.8 to 1.6 Msi (Tsai, 1988). As a result, radial strains can be very high compared to 

strains in the fiber direction (Hyer, 1988). The high radial strains lead to large radial and axial 

expansions in high pressure PMC cylinders. When composite cylinders are used for applications 

requiring thin metallic liners or internal pistons, high levels of radial expansion can lead to plastic 

yielding and fatigue failure in metallic liners (Faddoul, 1973; Lark, 1973) or piston to wall 

tolerance problems. 

3.1.2 Shape Memory Alloys and Adaptive Composites 

A detailed description of the constitutive relations of shape memory alloy (SMA) materials and 

their behavior while embedded in composite materials can be found elsewhere (Liang and Rogers, 

1990; Paine and Rogers, 1991). In short, nitinol SMA is a metal alloy that can be strained up to 

8% (typical) and recover its original shape by being heated above its activation temperature (M,). 

If the shape recovery process is restrained by external boundaries, a recovery stress will be 

generated by the deformed SMA against the boundary. The recovery stress can exceed 100 Ksi. 

The actual amount is dependent on the rigidity of the boundaries, SMA geometry, deformation 

(strain) level, temperature and applied external stress. SMA stiffness also changes with 

temperature and strain level (Liang and Rogers, 1991) as shown in Fig. 3.1. The activated (200° 

or 300°F) nitinol SMA has an initial elastic modulus of 10 Msi and a yield stress as high as 135 

Ksi. The unactivated (100°F) nitinol SMA has an initial modulus of 5 Msi and a yield stress of 

approximately 35 Msi. The stress plateaus in Fig. 3.1 are not due to plastic action as in 

conventional metals, but are inelastic and result from the martensitic phase transformation. The 

inelastic deformation is reversible upon activating the nitinol. For purposes of this investigation, 

the stress-strain relations for an activated and unactivated nitinol wire are simplified as in Fig. 3.2. 
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Figure 3.1 Stress-elongation curves for nitinol wire demonstrates the behavior at various temperature states including 
the unactivated and activated states represented in this paper. From Cross, Kariotis and Stimler (1970). 

  
The activation of nitinol SMA elements can be controlled by electrically heating them above and 

cooling them below their activation temperatures (typically 90 to 140°F (Cross et al., 1970)). 

Placed within or between polymer matrix composite plies, the controllable recovery force or 

displacement of the SMA elements can be used to modify or control the host composites’ 

structural response and mechanical properties (Rogers, 1988; Rogers, Liang, and Jia, 1989; Jia and 

Rogers, 1992). An adaptive or multi-functional SMA hybrid composite material is produced 

(Chaudhry and Rogers, 1991; Paine and Rogers, 1994). 

3.1.3 Adaptive Composite Cylinder Concept 

In the adaptive composite cylinder concept, SMA wire rovings are impregnated with polymer resin 

to form a shape memory alloy composites (SMAC) or nitinol/epoxy composite. The SMAC is 

wrapped as a Separate layer around or within other PMC cylinder layers. Portrayed schematically 

in Fig. 3.3, the prestrained SMA wires can generate a controlled level of recovery stress when 
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heated to the appropriate activation level. The resulting SMAC recovery stress produces an active 

or controllable external pressure against the inner PMC layer, producing a compound cylinder 

effect (Cook and Young, 1985). By using nitinol wires with near rectangular cross-section, high 

nitinol volume fractions (V,;>70%) can be achieved in the SMAC layers. High nitinol volume 

fractions yield high recovery force densities which in turn will produce significant controllable 

external pressures. 

In the following analysis, it will be shown that the active external pressure actually reduces 

maximum tensile hoop stress in the inner cylinder like a conventional compound cylinder and 

reduces radial expansion in internally pressurized composite cylinders. 
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Figure 3.2 Representation of the simplified nitinol SMA wire stress-strain relations for the activated and unactivated (low 

temperature) state. 
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Figure 3.3 Representation of how the SMA layers apply an external contractive pressure to the inner composite layers 
in the adaptive SMA composite cylinder concept. 

3.2 MODELING APPROACH 

To model the effect of the SMAC layers on the cylinder stresses and displacements, a linear 

elastic solution for the displacements and stresses in thick wall cylinders was used. An elasticity 

approach was chosen because of the desire to accurately model the layer-wise variation of the 

radial and interlaminar stresses through the cylinder walls. An elasticity solution also allows the 

properties and behavior of the individual layers to be maintained throughout the analysis (Hyer, 

1988). The model is not limited to thin-wall cylinders because the solution accurately determines 

the radial stresses in thick-wall cylinders. Structural cylinder models that use the CLT do not 

accurately model the response of thick-wall cylinders to internal pressure loading and do not 

model the radial stress components of the cylinder (Whitney, 1971; Jones, 1975). Using the 

elasticity analysis presented by Hyer (1988), the response of a composite cylinder to the action 

of adaptive SMAC layers can readily be modeled. The effect of the active external pressure from 
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Figure 3.4 Cylinder geometry and coordinate system 

the SMAC layer(s) can be accurately determined on a layer-wise level. 

3.3 THEORY 

The following linear elasticity analysis that will be used is identical to the one derived by Hyer 

(1988). To model the effect of the SMA actuators, the thermal expansion induced strains are 

replaced by the actuator induced strains. Hyer’s analysis is used to formulate solutions for the 

displacements and stresses in composite material cylinders with embedded SMA adaptive layers. 

The following assumptions and limitations apply to the linear elastic solution. Each composite 

layer consists of orthotropic plies with ply angles (@) measured from the axial direction (Fig. 3.4) 

and material properties that are constant through the layer thickness and independent of spatial 

position. Due to the axisymmetric internal/external pressure loading conditions and an assumption 

of a long cylinder, the stresses, strains and displacements are independent of the circumferential 

and axial coordinates (@ and x) when the response is measured away from the ends. The effect 

of endcaps on the cylinder wall stress distribution was ignored to avoid the added complexity. 
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The geometry of the cylinder and the coordinate system depicted in Fig. 3.4 follows the notation 

used by Hyer (1988). The inner and outer radii of the cylinder are denoted R; and R, respectively. 

The radius of the interface between the k and k+/ layer is denoted r,. An axial force is applied 

to the cylinder due to the effect of the internal pressure on the endcaps. The linear elastic solution 

is first solved for a single layer cylinder and then extended to a multi-layer cylinder using 

boundary conditions and conditions of radial stress and displacement continuity throughout the 

cylinder walls. 

Based on the above stated assumptions, the axial, circumferential, and radial displacements 

become: 

u(x, 9,r) =u(x,r); v(x, 8,7) =v(x%,n; w(x,8,N=w(r). (1) 

The equilibrium conditions reduce to: 

            

d _ 
0, + 0, 0, =0; dy, + 2%, =0; dt, + Te =0 (2) 

dr r dr r dr r 

The strain-displacement relations reduce to: 

Ou w dw ov ev ou ov 
E= Si; € =; = =; =, 3 

* Ox’ ° rr’ " dr Yor or r Yer or *~° Ox (3) 

assuming small displacements. In the following stress-strain relations (Eq. 4) for a composite 

layer, the terms for the temperature induced strains (@A7T) are replaced with SMA actuator induced 

strains (e'). The actuator induced strains are dependent on the level of actuation applied to the 

SMA actuators. They will be treated as temperature induced strains during the derivation. The 

amount and direction of the induced strain that the nitinol SMA actuators can produce will be 

discussed in a later section. 
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Using the equilibrium conditions and substituting in the appropriate stress-strain and strain- 

displacement relations, Hyer solved for the radial displacement of a single-layer composite 

cylinder as in Eq. 5. 

weyretary+Ar*+Ar*t+imr ; 
— i — i — . — i —_ i — . 

C138 + Cy, fot Ove C,€ ~ C,& ~ Cy, x0 (5) yind _ 
  

C3, ~ 99 

The A, and A, terms for each layer originate from the constants of integration and are determined 

by the boundary conditions. The term 2’ reflects the effect of the nitinol induced strains in the 

SMAC. The axial and circumferential displacements take on the following form after they have 

been simplified following Hyer’s (1988) assumptions and boundary conditions (Eq. 6). 

u(x,r) =xe° 5 voxyr)=xry (6) 

The following stiffness relationships are defined for each layer and used in the displacement 

relations. 

he Cn 5 ye Gs g = S576 (7) 
33 33 22 4C,,-Cy 

55



To solve for the displacements and stresses in each layer of the cylinder, the unknown coefficients, 

A,, A, ©’, and y° in the displacement equations must be determined. In general, there exists a 

separate A,, and A, coefficient for each cylinder composite layer and global cylinder terms for the 

cylinder axial (€’) and shear (y’) strain terms. For an N layered composite, a total of 2N+2 

coefficients must be determined, requiring a total of 2N+2 equations. The equations to solve for 

the coefficients arise from boundary conditions and conditions of stress and displacement 

continuity throughout the cylinder. The boundary conditions for a single composite layer cylinder 

are as follows. First, the radial stresses at the inner and outer cylinder walls are set equal to the 

respective applied pressures. 

0,=-P, at r=R,; 0,=-P, at r=R,. (8) 

Then the equilibrium conditions for the cylinder axial and torsional loading are set. The first 

integral (Eq. 9) represents the effect of the axial force on the cylinder due to the difference in 

applied internal and external pressure. The superscript k indicates the specific layer number. 

N 7% 

any, fol rdr=n(P,R;-P,R, ) (9) 
k=l Tet 

The second integral relation (Eq. 10) represents a condition of no torsional loading on the 

cylinder. 

Ns 

any, frig r?dr =0 (10) 
k=l hs 

For multi-layer composites, the continuity of radial stresses and displacements are guaranteed at 

the composite layer interfaces. The interface continuity conditions (Eqs. 11) yield the extra 

equations needed to solve for the additional A, and A, coefficients. 

wr) sw(r ys Or) =o) 5 k=1,2,..(N-1). (11) 
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Substituting the expressions for radial stress and displacement into the six conditions, 2N+2 

equations are developed that are used to determine the unknown coefficients for each cylinder 

layer. The coefficients are then used to determine all of the stress, and displacement relations for 

the cylinder. For example, the expression for the radial stress in one layer of the composite 

cylinder is shown in Eq. 12. The radial position is raised to the power represented in the 

O.=R,€°+R rf + RAO + RAO +(C,+C,,)2™ - 0" 

>
 

s
l
 

where R, =| C,,+7¢ Cyt hay)| 3 R, =| Cy, +00 C,,+2€,,)] (12) 

R -| €,,+A€,, , R,=| 3 

wd A LOR Bt GQ 

23 A 3 > O, = C,,&; + Cy,€9 + Co x8 

parentheses. Each of the stiffness terms and the A, and A, coefficients are unique for each 

composite layer. The distributions for all components of stress, and displacement through the 

cylinder wall are determined by substituting each layers stiffness matrix (C,,), radial position (7), 

and coefficients A,, A;, ¥’, €° into the stress and displacement expressions (Eq. 12, and 4, 5). The 

distribution can then be plotted throughout the wall thickness. 

3.3.1 Modeling the Mechanical Behavior and Induced Strain of the Nitinol SMAC 

The SMAC is a nitinol/epoxy composite with a nitinol volume fraction of 75 percent (intimate 

contact of reinforcing wires). The SMAC single-ply mechanical properties are derived using 

standard rule of mixtures micromechanics relations (Jones, 1975). The material properties are 

given in Table 3.1. The nitinol wire elastic moduli and therefore the SMAC moduli, are valid 

only for the elastic portion of the responses depicted in Fig. 3.2. The combined mechanical and 

shape recovery stress-strain response will be described with the aid of Fig. 3.5. Further 

description can be found in Liang and Rogers (1991). 

To fabricate the SMAC from nitinol wires in their low temperature state (unactivated), the wires 

would generally be prestrained or elongated five percent and placed onto the inner PMC cylinder 
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MATERIAL PROPERTIES OF A SINGLE COMPOSITE PLY 

  
  
  
  
  
  
  

  

  

  

    

  

  
  

TABLE 3.1 

material E, (Msi) E, (Msi) —_E, (Msi) Vio V3 Vo3 

graphite-epoxy 20 1.3 1.3 0.3 0.3 0.4 

glass-epoxy 5.6 1.2 1.2 0.26 0.26 0.4 

kevlar-epoxy 11 0.8 0.8 0.34 0.34 0.4 

SMAC (Low Temp) 3.9 1.8 1.8 0.33 0.33 0.4 

SMAC (activated) 7.6 2.3 2.3 0.33 0.33 0.4 

activated nitinol SMAC > 
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Figure 3.5 Combined mechanical stress-strain and recovery stress-strain behavior of the nitinol/epoxy shape memory 

SMAC uni-axial strain (%) 

alloy composite demonstrates how the mechanical and recovery loading effect the stress response. 

layer. The mechanical stress-strain relations of the SMAC as it is prestrained and wound onto the 

composite cylinder is represented by the dotted line in Fig. 3.5. The SMAC inelasticly yields at 

approximately 35 Ksi and elongates inelasticly with very little additional load. At the onset of 

cylinder internal pressure loading, the SMAC elastically strains from the winding tension level to 

If the SMAC is loaded by the internal pressure beyond the low temperature 

approximately 0.5% before activation, further inelastic elongation or prestrain develops. This will 

actually increase the potential level of activated recovery stress. Upon reaching approximately 6% 

plateau stress. 
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strain, the tangent modulus increases to 3.9 Msi again. 

If activated with no initial prestrain, the SMAC strains with an initial modulus of approximately 

7.6 Msi and an apparent yield stress of 100 Ksi (dashed line, Fig. 3.5). With the combined 

prestrain and mechanical strain level at 5% (stress at 40 Ksi), the recovery stress that develops in 

the SMAC upon full activation 1s represented by the solid lines in Fig. 3.5. Because the level of 

SMAC recovery stress is dependent on strain level, the greater the apparent stiffness of the inner 

composite cylinder layers, the more recovery stress that will develop. This is shown in Fig. 3.5 

by the 4 lines representing different degrees of boundary compliance. For this reason, using 

SMAC layers to control cylinder radial expansion with no internal loading is less effective than 

controlling the expansion during internal pressure loading. The SMAC layers should only be 

activated when expansion from internal pressure creates a boundary (composite layers) that is 

apparently rigid to the SMAC layers because of the additional mechanical strain they experience. 

el cos’ 

E& p=4 sin’® { e'} (13) 

Keo -sin8 cos® 

To model the combined mechanical and recovery stress state in the SMAC layer upon activation, 

the SMAC layer(s) are given an induced strain to generate the expected 50 to 60 Ksi recovery 

stress. An iterative process is performed whereby the SMAC principal recovery strain, €,' in Eq. 

13, is given an initial value between zero and two percent (recovery strain is negative) and the 

SMAC modulus is increased from the unactivated value of 3.9 Msi. The modulus and induced 

strain are increased iteratively until the combined mechanical and recovery stress in the SMAC 

layer is no greater than 100 Ksi. The radial displacement value of the SMAC layer is also 

monitored to verify that it never becomes negative or that the inner composite layer is yielding 

radially inward from its original position. A negative radial displacement indicates a compliant 

boundary which reduces the SMAC recovery stress and/or combined stress level. 
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The SMAC induced strains in terms of the cylinder-axis (€,', €,', Y,9) are found using the 

transformation in Eq. 13. In this analysis it is assumed that no SMAC induced strains are 

produced in the radial direction (e€,' = 0). The induced strain terms (are substituted into the 

constitutive relations (Eq. 4). In this treatment, the winding angle for the SMAC layers was kept 

at 90° to have the maximum recovery stress density in the hoop direction. While the maximum 

SMAC combined mechanical and recovery stress was kept within 100 Ksi, the value will be quite 

variable for other SMA materials (Duerig et al. 1990). This treatment yields an adequate method 

to apply the SMA recovery strains for demonstrating the adaptive cylinder concept but it does not 

account for thermal residual strains that may develop as a result of the heating of the SMAC 

layers. In a future paper, non-linear SMA constitutive relations and recovery stress behavior and 

the effects of composite thermal residual strains will be incorporated into the model. 

3.4 RESULTS 

The response of the PMC and SMAC cylinders under an internal pressure loading of 16 Ksi and 

different levels of activation are given in the following results. To demonstrate the adaptive 

composite cylinder concept, the axial, radial, and circumferential (hoop) stress levels were 

determined using the above model. The host composite materials were a typical graphite/epoxy, 

glass/epoxy and kevlar/epoxy. The composite material properties are given in Table 3.1. 

Typically a composite cylinder was analyzed with the host composite material in the inside layers 

and the SMAC on the outside layers. For the sake of simplicity, the winding or layup angle (0) 

of the PMC is kept at 55°. While an angle of 55° may not be practical for actual cylinders, it 

"happens to be the optimum angle for the maximum failure strength” or maximum burst pressure 

according to Tsai (1988). It is the angle at which the contributions from the cylinder pressure 

vessel’s axial and hoop stresses to the uni-axial fiber loading are equal. The inner radius of the 

cylinder (R,) was set at one inch and the thickness of the cylinder walls was varied dependent on 
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the test. Since it is a linear solution, the results can be scaled by maintaining the same R/h ratio. 

In the plots that follow, radial location within the cylinder wall is normalized by subtracting the 

inner radius from the absolute radial coordinate and then dividing by the total wall thickness. 

3.4.1 Adaptive Composite Cylinder Concept 

To initially demonstrate the basic adaptive composite cylinder concept, a cylinder of gr/ep and 

SMAC was analyzed. The cylinder consists of a 0.1 in. thick inner layer of gr/ep (typically 20 

plies) and an outer layer of 0.1 in thick SMAC. The stress response in the cylinder walls for the 

loading from the SMAC actuation, internal pressure, and the combined loading are given in Figs. 

3.6, 3.7, and 3.8. 

In the response of the cylinder to the 16 Ksi internal pressure (Fig. 3.6), stresses in the PMC 

(maximum hoop stress = 140 Ksi) are much higher than in the SMAC (max. hoop stress 35 Ksi). 

The PMC has a much higher hoop stiffness than the SMAC in the low temperature state. The 

resulting strain state in the cylinder walls generates high stresses in the stiff PMC and substantially 

lower stresses in the softer SMAC. Since the maximum hoop stress that this gr/ep composite 

material can carry, while wound at 55°, is approximately 135 Ksi for last ply to fail, the cylinder 

could actually fail at this pressure. The axial stress response is similar in form to the hoop stress 

and at approximately one half the level. The radial stress varies from the internal pressure at the 

inner wall to zero at the outer cylinder wall. 

In Fig. 3.7, a recovery strain (€,' negative) is applied to the SMAC such that a 50 Ksi recovery 

stress is generated in the SMAC layers. The nitinol wires are all wound in the hoop direction, 

so the hoop stress in the SMAC is approximately 50 Ksi. Because the hoop stiffness of the 

activated SMAC is similar to that of the PMC and both the SMAC and the PMC layers are 0.1 

inch thick, a similar stress state, although compressive, is transferred to the PMC layer as it resists 
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Figure 3.6 Stress response in a GR/EP-SMAC cylinder from an internal pressure of 16 Ksi 
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Figure 3.7 Stress response in a GR/EP-SMAC cylinder from the activation of the SMAC layer 
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the SMAC contraction. The stresses must also satisfy equilibrium at the boundary as no external 

forces are applied. The contraction of the inner PMC layer causes expansion in the PMC layer’s 

axial direction due to the poisson effect. The axial expansion is resisted by the SMAC layer 

resulting in a compressive axial stress in the PMC layer and tensile axial stress in the SMAC 

layer. Zero net stress results in the axial direction and force equilibrium is maintained. 

In Fig. 3.8, both the 16 Ksi pressure and the SMAC recovery stress are applied. The peak hoop 

and axial stresses in the PMC are reduced from 138 to 88 Ksi and from 62 to 50 Ksi respectively. 

The activation of the SMAC layers lowers the hoop stress to a point where it is below the failure 

level and a factor of safety of 1.5 exists. Radial stress varies significantly only in the region 

where the two layers meet. The Von Mises stress at the cylinder inner wall has been reduced by 

33 percent using the SMAC generated active external pressure. 
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Figure 3.8 Stress response in a GR/EP-SMAC cylinder demonstrating the combined loading of 16 Ksi internal pressure 
and SMAC active external pressure 
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3.4.2 Different Host Composite Materials 

In a cylinder analysis, because of the axisymmetric nature of the loading, different material 

stiffness parameters generally do not greatly affect the stress distribution. One inch inner radii 

cylinders composed of 0.2 inch thick gr/ep or gl/ep composite at ¢=55° will have very similar 

stress distributions. Strain distributions may, however, vary dramatically for each material. For 

this reason, little difference in the hoop stress distribution was expected for the three different 

configurations. The effect of varying the host PMC material and determining the ability of the 

SMAC to lower internal hoop stress is shown in Figs. 3.9, 3.10, and 3.11. The PMC layers are 

all oriented at ¢ = 55°. The SMAC layer is oriented at 90°. All layers are 0.1 inch thick and R;, 

is still 1.0 inch. Only the change in the hoop stress will be shown as it represents the critical 

stress value in the cylinder wall. 

In Fig. 3.9, the 16 Ksi internal pressure is applied to three different cylinder configurations while 

the SMAC is unactivated or in its low-temperature state. Because the cylinder walls consist of 

two different materials (PMC and SMAC), the hoop stress distributions for all three configurations 

are not similar as is the case in all-PMC cylinders. Lower hoop stresses are found in the PMC 

layers of the kevlar/epoxy-SMAC and glass/epoxy-SMAC cylinders. The SMAC layer carries a 

proportionately greater share of the hoop stress as the PMC to SMAC hoop stiffness ratio 

decreases. 

Figure 3.10 shows the hoop stress response of the three different cylinders upon application of a 

uniform recovery strain and increase in the SMAC nitinol modulus to 10 Msi. A recovery strain 

of €,'=0.003 is applied. In all three cylinder configurations the hoop stress in the PMC layers 

decreases a fairly uniform 34 Ksi. The hoop stress in the SMAC layers increases by 34 Ksi. This 

is to be expected as the ratio of the stiffnesses between the SMAC and PMC layers dictates the 

stress response in the thick-wall solution rather than the actual stiffness values. 
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Figure 3.9 Hoop stress response in three PMC-SMAC cylinders before SMAC layer activation 
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Figure 3.10 Hoop stress response in the three PMC-SMAC cylinders after activation of the SMAC layer 

Figure 3.10 illustrates a problem that arises when modeling the complicated recovery behavior of 

nitinol SMAC by simply increasing the modulus and including a recovery strain. After activation 

the hoop stress in the glass/epoxy-SMAC cylinder is at 116 Ksi. A practical maximum combined 
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Figure 3.11 After SMAC layer activation, using a different method for determining activation level 

hoop stress of 100 Ksi is all that is expected from the SMAC in this study. Both the increase in 

modulus and recovery strain cannot fully occur in the glass/epoxy-SMAC cylinder if the SMAC 

combined hoop stress is to remain below 100 Ksi. Instead the nitinol material reaches a point of 

equilibrium between the amount of recovery stress that is generated and the increase in modulus. 

Figure 3.11 shows the hoop stress response in the same three cylinder configurations when a 

practical maximum combined hoop stress of 100 Ksi was applied to the SMAC layers. The 

modulus was increased to only 7.5 Msi and a different recovery strain was applied to each 

configuration to generate the 100 Ksi in the SMAC layer. The stress responses in each of the 

three configurations is nearly identical. Actual PMC-SMAC composite cylinder configurations 

should behave more like the systems of Fig. 3.11 where a trade-off in the increase in SMAC 

modulus and the generation of recovery stress occurs as the nitinol material system reaches a point 

of stress equilibrium. Higher nitinol wire stresses due to external loading allows less recovery 

stress to be generated before the maximum combined fiber axial stress is reached. The stress 

distributions of Fig. 3.11 demonstrate that the development of the hoop stress in a cylinder is 
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dependent on structure or general configuration of the cylinder material rather than individual 

material stiffnesses. The axial stress and the radial displacements of the three cylinder 

configurations will however, vary dramatically. 

3.4.3 Effect of SMAC Wall Thickness 

Using the cylinder stress response for the hybrid composite cylinder without the applied internal 

pressure, the amount of stress reduction in the PMC inner layer can be determined for varying 

thicknesses of SMAC outer layers. The thickness of the SMAC outer layer was varied to 

determined the amount of stress reduction in the PMC layer as a function of SMAC layer 

thickness and recovery stress level. The internal pressure is zero. The inner PMC layer thickness 

and cylinder inner radius are kept constant at 0.1 and 1.0 inch respectively. The SMAC layer 

thickness was varied from 0.01 to 0.2 inches. The PMC layer stress response due to any type of 

loading can be superimposed with the stress response due to the activated SMAC layer(s) to 

determine the final cylinder stress state. 

The amount of tensile stress reduction at the cylinder inner wall or compressive stresses generated 

by activation of the outer SMAC layer at the inner wall of the PMC layer is plotted in Fig. 3.12 

versus the SMAC layer thickness. The SMAC layer thickness is normalized by the PMC layer 

thickness. The SMAC-induced compressive stresses at the PMC inner wall are normalized by the 

SMAC activation stresses which are maximum at 100 Ksi. If lower levels of SMAC recovery 

stress are expected because of lower prestrain levels or different SMA materials, the compressive 

stress produced by the SMAC can still be determined using Fig. 3.12. 

As Fig. 3.12 shows, for a graphite/epoxy-SMAC cylinder, the possible reduction in cylinder hoop 

stress is near a 1:1 ratio with the ratio of SMAC layer thickness to PMC layer thickness. If, for 

example, the SMAC layer is half as thick as the PMC layers (or 0.1 inch and 0.05 inch 
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Figure 3.12 Reduction in PMC cylinder inner wall stresses as a function of SMAC to PMC layer thickness 

respectively), the reduction in inner wall hoop stress is 50 Ksi when the SMAC is fully activated 

at 100 Ksi recovery stress. A maximum reduction in hoop stress of 100 Ksi is possible if the 

SMAC layer is as thick as the PMC layer. For an SMAC recovery stress level of 50 Ksi with a 

SMAC layer to PMC layer thickness ratio of 0.6, a 30 Ksi compressive stress 1s produced in the 

PMC inner layer. For the glass/epoxy-SMAC, the ratio deviates more from linear as the thickness 

ratio goes above 1. For the reduction in the axial stress levels, the two material configurations 

are very similar. Both show a reasonable reduction in axial stress level given that the SMA wires 

are all wound in the hoop direction. 

Figure 3.12 demonstrates the adaptive cylinders ability to reduce almost any stress level ina PMC 

cylinder, under internal pressure loading, to a safe level simply by increasing the thickness of the 

outer SMAC layer. A PMC cylinder may first be fabricated to the maximum thickness that 

limitations such as internal flaw density, residual stresses or fabrication parameters allow. Then, 
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by wrapping the cylinder with the necessary thickness of SMAC material (post-cure if necessary) 

the cylinder may accommodate almost any required stress level. The stress levels in Fig. 3.12 can 

also be scaled for larger diameter cylinders by keeping the ratio of total wall thickness to inner 

cylinder diameter constant. 

3.4.4 Radial Displacement or Expansion in Composite Cylinders 

The adaptive cylinder concept provides a means to reduce the radial swelling of the cylinder inner 

walls by applying an active external pressure. In Fig. 3.13 the possible reduction in radial 

displacement of the PMC-SMAC cylinders of Fig. 3.12 is shown as a function of the SMAC to 

PMC thickness ratio. The reduction in radial displacement is simply the amount of cylinder inner 

wall negative displacement which results from the SMAC generated external pressure. Radial 

expansion resulting from internal pressure can be superimposed with the negative displacement 
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Figure 3.13 Reduction in PMC cylinder inner wall radial displacement as a function of SMAC to PMC layer thickness 
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to determine final cylinder wall radial expansion. The reduction in the graphite/epoxy-SMAC 

cylinder is not as great as in the glass/epoxy-SMAC because of the large hoop stiffness of the 

inner graphite/epoxy layer. The reduction in radial expansion of 0.012 inch for a 1.0 inch radius 

gr/ep-SMAC cylinder at an SMAC to PMC thickness ratio of 1 is however, still significant. 

Scaling the reduction in radial expansion to a 12 inch diameter cylinder of the same R/h ratio, it 

represents a potential reduction in radial expansion of 0.072 inches. In glass/epoxy cylinders, the 

SMAC layer(s) can potentially reduce significant radial expansions that are produced from internal 

pressure loading. While glass/epoxy may be eliminated from design considerations because of 

the large radial expansions, with SMAC-glass/epoxy combinations they may be reconsidered. 

The radial expansion analysis was performed with the assumption that all PMC layers are intact. 

In a composite cylinder designed for minimum wall thickness, the strength analysis is often based 

on a last-ply-to-fail analysis rather than a first-ply failure analysis (Tsai, 1988). Such designs 

typically have thinner wall thicknesses. A composite cylinder can still carry significant loading 

even after the matrix material begins to crack and degrade. With such a design, cylinder wall 

radial expansion is significantly greater near maximum design pressures due to matrix degradation. 

In such a strength optimized cylinder, radial displacements and expansion are much greater than 

in cylinders that are thick enough to remain completely intact until total failure. The outer SMAC 

layer(s) can play a dramatic role in reducing the radial swelling of such strength optimized 

cylinder designs and allowing them to function at pressures close to the maximum burst pressures. 

3.5 OTHER ASPECTS OF SMAC COMPOSITES 

By applying SMAC layers on the outside of reliable thin-wall composite designs, the pressure 

capacity of thinner wall composite cylinders can be increased to that of thicker-wall designs while 

retaining their reliability. Adaptive SMAC layers allow the applied external pressure to be 

controlled. When hoop stresses in composite cylinders rise to dangerous levels due to extreme 
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pressures, the SMAC layer can be activated. Passive compound cylinder concepts can be created 

using SMAC layers with low activation temperatures where the SMAC layer is always activated. 

As a result, however, compressive hoop stresses will always be present in the PMC layers. 

Buckling of the inner PMC layer or delaminations at low cylinder pressures may occur. Such 

aspects must be investigated. 

Unlike conventional compound cylinders, which apply a constant external pressure to the inner 

layers, the SMAC-induced external pressure can be "turned-on" when required by the internal 

pressure loading or environment of the composite cylinder. To maintain close tolerances around 

an internal piston, for example, the SMAC layer can be activated to reduce excessive composite 

cylinder radial dilation and creep from internal pressurization and high temperatures. Likewise, 

when the cylinder pressure is released, the SMAC external pressure can be "turned-off" to avoid 

binding between the cylinder wall and the internal piston (deflection control). SMAC activation 

temperatures can also be chosen to counteract some of the detrimental effects of environmental 

induced PMC creep. Because the external pressure is not constant as in compound cylinders, 

stress relaxation is avoided or minimized. 

3.6 CONCLUSIONS 

A linear elastic solution has been used to create a method for modeling a hybrid composite 

material cylinder with SMAC and PMC layers. Called the adaptive composite cylinder concept, 

SMAC layers are used to create a controllable external pressure in multi-layer composite cylinders. 

The external pressure or contractive strains generated by the SMAC layer(s) create a compound 

cylinder effect which reduces peak tensile stresses and radial dilation in the composite cylinder. 

In a gr/ep-SMAC composite cylinder with a 55° ply angle layup, a reduction in peak tensile hoop 

stresses of 50 Ksi was demonstrated. 
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Design curves based on the theoretical investigation are presented for determining the required 

thickness of external SMAC layers to reduce the inner wall tensile hoop stress level and radial 

expansion in internally pressurized composite cylinders. Dependent on the ratio of SMAC layer 

thickness to PMC layer thickness, peak tensile hoop stresses and radial expansion of the cylinder 

inner walls can be significantly reduced. The potential reduction of peak hoop stresses in the 

composite cylinder inner wall is fairly independent of composite material type for SMAC to PMC 

layer thickness ratios below one. SMAC layers can also be added to thin-wall composite material 

cylinders to give them added pressure carrying capacity and reduce radial dilation from internal 

pressure. It has also been shown that SMAC layers can increase the pressure carrying capacity 

of graphite/epoxy, glass/epoxy, and kevlar/epoxy composites. 

The model uses an SMA actuator induced recovery strain to generate recovery stresses similar to 

temperature induced residual strains. Further work should be performed to create a model that 

accurately incorporates the constitutive relations of SMA actuators into the stress-strain behavior 

of an adaptive composite cylinder. 
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CHAPTER 4: APPLICATIONS FOR SMA HYBRID COMPOSITES IN IMPACT 

DAMAGE RESISTANT COMPOSITE STRUCTURES: EXPERIMENTAL RESULTS 

INTRODUCTION 

The objective of the experiments reported in Chapter 4 was to investigate the experimental impact 

response of SMA hybrid composite materials under various types of impact. Within this chapter, 

the results of three different experimental studies are reported. Each section presents the 

investigation and motivation for the particular issues that are addressed and the accompanying 

experimental results with some discussion. 

In general, section 4A investigates the fundamental hypothesis that hybridizing graphite fiber 

composites with superelastic nitinol SMA can increase the capacity of the graphite composites to 

dissipate impact energy. The results of the experiments in section 4A prompted an investigation 

of the ability of superelastic nitinol to improve the impact perforation resistance of graphite and 

glass fiber reinforced composites. Because superelastic nitinol has a significant capacity to 

dissipate strain energy through the martensitic phase transformation rather than through plastic 

deformation, it was postulated that a composite’s resistance to perforating impact could be 

improved. The experimental investigations addressing low velocity perforating impact and high 

velocity perforating impact are the subjects of sections 4B and 4C respectively. 
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SECTION 4A: THE RESPONSE OF SMA HYBRID COMPOSITE MATERIALS TO LOW 

VELOCITY IMPACT 

4A.1 INTRODUCTION 

The impact and fracture resistance of polymer matrix composite materials can be improved by 

adding tough fibers and elastomeric compounds to the system (Cantwell and Morton, 1991). In 

certain ceramic materials, zirconia particles can be used for toughening. Zirconia particles 

undergo a phase transformation when cooled from the sintering temperature. The phase 

transformation creates a mechanism for energy dissipation within the host ceramic that produces 

a toughened system (DePoorter, Brog and Readey, 1990). Nitinol shape memory alloy (SMA) 

fibers have a stress-induced martensitic phase transformation, which allows them to achieve high 

strain levels while dissipating large amounts of strain energy. Similar to zirconia toughening of 

ceramics, embedding nitinol SMA fibers (forming a hybrid) into a brittle graphite-fiber composite 

should improve the material’s general impact resistance. It is hypothesized that the impact- 

induced high localized stresses generate the phase transformation in the embedded SMA fibers, 

thereby dissipating impact strain energy from the host composite material and improving the 

impact resistance of the composite. In this paper, a collection of results will be presented that, 

while limited in number and scope, tentatively confirm this hypothesis. 

Composite material laminates made from layers of carbon or graphite reinforcement fibers and a 

thermosetting polymer matrix generally have poor resistance to low velocity impact. Unlike 

metals that can deform plasticly to dissipate impact energy, the stiff, highly-elastic composites 

generally lack a mechanism to dissipate energy beyond their yield or ultimate strength (Cantwell 

and Morton, 1991). The excess impact energy generates matrix cracks, ply delaminations and 

eventually fiber breakage in laminated composite materials. For thin laminate structures, the 

resulting impact damage (delaminations, cracks and fiber breakage) is often on the opposite side 
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of the impact surface and therefore hidden from visual inspection (Cantwell and Morton, 1990). 

For such reasons, impact damage resistance and damage tolerance are often limiting criteria when 

composites are considered for critical load bearing applications. 

Adding elastomeric compounds to the composite matrix (rubber toughening), interleaving 

thermoplastic layers into the composite laminate, using tougher reinforcing fibers, and hybridizing 

the composite laminate with tough aramid or polyethylene fibers are all methods that have been 

used to toughen graphite/epoxy composite laminates (Nettles and Lance, 1993; Ishai and Hiel, 

1992; Adams and Zimmerman, 1986; Jang, et al, 1989; Peijs, et al, 1990). Various amounts of 

success have been attained using these methods. Generally, the techniques work on the principal 

of increasing the capacity of the composite laminate to absorb or dissipate strain energy. The 

impact strain energy applied to the composite laminate is fixed by the foreign object mass and 

velocity. Increasing the amount of strain energy that the composite laminate can dissipate 

elastically (or inelastically) before damage occurs reduces the amount of impact energy that 

remains to damage the laminate. 

By embedding (hybridizing) a brittle composite laminate with SMA fibers that can dissipate even 

more strain energy than the present toughening elements (aramid, PE fibers and elastomers), the 

composite’s impact resistance may be improved beyond what is presently possible. During the 

impact event, high localized stresses are formed at the point of object and laminate contact. If 

the SMA fibers undergo the stress-induced martensite phase transformation, a large amount of 

strain energy will be dissipated. The phase transformation enables the SMA fibers to 

accommodate up to 8 percent reversible strain and up to 20 percent ultimate strain. The impact 

energy is then more readily dissipated by the SMA fibers during the phase transformation than 

by the host composite material. Impact strain energy dissipated by the SMA fibers is not available 

to initiate damage to the host composite material. The SMA materials also have higher stiffnesses 

and strengths than conventional composite toughening agents such as elastomers and polymers. 
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4A.2 OBJECTIVE 

The hypothesis that SMA hybrid graphite fiber composites have higher impact resistance than all- 

graphite composites has been tested by low-velocity impact testing of graphite/bismaleimide 

composite materials with embedded SMA nitinol fibers. The possibility of increasing composite 

impact damage resistance by SMA fiber hybridization will be shown. 

4A.3 METHOD 

The impact experiments were performed on graphite/bismaleimide composite wide beams. The 

wide beam specimens were fabricated from BASF 5245C/G40-600 prepreg layed-up in a cross-ply 

configuration of [0,°,90,°,0,°] and cured following the manufacturers specifications in an autoclave 

environment. The ply configuration for the all-graphite and hybrid specimens (with nitinol) and 

the position of the embedded nitinol fibers are depicted in Fig. 4A.1. For the hybrid specimens, 

activated nitinol SMA fibers (superelastic) of 0.012 inch diameter were distributed and layed-up 

with the prepreg at the lower 0°/90° ply interface. The volume fraction of the nitinol fibers in the 

hybrid beams was 2.8 percent. The ply thickness was 0.011 inch (0.28 mm) and the resulting 

specimen thickness was nominally 0.064 inch (1.63 mm). 

Following the work of Lagace and Wolf (1993), cross-ply specimens were used. They observed 

an especially high susceptibility to impact damage in the cross-ply beams. To further accentuate 

the impact damage, the wide beam specimens were made with the outer-ply fibers in the 

transverse or 90° direction as shown in Fig. 4A.1. It was postulated that the high susceptibility 

of such specimens to impact-induced delaminations would aid in detecting differences in impact 

resistance between hybrid and all-graphite specimens. 

The quality of the plate was verified by C-scan after curing the composite plates. Wide beam 
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Figure 44.1 SMA hybrid composite lay-up and impact specimen geometry 

impact specimens, 2.0x6.0 inches (50x150 mm), were cut from the composite plates and are 

shown in Fig. 4A.1. Two different clamping methods were used to fix the ends of the specimens 

for the impact test. For the first set of experiments, the specimens were clamped onto a steel 

frame stand with the ends secured between the stand and 1.5 x 2.0 inch steel plates by simple C- 

clamps. A three-inch gage region was impacted in the center by the drop weight tup. During the 

impact event, the specimens held by the C-clamps sometimes slipped a little out of the clamping 

plates due to the large membrane forces. When the specimens slipped, the beams experienced 
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somewhat greater deflections. Because this method did not consistently prevent the slipping of 

the specimens during the impact event, a clamping fixture was used for subsequent tests. For the 

first set of experiments the specimens are identified as series one specimens. 

For the second set of experiments, a clamping fixture was built similar to the ones used by Lagace 

and Wolf (1993) and Wu and Springer (1988). Two thick aluminum plates were clamped around 

the specimens with 8 bolts torqued to 15 ft-lbs. A three inch square hole in the center of the 

aluminum plates allowed a 3 inch gage region for the specimens to be impacted. The clamping 

fixture kept the specimens from slipping out of the clamped region during the impact event. The 

overall deflections were significantly lower than in the series one experiments. The second set 

of specimens will be identified as series two specimens. 

The specimens were impacted with a drop weight impact tower device instrumented with the 

Dynatup 730 data acquisition system. The drop weight was 10.5 Ibm (4.8 kg) and had a 

spherical-nosed impacting tup of 0.625 inch (15.9 mm) diameter. Different starting heights for 

the drop weight were used to attain impact energies of 1.8 to 17 ft-lb (2.4 to 23 J). After impact, 

the specimens were C-scanned to determine the location and size of the delamination(s) areas. 

Three different metrics were used to compare the impact response of the hybrid and all-graphite 

specimens. Visual inspection was used to qualitatively compare the extent of ply delamination 

and specimen perforation. The peak force of the impact event was used to compare the energy 

absorption capabilities of the specimens (Adams and Zimmerman, 1986). The C-scan detected 

delamination area due to the impact was used to quantify damage extent (Teh and Morton 1993; 

Swanson, 1993). Pictures of the specimens were taken to show delamination extent and typical 

impact damage. 
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44.4 RESULTS AND DISCUSSION 

44.4.1 Series One Specimens 

Because of the inconsistencies in the clamping pressure and that fact that some specimens may 

have slipped in the first series of experiments, the level of impact damage according to the 

metrics, is not as consistent over the range of impact energies as would be desired. The slippage 

resulted in fluctuations in the peak impact force and delamination area data versus the incident 

impact energy (Fig. 4A.4). Both of these metrics should increase monotonically for increasing 

incident impact energies (Teh and Morton, 1993; Lagace, et al, 1993). The results are, however, 

still interesting and differences in impact damage between hybrid and all-graphite specimens are 

readily apparent. 

4A.4.1.1 Visual Inspection 

In Figs. 4A.2 and 4A.3, the impacted all-graphite and hybrid specimens are shown for impact 

energies of 7.0 and 13.5 ft-lb. During the impact event, the tup completely perforated the all- 

graphite specimens at the 13.5 and 17.0 ft-lb energy levels. In the hybrid specimens, the nitinol 

fibers prevented perforation at the same energy levels. The top view of the 13.5 ft-lb specimens 

(Fig. 44.2) shows the impact dimple and the complete fiber breakage in the hybrid and the all- 

graphite specimens respectively. In Fig. 4A.3, the side view of the all-graphite 13.7 ft-lb 

specimen has a much larger visible delamination length than the hybrid specimen. Figure 4A.3 

also shows that readily visible, impact-induced laminar cracking is present in the 7.0 ft-lb all- 

graphite specimen but not in the hybrid specimen. The top view of the 7.0 ft-lb specimens was 

not shown because it does not show any differences between specimens. 

It has been postulated by previous researchers (Lee and Zahuta, 1991; Sun and Rechak, 1988) that 

the formation of such delaminations is the result of a "trade-off" (Lagace and Wolf, 1993) between 
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‘all graphite 

  
Figure 4A.2 The top views of the 13.5 ft-lb series one specimens show that the all-graphite specimen has significantly 
more fiber breakage compared to the hybrid specimen and is completely perforated. 

different energy absorbing modes. Either by fiber breakage or delamination, impact energy will 

be absorbed. Since the hybrid specimens show less fiber breakage and less delamination damage 

than the all-graphite specimens, it is possible that the SMA fibers are dissipating a significant 

portion of the impact strain energy. 

4A.4.1.2 Peak Impact Force and Delamination Area 

The peak impact force and delamination areas for each impact energy are shown in Fig. 4A.4 for 

all of the series one specimens. The values for all specimens are tabulated in Table 4A.1. In 

general, the peak impact force is higher for the hybrid specimens than for the all-graphite 

specimens. Adams and Zimmerman (1986) used the peak impact force as a means to indicate the 

amount of impact energy the laminates can absorb. Higher peak forces correlate with higher 
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Figure 4A.3 The sideviews of the 13.5 ft-lb and 7.0 ft-lb specimens show more extensive visible delamination in the all 
graphite specimens than in the hybrid specimens. 

amounts of energy absorption. While behavior is not consistent for all of the series one 

specimens, the hybrid specimens have generally higher peak impact forces and hence higher 

amounts of absorbed energy than the all-graphite specimens. 

The delamination area was measured from C-scans of the post-impacted composite specimens such 

as the two shown in Fig. 4A.5 for the 13.5 ft-lb. specimens. There are two regions of interest in 

the C-scans: a central delamination represented by the large light region, and delamination bands 

at the edges of the 3 inch gage region. For high impact energies, the edge bands and the central 

delamination can be seen to converge in the all-graphite specimen in Fig. 4A.5. The total 

delamination area is the sum of the area in all three regions. It will be shown in a later section 
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Figure 4A.4 The smaller delamination sizes and the higher peak impact forces for the SMA hybrid specimens show that 

they can absorb more impact energy and are therefore more impact damage resistant than the all-graphite specimens. 

that delamination growth differs for the specimens under the two different clamping methods. In 

general, delamination area is greater in the all-graphite specimens than in the hybrid specimens. 

This correlates well with the visual inspections. For some of the specimens (7.0, 13.5, 17.0 ft-lb), 

the delamination area of the all-graphite specimens is 20-25 percent greater than the delamination 

area in the hybrids. 
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TABLE 4A.1 PEAK IMPACT FORCE AND DELAMINATION AREA OBSERVED FROM 
EXPERIMENTS ON ALL-GRAPHITE (GR) AND HYBRID (HYB) SPECIMENS 
  

  

  

  

  

  

  

  

  

nominal impact peak impact force (Ib) delamination area (in?) 

energy (fi-tb) B.C.1 B.C.2 BC.1 B.C.2 
GR hyb GR hyb GR hyb GR hyb 

1.8 137 189 302 380 1.8 1.4 1.8 13 

2.6 402 475 2.0 1.7 

3.6 214 260 444 532 2.2 aa 2.2 1.7 

7.0 338 270 460 588 3.0 2.4 4.3 3.8 

10.3 385 442 419 601 3.3 3.1 6.0 §.5 

13.6 376 429 48 3.9 

17.0 542 547 5.6 4.7                       

Notes: —_B.C.1 represents series one specimens, B.C.2 represents series two specimens 

SMA hybrid specimen 
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Figure 4A.5 The C-scan images of the 13.5 ft-lb series one specimens show significantly more delamination area (white 
region) in the all-graphite specimens than in the hybrid specimens. 
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4A.4.2 Series Two Specimens 

With the special clamping fixture, slippage of the specimens during the impact event was 

prevented. Both the all-graphite and hybrid specimens demonstrated much more consistent 

behavior while clamped in the fixture. Damage was also more extensive in the series two 

specimens than in the series one specimens for the same impact energies. Such behavior is 

probably, in part, due to less impact energy being used to cause beam deflections. 

4A.4.2.1 Visual Inspection 

Differences in the levels of impact damage between the hybrid and all-graphite specimens were 

much more difficult to discern by visual inspection for the series two specimens. This may be 

due to the low levels of beam deflection. Without the beams deflecting in the clamping fixture, 

high levels of strain do not develop in the SMA fibers. Less energy may be dissipated by the 

stress-induced-phase transformation as a result. At the highest level of impact energy for these 

specimens, 10.4 ft-lb, the all-graphite specimen was completely perforated. At the same energy 

level in the hybrid specimen, the top graphite layers were perforated, but the layer at the nitinol 

fibers was not. At lower impact energies, both classes of specimens were not completely 

perforated. 

4A.4.2.2 Peak Impact Force and Delamination Area 

The peak impact force and the delamination area versus the incident impact energy is shown in 

Fig. 4A.6 and Table 4A.1 for the series two specimens. Consistently, the peak impact forces of 

the hybrid specimens are significantly higher than the all-graphite specimens. The higher peak 

impact force represents an advantage in the ability of the hybrid specimens to absorb energy over 

the all-graphite specimens. In the all-graphite specimens, the peak impact force decreases slightly 
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Figure 4A.6 In the series two specimens, peak impact forces for the SMA hybrid specimens are much higher than the 
all-graphite specimens and the delamination sizes are consistently lower. 

after 7.0 ft-lb of impact energy. The all-graphite specimens above 7.0 ft-lb were perforated by 

the impact tup. At 10.4 ft-lb, the hybrid specimen was also partially perforated, but the impact 

force still increased. Following the hypothesis, the nitinol SMA fibers dissipate the impact energy 

most effectively when they undergo large strains and more of the stress-induced-martensitic phase 

transformation occurs. In the event of specimen perforation and significant beam deflections (such 

as in the series one specimens), the fibers undergo the requisite large strains. 

The delamination area of the hybrid specimen is also consistently lower than the all-graphite 
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Figure 4A.7 The C-scan images of the 1.8 ft-lb series two specimens show more delamination area in the all-graphite 
specimens than in the SMA hybrid specimens, especially in the edge band regions. 

specimens. However, the reduction in delamination area size for the hybrid specimens is not as 

great in the series two specimens as in some of the series one specimens. Therefore, according 

to this metric, the SMA fibers do not improve the impact resistance as well as they do in the 

series one specimens. Figure 4A.7 shows the C-scan images of the series two specimens at 1.8 

ft-lb of impact energy. In both specimens, the central delamination is similar in size. The 

significant difference in the delamination area occurs in the edge delaminations. In the hybrid 

specimens, the edge delaminations are consistently smaller. 
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4A.5 CONCLUSIONS AND RECOMMENDATIONS 

In this preliminary testing, the SMA hybrid composite specimens had generally improved impact 

resistance over all-graphite composites as measured by delamination area and peak impact force. 

The results of the low velocity impact tests strongly suggest that the impact resistance of the SMA 

hybrid specimens is improved over the all graphite specimens, although more testing must be 

completed to gain statistical significance. The levels of peak impact force also show that higher 

amounts of energy were absorbed by the hybrid specimens during the impact event. To confirm 

the hypothesis, further investigations must be performed to determine the mechanisms for impact 

strain energy alleviation in the hybrid composite materials. The mechanism(s) for impact damage 

growth and how it may be limited in such hybrid composite materials should also be identified. 

The mechanisms for limiting the damage growth may include the dissipation of impact energy 

through the nitinol stress-induced-martensitic phase transformation as hypothesized, fracture of the 

nitinol-composite interfaces and/or pull-out of the nitinol fibers. 

Also demonstrated in the experiments was the improved perforation resistance of hybrid composite 

specimens over the all-graphite specimens. Further research into the hybridization of glass and 

kevlar/epoxy laminates with nitinol SMA fiber may show that the improved impact resistance 

(especially perforation resistance) can also be achieved in materials that are already less 

susceptible to impact-induced ply delamination and fiber breakage. 
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SECTION 4B: LOW VELOCITY PERFORATING IMPACT RESPONSE OF SHAPE 

MEMORY ALLOY HYBRID COMPOSITE MATERIALS 

4B.1 INTRODUCTION 

Shape memory alloy (SMA) hybrid composite materials have formed the basis of one type of 

multi-functional or adaptive composites. Applications for SMA hybrid composite materials that 

have been investigated over the last few years include active shape control, vibration and acoustic 

control, active modal modification and creep and residual stress alleviation among others (Paine 

and Rogers, 1994b). A recent area of investigation for SMA hybrid composites is their use in 

improving the impact damage resistance of brittle thermoset matrix composite materials (Paine and 

Rogers, 1994a). The work presented in this study is part of an ongoing investigation of the 

impact resistance of SMA hybrid composites. 

Compared to metals and thermoplastic polymers, graphite/epoxy composite (gr/ep) materials have 

poor resistance to impact damage (Cantwell and Morton, 1992; Abrate, 1991; Lagace, et al., 

1993). Many brittle polymer matrix composite materials dissipate relatively little energy during 

impact loading except through damage modes such as delamination and matrix cracking. Because 

they lack a mechanism for dissipating impact strain energy such as plastic yielding, damage from 

impact type loading can be very severe (Cantwell and Morton, 1992). Delamination and matrix 

cracking are the composite’s mechanisms for dissipating impact strain energy prior to fiber failure 

(Lee and Zahuta, 1991). When stress exceeds a composite’s ultimate strength, typically the 

composite can no longer absorb energy and fails in a catastrophic manner. Under impact loading, 

damage in polymer matrix composite materials (PMCs) progresses from matrix cracking and 

delamination to fiber breakage and material puncture. Methods such as rubber toughening or 

creating a thermoplastic fiber-matrix interphase have been effective at reducing the amount of 

matrix cracking and delamination in composite structures prior to fiber fracture (Vasiliev, 1993). 
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Few methods, are found in the literature for reducing fiber fracture and material puncture once 

the elastic strain energy storage capacity of the fibers has been exceeded. 

A significant amount of research on determining mechanisms to improve the impact resistance and 

tolerance of polymer matrix composite materials has been performed in the last 20 years (Cantwell 

and Morton, 1992; Jang et al., 1989; Morton and Godwin, 1989; Nettles and Lance, 1993; 

Beaumont et al., 1974). Numerous approaches to increase the impact damage and perforation 

resistance of composite materials have been examined (Morton and Godwin, 1989; Beaumont et 

al., 1974; Jang et al., 1989). Forming a hybrid composed of the relatively brittle graphite plies 

and tougher kevlar or high modulus polyethylene plies is one popular method to increase 

perforation resistance (Petjs et al., 1990; Busgen et al., 1989; Jang et al., 1990; Marom et al., 

1986). This concept utilizes the tough fibers to increase the impact resistance and the stiffer and 

stronger graphite fibers to carry the majority of the load (Adams and Zimmerman, 1986; Mallick 

and Broutman, 1977). The improved toughness of kevlar/epoxy composites (kev/ep) over gr/ep 

is partly due to its higher ultimate strain and moderately high strength. The kevlar has a large 

area under the stress-strain curve, a traditional measure of a material’s toughness. Figure 4B.1 

portrays the load-deflection behavior of various materials under uni-directional loading. 

Hybridizing gr/ep with materials possessing greater toughness has demonstrated modest 

improvements in impact resistance (Marom et al., 1986; Adams and Zimmerman, 1986; Beaumont 

et al., 1974). 

The same reasoning used to justify creating hybrids from kev/ep and gr/ep plies to improve the 

gr/ep impact resistance, can be applied to creating hybrids from SMA wires and gr/ep composites 

to improve the gr/ep impact resistance. This concept has been initially demonstrated by Paine and 

Rogers (1994) in the low velocity impact testing of gr/ep composites. Like some ductile metals, 

an SMA like nitinol is very tough as characterized by the area under the load-deflection curve 

(Fig. 4B.1). SMA materials absorb and dissipate a relatively large amount of strain energy 
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Figure 4B.1 Stress-strain relations for various materials 

through the martensitic phase transformation. Superelastic nitinol (nitinol in the high temperature 

phase) SMA materials undergo a stress-induced phase transformation, enabling them to experience 

up to 8% reversible strain and 20 percent ultimate strain. Experiments performed by this author 

have demonstrated failure stress levels for superelastic nitinol SMA in the range of 200-250 Ksi 

(depending on the alloy). From Fig. 4B.1, it can be seen that superelastic nitinol SMA can absorb 

a large amount of strain energy compared to brittle composite materials. Also apparent in Fig. 

4B.1 is the toughness of some steel and aluminum. Traditional ductile metals have the ability to 

dissipate large amounts of energy through plastic yielding before fracture. Superelastic shape 

memory alloys dissipate energy first thorough reversible martensitic phase transformation and then 

through plastic yielding and phase transformation after exceeding 6 to 8 percent strain. It will be 

shown through the experiments what effect this difference appears to have on the impact damage 

resistance of SMA hybrid composite materials. 
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4B.2 OBJECTIVE 

This study investigates the response of various hybrid composites to low velocity impact at energy 

levels causing complete perforation. The ability of a nitinol/epoxy shape memory alloy composite 

(SMAC) layer to increase the impact puncture resistance of moderately thick graphite and glass 

reinforced polymers was tested. The SMAC materials were laminated to the host composites as 

surface layers instead of being embedded to facilitate observation of the failure modes and 

simplify fabrication. Furthermore, researchers have observed that impact damage is often initiated 

on the top surface for thick composite beams (Cantwell and Morton, 1990; Pintado, et al, 1991). 

Kevlar/epoxy composite and an aluminum/epoxy composite were used as comparison hybrid layers 

to aid in determining the potential benefit of using SMAC. It was also hoped that the results from 

the aluminum and kevlar hybrids would help identify the mode by which damage resistance is 

affected. The tests were set-up to be comparable to similar research (1986; Jang et al., 1989; 

Busgen et al., 1989; Jang et al., 1990). 

4B.3 METHOD 

Low velocity impact perforation tests were performed on beam_ specimens of 

graphite/bismaleimide composite and glass/epoxy composites. Monolithic composites and 

specimens with impact side surface layers of aluminum/epoxy (alu/ep), nitinol/epoxy (nit/ep), and 

kevlar/epoxy (kev/ep) were impacted. 

4B.3.1 Materials and Test Specimen Dimensions 

Two host composite materials were chosen as being representative of the composite materials used 

in many adaptive SMA hybrid composite applications. For graphite fiber systems, a 

graphite/bismaleimide (gr/bis) from BASF Corp., and for glass fiber systems, a glass/epoxy (gl/ep) 
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Table 4B.1 MATERIAL AND BEAM SPECIFICATIONS 
  
  

Mat! Specification h (in) Layup _|o, (ksi) | €, (%) 

  
  

  

  

graphite/bismaleimide (gr/bis) 5245c/g40-600 0.012 | [0,,90,0,90], | 230 1.0 

glass/epoxy (gl/ep) F533/Eglass 0.012 | [0,,90,0,90], | 170 3.5 

| a 
nitinol/epoxy (nit/ep) Epon828/V40 with 0.19 in. niti | 0.020 | [0},, {0}, 147 | 10.5 

aluminum/epoxy (alu/ep) Epon828/V40 with 0.02 in. 5056] 0.024 [0] ~33 | ~8.0 
aluminum 

Kevlar/epoxy (kev/ep) 3502/Kevlar49 0.0065 | [0], [0],, | ~200 | 2.0                   
    

from Hexcel were used. The material specification, ply thickness (h), ply layup, unidirectional 

strength, and approximate ultimate strain are given in Table 4B.1. The surface composites that 

formed the hybrid layers were a custom made nit/ep using superelastic nitinol, a kevlar/epoxy 

(3502/Kevlar-49), and a custom made high strength aluminum wire laminated with epoxy (alu/ep). 

Because the superelastic nitinol could only be procured in wire form, aluminum was used in the 

same form for comparison. Both the nit/ep and the alu/ep were produced using drum-winding 

methods that yielded high quality plies with volume fractions of the wires at approximately 70 

percent. The material properties for the hybrid surface plies can also be found in Table 4B.1. 

The base composite test specimens were fabricated using a cross-ply lay-up with 66 percent of 

the plies in the axial direction. The test specimens’ dimensions, clamping conditions and hybrid 

lay-up are shown in Fig. 4B.2. Beam specimens were used to make a future energy analysis 

simpler and eliminate the need to clamp the specimens in more than one direction. The impact 

side surface laminates were laid-up with all plies in the axial direction. The hybrid surface plies 

were laminated to the graphite and glass substrates using standard cure methods (vacuum bag cure 

with Epon 828 resin). The test cases for the different beam specimens, the specimen "ID" that 

will be used in the graphs, a short description of the specimens, the minimum number tested 

(No.), and the specimens thickness (h) is presented in Table 4B.2. Test variables included surface 

layer type, thickness of the kevlar and nitinol surface layers and of the graphite substrate. 
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Figure 4B.2 Specimen dimensions 

4B.3.2 Impact Test Method 

A steel clamping fixture similar to the "picture-frame" type clamp used by Lagace et al. (1993) 

was fabricated. Particular attention was given to the clamping method to prevent slippage of the 

beams and to obtain consistent and reliable load-time data for all of the impact specimens. The 

clamped beam specimens were impacted in the center by a low velocity drop-weight impact tup. 

The impact tower was connected to a Dynatup 730-I data acquisition system. The energy, 

velocity, and weight of the impact device were set at 105 ft-lbs, approx. 14 ft/s, and 33 Ibm 

respectively, in order to assure complete perforation of the specimens. The load-time data during 

the impact event was collected for each specimen. The Dynatup 730-I system uses a simple 
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Table 4B.2 MATRIX OF TEST SPECIMEN AND SPECIMEN "ID" 
  

    

  

  

  

  

  

  

  

  

  

  

  

  

    

Specimen ID Description No. h (in) 

0.11gr/bis 0.108" gr/ep 8 0.108 

0.22gr/bis 0.219" gr/ep 4 0.219 

0.11gr/bis-0.02nit 0.108" gr/ep w/ 0.020" niti layer 4 0.128 

0.11 gr/bis-0.05nit 0.108" gr/ep w/ 0.050" niti layer 4 0.164 

0.11gr/bis-0.02alu 0.108" gr/ep w/ 0.020" alu layer 4 0.128 

0.11gr/bis-0.02kev 0.108" gr/ep w/ 0.026" kev layer 4 0.134 

0.11 gr/bis-0.06kev 0.108" gr/ep w/ 0.062" kev layer 4 0.170 

0.22gr/bis-0.02nit 0.219" gr/ep w/ 0.019" niti layer 3 0.238 

0.11gl/ep 0.11" glep 6 0.110 

0.1 tgl/ep-0.02nit 0.11" gl/ep w/ 0.020" niti layer 4 0.130 

0.11gl/ep-0.05nit 0.11" gl/ep w/ 0.050" niti layer 4 0.164 

0.11gl/ep-0.02alu 0.11" gl/ep w/ 0.022" alu layer 4 0.132 

0.11gl/ep-0.02kev 0.11" gi/ep w/ 0.025" kev layer 4 0.135 

0.11gl/ep-0.06kev 0.11" gl/ep w/ 0.065" kev layer 4 0.175           
integration algorithm on the load-time data to determine the velocity, deflection, and energy 

dissipated during the impact event as a function of time. The energy dissipated by the various 

composite beam specimens during impact perforation is simply the area under the impact load- 

deflection curve. 

To aid in determining the mechanisms for impact energy dissipation in the composite beams, the 

load-deflection curve for each of the materials was determined by taking a time average of at least 

4 samples for each specimen type. Figure 4B.3 demonstrates the time average of the load- 

deflection behavior for the 0.11 in. thick monolithic graphite specimens with no surface layers. 

Figure 4B.4 shows the time average of the energy versus time for the same specimens. The 

figures demonstrate that the data is consistent for all tests within a specimen type and that the time 

average represents the general specimen behavior quite well. The time averages of the load, 

deflection, and energy were determined for each specimen type. Because energy is represented 
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Figure 4B.3 Load-time data of the 0.11 Graphite specimens demonstrates how the time average represents the data 
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Figure 4B.4 Energy-time data demonstrates how consistent the data is for the test specimens 
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by the area under the load-deflection curve, the load and energy versus deflection data was used 

to characterize the materials’ behavior, rather than the load-time data. It should be recognized that 

the load-time and load-deflection data have similar behavior. The amount of energy used to 

puncture the specimens, the energy at maximum load, and maximum load were determined for 

each specimen type from the respective force-time curve. All energy values are in foot-pounds 

(ft-lb) and load is in pounds (Ib). 

4B.4 RESULTS 

The data from the low velocity impact experiments were generally as consistent within each type 

of specimen as the data shown in Fig. 4B.3. The impact load-deflection and energy-deflection 

results for each of the types of specimens have been plotted in Figs. 4B.5 though 4B.19. Energy 

and load parameters from the impact tests are tabulated in Table 4B.3 for all types of specimens 

tested. The specimen ID in Table 4B.3 correlates with the ID of the hybrid combination as 

presented in Table 4B.2. In general, the specimen "ID" is the thickness and type of the base 

composite (i.e. 0.11 gr/bis) followed by the hybrid layer thickness and material (1.e. 0.02 nit). All 

of the data in Table 4B.3 represents values for the average behavior of each type of specimen. 

The maximum load (max load) is the value of the peak force in pounds-force (ibf) during the 

impact event. It is used by some researchers to determine the point beyond which damage is 

considered propagating rather than beginning to form. The third and fourth columns present the 

energy dissipated by the specimen at maximum load (E,,) and the total energy needed to 

completely puncture the specimens (£,) respectively. The total energy for puncture is the 

parameter that will be used to compare the performance of the various hybrid materials. It 

represents the amount of energy dissipated by the specimen during the impact perforation event. 

In theory, any impact of lower energy will not cause complete puncture. The greater the energy 

to cause complete puncture, the more damage resistant the material or the more material that will 

be intact at a subpuncture energy level. 
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Table 4B.3 TEST RESULTS 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

specimen "ID" max load (lb) | E,, (ft-lb) E, (ftlb) | Exx (ftlb) | E,# (ftdb) 

0.11 gr/bis 1627 17.6 40.4 40.4 40.4 

0.22gr/bis 3435 36.7 76.8 37.9 218 

0.11 gr/bis-0.02nit 2030 21.3 64 54.0 237 

0.11 gr/bis-0.05nit 2580 28.3 84.7 55.8 206 

0.11 gr/bis-0.02alu 1894 22.5 44.5 37.5 191 

0.11 gr/bis-0.02kev 2133 215 50.2 40.5 233 

0.11 gr/bis-0.06kev 3309 30.5 68.3 43.4 252 

0.22gr/bis-0.02nit 4074 43.3 103.2 46.9 231 

0.11gl/ep 3006 31.2 60.2 60.2 304 

0.11 gV/ep-0.02nit 3333 414 79.2 67.0 271 

0.11 gl/ep-0.05nit 3464 51.1 101.9 68.3 235 

0.11 gl/ep-0.02alu 3183 36.4 67.4 56.2 267 

0.11 gV/ep-0.02kev 3167 41.9 71 57.9 309 

0.11 gV/ep-0.06kev 3148 48.5 86.3 54.2 296                 

* = normalized by the ratio of plain specimen to hybrid specimen thickness 
# = normalized by dividing by specimen thickness and specimen density 

The amount of impact energy dissipated by the specimens is the metric by which improvement 

between materials is measured. Because the thicknesses of the hybrid and plain composites vary 

by 15 to 60 percent, comparing the energy dissipated by each specimen directly may not yield 

proper comparisons. It is appropriate to normalize the energy dissipated by the volume of the 

specimens (or beam thickness). Under tensile mode fracture, the amount of energy dissipated by 

a specimen is directly correlated to the specimens’ volume. It is reasonable to assume that energy 

dissipated in materials under impact loading is also a function of volume. Because membrane 

stresses appear to dominate the impact behavior of thin specimens, Wardle (1982) suggested that 

such a proportionality exists in impact loading of plate specimens with L/h > 25. To test this 

hypothesis, the thicknesses of the specimen (Table 4B.2) was used to normalize the energy data. 

The total impact energy dissipated by a specimen type in impact (Table 4B.3, column 4) is 
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multiplied by the thickness ratio of the 0.11 plain specimens to the hybrid specimens as shown 

in Eq. 1. For example, the 0.11 gr/bis-0.02nit specimens were multiplied by the ratio 0.108/0.128 

or 0.844. The original energy-deflection curve is presented first and then the thickness normalized 

curve is presented for additional discussion. Column 5, in Table 4B.3, presents the total energy 

normalized by the thickness ratio. 

E vol _ E, x L nonolithic specimen. (1) 

ln ybrid specimen 

Some researchers normalize by dividing by specimen thickness and specimen density (Adams and 

Zimmerman, 1986). The appropriateness of such a normalizing scheme has not been determined 

but it is presented the last column of Table 4B.3 (£,#). This method yields a measure of the 

amount of impact energy that can be dissipated per unit mass. For applications requiring only 

maximum impact resistance, such a parameter may be appropriate. However, it may falsely justify 

using large quantities of a lightweight, relatively low impact resistant material instead of using 

small amounts of heavier highly impact resistant materials. It is presented for further discussion. 

4B.5 DISCUSSION OF RESULTS 

The relative ability of the hybrid materials to improve the resistance of monolithic gr/bis and glass 

to perforation is demonstrated by the results. To determine the validity of normalizing impact 

energy by thickness, the impact energy dissipated by the 0.11 and 0.22 thick monolithic gr/bis will 

first be addressed. The performance of the hybrids relative to the monolithic gr/bis and the issue 

of increasing the thickness of the hybrid layers will then be discussed. Finally the performance 

of the gl/ep hybrids will be addressed. 
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Figure 4B.5 Energy-deflection curves for 0.11 Gr/bis and 0.22 Gr/bis specimens 

4B.5.1 Graphite/Bismaleimide Composite 

4B.5.1.1 Effect of Host Composite Thickness 

The energy-deflection curves for the impact performance of the 0.11 gr/bis and 0.22 gr/bis 

specimens with and without a 0.02 layer of nit/ep are shown in Fig. 4B.5. Once again, the energy 

curves represents the amount of total dissipated impact energy as a function of the deflection 

during the impact event. From the energy curves and values in Table 4B.3, one observes that 

energy is dissipated in a nearly identical fashion for the two thicknesses of plain gr/bis specimens. 

The energy at max load for the 0.22 gr/bis specimens is about double that of the 0.11 gr/bis 

specimens and the total energy is nearly double. Normalizing the dissipated energy curves by the 

thickness ratio is shown in Fig. 4B.6. The similarity of the amount of dissipated energy for the 

two curves is even more pronounced by the normalization. The data shows that the thicker 0.22 

gr/bis specimens do not dissipate quite as much energy per unit thickness as the 0.11 gr/bis. If 

103



  Tt ~~ r ' ' ‘ , 

50F low velocity impact ° . 
ore wm 

—°* 

a
 

oO
 T “ 

    

   
a 

= 30} , 
en 
Dd . 

2 
© 20 ___0.11gr/bis 

_ _0.11gr/bis-0.02nit 

wot ti‘ 0.22gr/bis | 

_._0.22gr/bis-0.02nit 

OF normalized to thickness of 0.11 gr/bis 7     i. i dee L La L ; 

0 0.1 0.2 0.3 0.4 0.5 0.6 
deflection (in) 

  

Figure 4B.6 Normalized energy-deflection curves for 0.11 Gr/bis and 0.22 Gr/bis specimens 

the normalization scheme is valid, the thicker specimens are apparently slightly less efficient at 

dissipating energy than thinner specimens. Driscoll (1987) observed similar trends for energy 

dissipation versus thickness for certain metals and composites. 

The increase in dissipated impact energy of the nit/ep hybrids over the monolithic gr/bis in Figs. 

4B.5 and 4B.6 is substantial. The nit/ep layer increases the total energy dissipated by 58 and 34 

percent in the 0.11 and 0.22 gr/bis plain specimens respectively. The 0.11 gr/bis-0.02nit specimens 

have a greater nit/ep volume fraction (15.6%) then the 0.22gr/bis-0.02nit specimens (8.4%). If 

the normalization technique is valid, there is apparently a specific nit/ep volume fraction that is 

an optimum for increasing the dissipated energy. The normalized data (Table and Fig. 4B.6) does 

not necessarily reflect the same trend. The nit/ep layer increases the total normalized energy by 

37 and 24 percent for the 0.11 and 0.22 gr/bis specimens respectively. While the ratio of 37 to 

24 percent is similar to the ratio of 58 to 34 percent for the non-normalized data, normalizing the 
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Figure 4B.7 The load-deflection behavior of the 0.11 Gr/bis hybrid specimens 

data and curves by the thickness alone does not reflect the fact that a much smaller volume 

fraction of nit/ep was used in the 0.22 gr/bis to achieve the increase. The normalizing technique 

shows some merit, but caution will be used in the discussion. 

4B.5.1.2 Different Hybrid Surface Layers 

The load-deflection and energy-deflection behavior during the low velocity impact events for the 

different types of hybrid 0.11 gr/bis composites is shown in Figs. 4B.7 and 4B.8. The peak 

impact force of the monolithic 0.11 gr/bis is substantially increased by the presence of the 

additional hybrid surface layers (Fig. 4B.7 and Table 4B.3). While the additional material could 

be the reason for the increase, the increase is not totally consistent with the thickness of the hybrid 

layers as shown in Table 4B.3. Obviously the stiffness and type of hybrid surface material affect 

the peak load. The variation in the dissipated energy (area under the load-deflection curve) for 
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Figure 4B.8 Energy-deflection behavior of 0.11 Graphite specimens. The hybrids increase the dissipated impact energy. 

the different hybrid materials is easily observed in Fig. 4B.7 and reflected in Fig. 4B.8. All of 

the hybrid layers increase the dissipated impact energy. Figure 4B.7 shows that the alu/ep and 

kev/ep layers increase the area under the curve only in the peak load region or from approximately 

0.2 to 0.35 inches of deflection. Thereafter, the additional increase in the area under the curve 

or dissipated energy (Fig. 4B.8) is minimal. The nit/ep hybrid has a much higher load-deflection 

response and resulting dissipated energy for the deflection range of 0.3 to 0.65 inches than any 

of the other materials. This is represented in Fig. 4B.8 by the continual increase in dissipated 

energy which is significantly greater than the other hybrids until a knee in the energy-deflection 

curve occurs at 0.65 inch deflection. 

Normalizing the dissipated energy of Fig. 4B.8 with the thickness ratio is presented in Fig. 4B.9. 

The normalized maximum dissipated energy values in both Fig. 4B.9 and Table 4B.3 suggest that 

the alu/ep and kev/ep hybrid surface layers are ineffective at increasing the maximum energy 
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Figure 4B.9 Normalized energy curves suggest that only nit/ep hybrid dissipates more energy than plain gr/bis 

dissipated by the structure. The effectiveness of the nit/ep in increasing the maximum dissipated 

energy is clearly demonstrated. Upon normalizing the data, it appears that using a hybrid layer 

of alu/ep or kev/ep to increase the dissipated energy is little better than simply increasing the 

gr/bis thickness. This finding does not necessarily agree with other researchers findings 

(Beaumont et al, 1974) where kev/ep often gives the gr/ep significantly higher impact energies. 

The configuration of the kev/ep composite in this study may have an affect on the impact 

performance and must be studied in more detail. Researchers (Marom et al., 1986; Nettles and 

Lance, 1993) have shown that hybrid layer location and other parameters are of importance in 

increasing the dissipated impact energy. 

The data in Fig. 4B.9 and Table 4B.3 (column 6) demonstrate that normalizing the dissipated 

energy data additionally by density may yield metrics that hide the meaning of the experimental 

results. When normalized by density and thickness, the kev/ep hybrid specimen dissipates an 
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almost equal amount of impact energy per unit mass as the nit/ep hybrid and more then the gr/bis 

(Table 4B.3, col. 6). The amount of dissipated energy per volume is however equal to that of 

gt/bis and much less than the nit/ep hybrid. With high volume fractions of hybrids the strength 

of the gr/bis can be greatly reduced which is not reflected in the normalization (Adams and 

Zimmerman, 1986; Marom, et al., 1986). 

4B.5.1.3 Mechanism for Increased Perforation Energy 

The mechanism by which the nit/ep layer increases the dissipated impact energy can be discussed 

in correlation with Fig. 4B.7 and pictures of the impact specimens in Figs. 4B.10a & b. As shown 

in Fig. 4B.1, nitinol, like the ductile metals, 18-8 steel and 5036 aluminum has a large stress 

plateau in which energy is absorbed as strain increases. In ductile metals, the strain energy under 

the plateau is absorbed due to plastic action. Yielding of the material, eventual local necking and 

failure accompanies the yielding. If a region of local necking is present, yielding and failure 

occurs in that region at low global strains because local strains are significantly increased. 

Observations of the impacted specimens may help explain this phenomena. Figures 4B.10a & b 

show the front (impact side view) and back views of the 0.11 inch thick monolithic gr/bis 

(graphite) and the hybrid specimens whose data is shown in Figs. 4B.7, 4B.8, and 4B.9. In the 

monolithic graphite specimens, the impact hole appears to be a very abrupt punched hole in the 

top surface resulting in massive fiber shear out and bending as seen in the back view. The sharp 

nature of the impact hole in the top surface indicates that little if any impact load is carried by 

the top plies of the monolithic graphite to either side of the impact hole. The load is locally 

applied at the impact site and then applied downward in a conic shaped damage zone as seen by 

other researchers (Cantwell and Morton, 1990) through the specimen. In the kevlar specimens the 

damage is similar with the kevlar fibers bending at the impact hole rather than shearing off but 

still failing locally. In the aluminum fibers the bending occurs a little further out from the impact 

site, but the fibers still fail in classic metallic shear at the local impact site. In the nitinol hybrid, 
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interfacial fiber debonding is apparent in the nitinol/epoxy layer along the entire top surface. The 

debonding is indicative of high strains in the nitinol fibers even at the beam boundaries. The local 

impact site strain is transferred somewhat to the rest of the beam by the nitinol fibers enabling 

more of the beam to carry the impact load and changing the damage mode from a local response 

to more of a global response. 

In the nit/ep, the stress plateau is not due to plastic action but rather a result of the stress-induced 

martensitic phase transformation. Through the phase transformation, the superelastic nitinol can 

absorb a great amount of strain energy without any local necking or yielding. The eventual nitinol 

fracture is actually a brittle type failure where the nitinol breaks in an abrupt fashion with little 

if any necking. In hybrid nit/ep specimens, very few of the nitinol wires (on the order of 5 to 10 

wires) actually broke during impact perforation. The failure mode of the hybrid layer was epoxy 
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matrix failure, separation of nitinol wires by the impact tup and finally fracture of 5 to 10 wires 

(possibly at 0.65 in deflection in Fig. 4B.7). Because the phase transformation enables the nitinol 

to elongate without local deformations, the impact energy is distributed and dissipated by a greater 

beam area. 

4B.5.1.4 Increasing Hybrid Layer Volume Fraction 

Figures 4B.11 and 4B.12 demonstrate the energy dissipated by hybrid composites with increasing 

hybrid layer thickness or increasing volume fraction. Thicker nitinol/epoxy and kevlar/epoxy 

layers were simply added to the top surface of the composite. Adding a 0.05 inch layer of nit/ep 

or a 0.06 inch layer of kev/ep to the gr/bis increases the dissipated energy by 110 or 69 percent 

respectively. Compare this with increases in dissipated energy of 58 and 24 percent for the 
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Figure 4B.11 The dissipated energy does not increase proportionally with the thicker layers 

hybrids with 0.02 in. layers (about one-third the thickness) of nit/ep and kev/ep respectively. The 

normalized graphs of the dissipated energy curves for the specimens with the thicker hybrid layers 

is shown in Fig. 4B.12. The normalized curves and data demonstrate that the hybrid 0.06 kev/ep 

layer like the thinner kev/ep layer does not increase dissipated energy much above the energy 

dissipated by plain gr/bis. The 0.05 hybrid nit/ep demonstrates diminished benefits with the 

increasing nit/ep hybrid layer thickness. 

Upon inspection of the impacted specimens as seen in Fig. 4B.13, it appears that few of the nitinol 

wires in the punctured hybrid 0.05 nit/ep specimens were actually separated and debonded from 

the rest of the composite as in the hybrid 0.02 nit/ep specimens. The diminished benefits are 

probably due to a change in failure mode from nitinol wire elongation and fracture to simple 

parting of the wires as the impact tup goes between wires (Fig. 4B.13). The data also suggests 

that increasing the gr/bis substrate thickness with the nit/ep thickness at a ratio similar to the 
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Figure 4B.12 Normalized energy-deflection curves for 0.11 Gr/bis with thicker hybrid layers 
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Figure 4B.13 Front side view of the 0.1 1gr/bis-0.05nit and 0.11gr/bis-0.06kev hybrids with thicker impact side hybrid layers and the 
0.22gr/bis monolithic graphite composite specimen. 
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0.11grbis-0.02nit specimen would be more effective at dissipating impact energy. In Fig. 4B.13, 

an impacted 0,22" thick monolithic graphite composite specimen is also shown. It was observed 

that it fails in a similar fashion to the 0.11" thick monolithic graphite with a hole punched through 

the top surface and massive fiber failure in the back surface. The data in Figs. 4B.11 and 4B.12 

and Table 4B.3 for the 0.11 gr/bis specimens show that increases in hybrid layer volume fraction 

does increase the amount of dissipated impact energy. It also strongly demonstrates that there is 

an optimum amount of material above which the benefits diminish. 

4B.5.2 Glass/Epoxy Composite 

The results for the glass/epoxy specimens were similar in relative nature to the graphite specimen 

results. Except for addressing a 0.22 in thick gl/ep substrate versus a 0.11 in. thick one, a study 

identical to the gr/bis study was conducted on gl/ep beams. The thicker 0.22" thick beams were 

initially tested but removed from the experiments because enough impact energy to perforate the 

specimens could not be generated in the low velocity test frame. Because the energy required to 

perforate thicker specimens can be approximately determined by scaling up the thinner specimens 

(demonstrated by the results in Figs. 4B.5 and 4B.6), results from the thicker glass specimens 

were less important. The results and damage modes from the impact test were very similar to the 

results and damage modes observed in the gr/bis specimens. 

4B.5.2.1 Different Hybrid Surface Layers 

The various hybrid layers applied to the glass/epoxy substrate yielded improved impact perforation 

resistance as shown in the load versus deflection behavior of the impact event shown in Fig. 

4B.14. Unlike the graphite specimens, however, the monolithic glass/epoxy substrate has load 

levels and behavior very similar to the specimens with hybrid layers. The nitinol hybrid improves 

the resistance to perforation slightly in the range of 0.4 to 0.67 inches deflection but not as 

113



  

rin low velocity impact 
3000} “MN 4 

cf: 
af: ___0.11gl/ep 

2500- a : ; 
if : ‘ _ _0.11gl/ep-0.02nit ] 

3 Pee 0.11gl/ep-0.02alu 

2000f t _.0.11gl/ep-0.02kev 
2 
Oo 

S L © 1500 

1000F 

500 

OF     

  

  

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 
deflection (in) 

Figure 4B.14 The load-deflection behavior of the 0.11" thick Gl/ep monolithic and hybrid specimens 

dramatically as in the graphite specimens. The energy dissipated by the 0.11 gl/ep and the 0.11 

gl/ep hybrids versus deflection is shown in Fig. 4B.15. The hybrid alu/ep, kev/ep and nit/ep 

increased the dissipated energy by 12, 18, and 32 percent respectively. In contrast to the hybrid 

gr/bis specimens, the hybrid gl/ep specimens increased the dissipated energy by a much smaller 

percentage. As expected though, the absolute value (Table 4B.3) of the total dissipate energy for 

the 0.02 hybrid specimens is similar. The 0.02 layers of alu/ep, kev/ep and nit/ep increased the 

dissipated energy of the gr/bis by 4.1, 9.8, 23.6 ft-lbs respectively and the gl/ep by 

7.2, 10.8, and 19 respectively. It does not represent as great a percentage because of the high 

toughness of the gl/ep itself (Mallick and Broutman, 1977; Adams and Miller, 1975). 

The normalized data, as shown in Fig. 4B.16, suggests that adding kev/ep or alu/ep is less 

effective at increasing the dissipated impact energy than simply using more gl/ep. An interesting 

observation for the hybrid gl/ep specimens is that the nit/ep and kev/ep hybrids dissipate more 
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Figure 4B.15 Energy deflection curves for the 0.11 Gl/ep hybrid materials 

  

D
 

~
 

oa 
a
 

oa
 

oO
 r 

en
er
gy
 

(f
t-

lb
) 

3 
tf oa
 T 

  

low velocity impact 

__0.11gl/ep 

_ _0.11gl/ep-0.02nit 

seve 0.11gl/ep-0.02alu 

_._0.11gl/ep-0.02kev 

=“ _- 
oo 

~— - 

      

   

  

__” - 
om 

-* --* o* 

. - 
wee . . 

. . 
oo" . . * a . * a . 

. 

normalized to thickness of 0.11 gl/ep,   ll Ll el j 
  

0.4 0.5 0.6 
deflection (in) 

0.7 0.8 

Figure 4B.16 Normalized energy-deflection curves for the 0.11 Gi/ep hybrid materials 
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energy than the gl/ep in the deflection range of 0.1 to 0.35 inches. This is indicated by a greater 

slope in the load-deflection behavior for these hybrids compared to an equally thick gl/ep beam. 

The increase in slope is possibly a function of the increased stiffness of the hybrid nit/ep and 

kev/ep layers. 

The pictures of the impacted monolithic glass/ep and 0.11" thick hybrid glass specimens are 

shown in Figs. 4B.17a & b. The failure mechanisms appear to be similar to the gr/bis specimens. 

Local failure occurs in the monolithic glass, kevlar and nitinol hybrids and a more distributed 

failure occurs in the nitinol hybrid. One distinct difference however, is the nature of the bottom 

or back ply fiber damage as the impact tup exists the glass specimens (Fig. 4B.17b). Unlike the 

graphite fiber composites, the glass fibers in the back plies typically fracture in a more local 

fashion. That is the pivot point for the fiber flexural damage tends to be not more that 0.5 inches 
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Figure 4B.17b Back-side view of the 0.11 inch thick monolithic glass and hybrid composite specimens shows differences 
in impact site damage. 

from the impact site. This is in part due to the strain rate dependency of the glass/epoxy material. 

In the graphite specimens, the back ply fibers pivot or bend from the boundaries fracturing in a 

global response. 

4B.5.2.2 Increasing Hybrid Layer Volume Fraction 

Figure 4B.18 shows the energy dissipated by hybrid glass composites with thicker hybrid layers 

or increasing volume fraction. As in the gr/bis specimens, thicker kevlar and nitinol layers were 

added to the top surface of the composite. Adding a 0.05 inch layer of nit/ep or a 0.06 inch layer 

of kev/ep to the gl/ep increases the dissipated energy by 69 or 43 percent respectively. Compare 

this with increases in dissipated energy of 32 and 18 percent for the hybrids with 0.02 in. layers 

(about one-third the thickness) of nit/ep and kev/ep respectively. The thicker hybrid layers appear 
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Figure 4B.18 Energy-deflection curves for 0.11 Gl/ep with thicker hybrid layers shows that dissipated energy does not 
increase proportionally with the thicker layers 

to be more effective in increasing the perforation resistance of the glass substrate than the graphite 

substrates. The normalized dissipated energy curves for the specimens with the thicker hybrid 

layers is shown in Fig. 4B.19. The normalized curves and data demonstrate that the thicker 

kev/ep hybrid layer like the thinner kev/ep hybrid layer does not increase dissipated energy above 

the energy dissipated by monolithic gl/ep. The 0.05 hybrid nit/ep demonstrates about the same 

dissipated impact energy as the thinner layer 0.02 nit/ep hybrid when normalized. It would 

therefore, be more efficient to increase the thickness of the 0.02 nitinol glass hybrid specimen at 

the same thickness ratio then to just increase the nitinol hybrid layer. 

Upon inspection of the impacted specimens in Fig. 4B.20, it appears that few of the nitinol wires 

in the punctured nit/ep hybrid specimens (0.05" nit/ep) were significantly deformed. The failure 

mode is apparently separation or parting of the nitinol wires as in the graphite specimens and then 

perforation of the underlying glass/epoxy substrate. The thicker kevlar hybrid layer glass 
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Figure 4B.19 Normalized energy-deflection curves for 0.11 Gl/ep with thicker hybrid layers 
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Figure 4B.20 Front and back-side view of the thick nitinol-glass and kevlar-glass hybrid specimens. 
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specimens fail in a fashion similarly to the thinner kevlar hybrid specimens with a local failure 

at the impact site. 

4B.6 CONCLUSIONS AND RECOMMENDATIONS 

The experimental results demonstrate how impact side layers of nit/ep, alu/ep, kev/ep hybrid 

material layers effect the low velocity impact perforation energy of a graphite/bismaleimide and 

glass/epoxy host composite material. A summary of some important conclusions is as follows: 

* The nitinol epoxy layers greatly improves the impact toughness of the composite materials for 

the adaptive composite cylinder. There is an optimum ratio for the thickness of the nitinol 

hybrid layer and the underlying composite. 

¢ The gl/ep composite has significant impact toughness that can be improved by hybridizing 

with the nit/ep hybrid layer. No other hybrid materials appear to improve the impact 

resistance. The impact toughness of the gr/bis was significantly lower. 

¢ The alu/ep appears to deform in a classic plastic deformation mode under the high local 

strains at the impact site. The aluminum failure is localized and is accompanied by permanent 

deformations around the site. 

¢ The kev/ep layers appear to deform in a fashion similar to the alu/ep. The material appears 

to fail by tearing of the kevlar fibers as the tip pulls the hybrid layers through the underlying 

gr/bis or gl/ep substrate. When normalized by thickness, the dissipated energy is greater than 

in the alu/ep case but on par with the plain gr/bis. 

¢ The nit/ep appears to undergo the stress-induced martensitic phase transformation in response 

120



to the localized impact deformations. Because the impact energy is not dissipated by plastic 

yielding, the nitinol wire can distribute the energy over a greater amount of hybrid and host 

composite material. 

¢ Hybrid nitinol SMA composite specimens demonstrate significantly higher impact perforation 

energies than the other hybrids. 

The results strongly suggests that hybridizing brittle ceramic fiber reinforced composite with wire 

or elements of SMA will lead to significant improvements in impact perforation resistance. 
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SECTION 4C: HIGH VELOCITY IMPACT RESPONSE OF SHAPE MEMORY ALLOY 

HYBRID COMPOSITE MATERIALS 

4C.1 INTRODUCTION 

A significant amount of research on determining mechanisms to improve the impact resistance and 

tolerance of polymer matrix composite materials has been performed in the last 20 years (Cantwell 

and Morton, 1992; Jang et al., 1989; Morton and Godwin, 1989; Nettles and Lance, 1993; 

Beaumont et al., 1974). Numerous approaches to increase the impact damage and perforation 

resistance of composite materials have been examined. Forming a hybrid composed of the 

relatively brittle graphite plies and tougher kevlar or high modulus polyethylene plies is one 

popular method to increase perforation resistance (Peijs et al., 1990; Busgen et al., 1989; Jang et 

al., 1990; Marom et al., 1986; Adams and Zimmerman, 1986; Beaumont et al., 1974). This 

concept utilizes the tough fibers to increase the impact resistance and the stiffer and stronger 

graphite fibers to carry the majority of the load (Adams and Zimmerman, 1986; Mallick and 

Broutman, 1977). The improved toughness of kevlar fiber composites and polyethylene fiber 

composites over graphite/epoxy (gr/ep) is partly due to their higher ultimate strain (Tsai, 1988; 

Busgen et al., 1989). The high ultimate strain combined with moderately high strengths gives 

kevlar and polyethylene fibers a larger area under the stress-strain curve (a traditional measure of 

a material’s toughness) than the graphite/epoxy composites (Jang et al., 1989). 

Figure 4C.1 portrays the load-deflection behavior of various materials under uni-directional 

loading. Superelastic nitinol appears to have exceptional toughness compared to the composites 

and the steel and aluminum alloys. Superelastic nitinol (nitinol in the high temperature phase) 

materials undergo a stress-induced phase transformation, enabling them to experience up to 8% 

reversible strain and 20 percent ultimate strain. Experiments performed by this author and others 

Cross et al., 1970) have demonstrated failure stress levels for superelastic nitinol SMA in the 
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Figure 4C.1 Stress-strain relations for various materials 

range of 200-250 Ksi (depending on the alloy). The 8% reversible strain that nitinol can 

accommodate also makes it fully strain compatible in the elastic region with host polymer matrix 

composites unlike traditional metal alloys (Paine and Rogers, 1994). Since nitinol SMA can 

absorb a large amount of strain energy compared to brittle composite materials, using the 

superelastic nitinol elements as passive reinforcement in graphite fiber composites may improve 

the composite’s impact resistance. This concept has been initially demonstrated by Paine and 

Rogers (1994b) in the low velocity (v < 20 ft/s) perforating impact testing of composites. The 

further testing of shape memory alloy hybrid composites under high velocity (v=50 to 300 fi/s) 

impact conditions will be presented in this section. 
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4C.2 OBJECTIVE 

This study investigates the response of various hybrid composites to high velocity impact (50 to 

300 ft/s) for energy levels up to complete perforation. The ability of a nitinol/epoxy shape 

memory alloy composite (SMAC) layer to increase the impact puncture resistance of moderately 

thick graphite and glass reinforced polymers was tested. The SMAC materials were laminated to 

the host composites as surface layers instead of being embedded to facilitate observation of the 

failure modes and simplify fabrication. Furthermore, researchers have observed that impact 

damage is often initiated on the top surface for thick composite beams (Cantwell and Morton, 

1990; Pintado, et al, 1991) particularly under high velocity impact scenarios. With a shorter 

contact duration during impact, the damage and the material response become significantly more 

localized under high velocities both in the specimen longitudinal direction and normal to the 

surface. Because the SMA hybrid composites had significantly improved impact perforation 

resistance at low velocities (Paine and Rogers, 1994b), the response of the composite structures 

at higher velocities was also tested. Kevlar/epoxy composite and an aluminum/epoxy composite 

were used as comparison hybrid layers to aid in determining the potential benefit of using SMAC. 

It was also hoped that the results from the aluminum and kevlar hybrids would help identify the 

mode by which damage resistance is affected. 

4C.2 METHOD 

The same material specimens and test clamping fixture as used in the low velocity testing was 

used in the high velocity testing and can be found in Paine and Rogers (1994b). Table 4C.1 

presents the specimen materials, the thickness of the specimens, the number of impact tests, the 

impact energy ranges and impact velocities over which the specimens were tested. A one by three 

inch composite specimen was clamped into a rigid picture frame clamping fixture in which it was 

prevented from slipping. The hybrid nitinol/epoxy, kevlar/epoxy and aluminum/epoxy layers and 
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the 0° layers of the specimens were oriented in the longitudinal direction of the specimens. To 

be tested, the clamped impact specimens were mounted in front of a high velocity gas gun barrel. 

The gas gun fires a 40 or 28 gram hardened steel projectile with a 0.625" diameter hemispherical 

tip into the beam specimens. The graphite specimens were impacted with a 40 gram projectile 

and the glass specimens with a 28 gram projectile. The velocity of the projectile is recorded just 

before impact by light gates and is described in Teh and Morton (1993). The impact energy is 

determined by the relationship, energy = //2mv’. 

TABLE 4C.1 MATRIX OF TEST SPECIMENS AND SPECIMEN "ID" 
  

  

  

  

  

  

  

  

  

      

Specimen ID Description h (in) No. of velocity | impact energy 
Specimens | range (ft/s) | range (ft-lb) 

0.11gr/bis 0.108" gr/ep 0.108 14 27 to 169 7 to 39 

0.11gr/bis-0.02nit 0.108" gr/ep w/ 0.020" niti layer 0.128 12 139 to 240 26 to 79 

0.11gr/bis-0.02alu 0.108" gr/ep w/ 0.020" alu layer 0.128 8 95 to 150 12 to 30 

0.11gr/bis-0.02kev 0.108" gr/ep w/ 0.026" kev layer 0.134 12 38 to 180 2 to 44 

0.11gl/ep 0.11" gl/ep 0.110 14 108 to 218 11 to 45 

0.11 gl/ep-0.02nit 0.11" glep w/ 0.020" niti layer 0.130 14 111 to 302 17 to 87 

0.1 1gl/ep-0.02alu 0.11" gl/ep w/ 0.022" alu layer 0.132 8 140 to 239 26 to 54 

0.11gl/ep-0.02kev 0.11" gl/ep w/ 0.025" kev layer 0.135 14 98 to 255 9 to 69             
Since the impact projectile is very small, it is not instrumented. The amount of energy needed 

to actually puncture the specimen must then be determined by impacting specimens at increasing 

energies until the puncture actually occurs. Small increments in impact energy were taken to 

determine at what energy level complete puncture occurred. In the high velocity loading, 

complete puncture was defined as the impact energy level at which the impact tup completely 

stuck in the specimen. For the case of the nitinol-glass hybrid, perforation was taken to be the 

point at which the underlying glass substrate was completely fractured. The impact energy value 

to cause puncture was taken as the average of the impact energy at which the projectile remained 

stuck in the specimen and the next lower impact energy before the tup stuck in the specimen. The 
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puncture energy was recorded and used as the comparative parameter. The energy was also 

normalized by the volume and weight of the specimens to allow for a fair comparison between 

the various specimens. The volume normalization is shown in Eqn. 1 below, and was performed 

by multiplying the hybrid specimen’s impact puncture energy by the ratio of monolithic specimen 

thickness to hybrid specimen thickness to get the volume normalized puncture energy. To get the 

weight normalized puncture energy, the volume normalized puncture energy was multiplied again 

by the density ratio of the materials. 

E 7 - E,, x t nonolithic specimen . E ; =E ‘ x P nonolithic specimen 

La ybrid specimen Prybrid specimen 

TABLE 4C.2 IMPACT ENERGY FOR COMPLETE PERFORATION 
  

  

  

  

  

  

  

  

          

specimen E. (ft-lb) E,””, (ft-lb) E.*, (ft-lb) 

0.11"gr/bis 23.7 23.7 23.7 

0.11"gr/bis-0.02 "nitinol wa 61.0 51.6 39.1 

0.11"gr/bis-0.03"keviar 37.2 29.76 30.3 

0.11"gr/bis-0.02"aluminum 26.9 22.7 21.2 

0.11"gl/ep 43.8 43.8 43.8 

0.11"gl/ep-0.02" nitinol 86.5 73.0 58.7 

0.11"gl/ep-0.03"keviar 65.6 52.5 55.0 

0.11"gi/ep-0.02"aluminum | 52.5 44.3 42.9     

E,”” = normalized by the volume ratio; E,” = normalized by the density ratio 

4C.3 RESULTS 

The impact energy necessary to completely perforate the 0.11 in. thick monolithic glass and 

graphite specimens and the hybrid specimens are presented in Table 4C.2 and depicted in the bar 

graphs of Fig. 4C.2 and 4C.3. The volume and density normalized values are also shown in Table 

4C.2 and in graphs of Figs. 4C.2 and 4C.3. Below the absolute energy values in the bar graph 

are the energy values normalized by the volume and then the density. 
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Figure 4C.2 High velocity impact perforation energies for graphite/bismaleimide and its hybrid composites 
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Figure 4C.3 High velocity impact perforation energies for glass/epoxy composite and its hybrid composites 
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The response of the composite materials to high velocity impact shows the same trends as the low 

velocity impact data. As seen in Fig. 4C.2, the nitinol-graphite hybrid has penetration energies 

160% greater than the monolithic composite. The kevlar also appears to benefit the monolithic 

graphite increasing the perforation energies by almost 60%. When normalized by volume, the 

nitinol graphite increases the perforation energy by nearly 120% over a monolithic graphite 

specimen of similar volume. When normalized by density, the nitinol-graphite increases the 

impact perforation energy by 65% over a similar weight amount of monolithic graphite. All of 

the normalization schemes assume that the dissipated energy during impact is linearly related to 

thickness and/or volume. The amount of graphite that would be needed to increase impact energy 

to the nitinol hybrid’s level is over 2.5 times the present amount. The kevlar hybrid increases the 

impact energy by approximately 25% when normalized by volume and weight, a substantially 

smaller amount than shown by the nitinol hybrid. The aluminum hybrid shows no additional 

impact energy improvement for the graphite system. 

The response of the glass/epoxy composites in Fig. 4C.3 demonstrates a similar trend with the low 

velocity nitinol-glass hybrids, increasing the impact perforation energy by almost 100% over the 

monolithic glass. When normalized by volume and weight, the nitinol-glass hybrid has a 66% 

and 34% greater perforation energy than a similar volume and weight of glass composite. The 

kevlar-glass hybrid has a 50% greater perforation energy. When normalized by volume and 

weight, the perforation energy is greater by 25%. 

4C.4 DISCUSSION OF RESULTS 

It is well known that hard, brittle materials act as an excellent shield for impact damage to soft 

underlying materials. Unfortunately, because the hard, brittle materials have relatively low 

ultimate strains when compared to polymeric matrix fiber composites, they cannot function as 

structural systems because of the strain incompatibility. For example, if steel (yield strain of 0.3 
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to 0.5%) is used with graphite/epoxy (efficient functional strain of 0.6 to 0.8 %) material as a 

structural/armor system, the steel would undergo partial plastic yield during every load cycle of 

the structure and a compressive load upon unloading. Repetitive plastic yield cycles can cause 

plastic fatigue in steel structures which can lead to premature failure or at minimum, loss of 

material shape and structural integrity. Using nitinol materials combined with composite materials 

avoids such problems. The nitinol has a working reversible strain limit of 7-8% which far exceeds 

most structural ceramic fiber composites and kevlar and polyethylene fiber composites. The 

nitinol is also structurally a brittle material which fails ultimately in a brittle fashion rather than 

through a ductile yielding mechanism. The apparent ductile response is from the stress-induced 

martensite phase transformation and not dislocation movement in the material as seen in most 

ductile metals. 

4C.4.1 GRAPHITE/BISMALEIMIDE COMPOSITE SPECIMENS 

In Figs. 4C.4 and 4C.5, the high velocity impact specimens that were impacted in the range of the 

25 to 30 ft-lbs are shown. The figure shows just the 1" x 3" beam section and demonstrates the 

amount of damage that is typical in the specimens at this energy level. When normalized by 

volume, all of the impacts energies are within the same impact energy range with the monolithic 

graphite. The monolithic graphite and aluminum hybrid have both been perforated at the impact 

energies shown in Fig. 4C.4. One of the first observations is the notable difference in the impact 

damage at high velocities versus the damage in low velocity impact. The perforation from the 

high velocity projectile occurs as a vertical slit on the top or front surface of the monolithic 

graphite specimen. At low velocities, Fig. 4B.10a, a well defined hole is punched into the 

composite specimens. The massive fiber shear-out and fiber fracture in the backside view of the 

high velocity specimens (Fig. 4C.5) is however similar to the low velocity behavior. 

The change in damage mode between the high and low velocity damage has been described by 
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Figure 4C.4 Front view or impact face of monolithic graphite and graphite hybrid composites after high velocity impact 
at impact energy levels around 25 ft-lbs. 

other researchers (Cantwell and Morton, 1990; Pintado, et al, 1991 ) as resulting from the local 

or more concentrated stress distribution that occurs at higher velocities. The large fiber transverse 

crushing stresses are locally applied at the impact site until the top fibers fail in elongation. The 

exiting projectile causes massive fiber flexure failure on the backside. In the nitinol-graphite 

hybrid (top beam), the extent of damage is very small compared to the other specimens. The front 

surface shows matrix cracks all along the specimen. The kevlar hybrid has less fiber damage as 

well with some fracture of the top surface kevlar and bending damage of the bottom surface 

graphite. The monolithic graphite and the aluminum were both completely perforated. While 

aluminum is a ductile metal with considerably toughness, it fails from plastic yielding under the 

impact projectile without dispersing the impact energy along the surface of the composite beam 

like a metal with a greater elastic limit would. The aluminum is virtually useless in increasing 
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Figure 4C.5 Back-side view of monolithic graphite and graphite hybrid composites after high velocity impact at impact 
energy levels around 25 ft-lbs. 

the impact energy to perforate as shown in Table 4C.2. The fact that aluminum fails in plastic 

yielding to eventual fracture is further demonstrated in Figure 4C.4. The alu/ep hybrid (bottom 

beam) and the plain 0.11 gr/bis (middle beam) were completely perforated at these energy levels. 

Massive fiber breakage and shear out on the back side and fiber fracture on the impact side were 

the fracture modes. The aluminum failed locally at the impact site as the fibers are still bonded 

together at a short distance away from the hole. 

Figure 4C.6 and 4C.7 shows the impact-side and backside views of nitinol hybrid and kevlar 

specimens impacted in the range of 45 ft-lbs. The kevlar specimen was completely perforated and 

demonstrates the type of eventual failure in the kevlar hybrid specimens. The top side of the 

kevlar specimen has local fiber fracture at the front impact site and massive fiber bending fracture 
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Figure 4C.6 Front, impact-side view ofa nitinol-graphite hybrid and kevlar-graphite hybrid material impacted at energy 
levels around 45 ft-lb. 

nitinol-graphite hybrid 

high velocity, 48.7 ft-lb 

# 4 Ss 

  

    
kevlar-graphite hybrid 

high velocity, 44.1 ft-lb 

Figure 4C.7 Back-side view of a nitinol-graphite hybrid and kevlar-graphite hybrid material impacted at energy levels 

around 45 ft-lb. 

at the backside. The failure is similar to the monolithic graphite specimen failure. The nitinol- 

graphite specimen impacted at 48.7 ft-lbs was not perforated but instead demonstrated a global 

bending type response. The rear, axial oriented fiber plies were completely broken off by 

delamination and sharp bending at the boundaries. The front ply of nitinol/epoxy in the top 

specimen shows little damage other than inter-wire cracking and delamination from the graphite 

layers. Clearly the nitinol-graphite specimen can take higher loads before puncture. The nitinol- 

graphite hybrid specimens finally failed in the range of 60 ft-lbs with a more global type response 
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than was apparent in the other specimens. The global response of the nitinol hybrid composites 

is demonstrated by the fact that the longitudinal fiber plies on the back surface are sharply 

fractured at the edge of the gage section. This occurs when the specimen curvatures at the 

clamped boundaries are large enough that the sharp edges of the clamping fixture cause the fibers 

in the back plies to be fractured. The nitinol graphite hybrid specimens were eventually punctured 

by parting or separating of the nitinol wires in the top rather than fracture of the wires. The high 

velocity projectile causes the inter-fiber matrix to fracture and perforates to the underlying 

graphite. Decreasing the ability of the nitinol wires to part by weaving or using smaller diameter 

fiber may greatly enhance the maximum impact energy. 

4C.4.2 GLASS/EPOXY COMPOSITE SPECIMENS 

The monolithic glass and glass hybrid specimens that were impacted at an energy range of 

approximately 45 ft-lbs are shown in Fig. 4C.8 and Fig. 4C.9. The monolithic glass composite 

is completely perforated with local fiber failure occurring at the front impact site and progressing 

through to the back-side. The glass/epoxy composite demonstrates an even more localized failure 

at high impact velocities. The composite material near the beam boundaries experiences little if 

any damage. In the nitinol-glass hybrid specimen, the nitinol fibers on the top surface are intact 

but separated from one another due to fracture of the inter-wire resin. The back-side plies have 

experienced some fiber fracture, but the fracture mechanism has become a global bending mode. 

The pivot point for the bending of the fibers has become the beam clamped boundaries (1.5” 

radially from the impact site). By distributing the impact energy from a local fiber fracture mode 

to a bending fracture of the entire beam, the capacity of the structure to dissipate impact energy 

and hence damage resistance of the beam is significantly increased. 

In the kevlar-glass hybrid, the impact damage mode has been distributed somewhat more than in 

the monolithic glass/epoxy composite but it is still generally a local damage mode with the top 
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Figure 4C.8 Front view or impact face of monolithic glass and 
impact energy levels around 42 to 45 ft-lbs. 

glass hybrid composites after high velocity impact at 

surface fibers of the kevlar fractured at the impact site. Considerable fiber damage has occurred 

in the kevlar-glass hybrid but it is not completely perforated. The aluminum-glass hybrid is 

completely perforated with local aluminum fiber fracture at the impact site caused by large plastic 

deformations. The aluminum fibers away from the impact site are generally undamaged and have 

no permanent deformations. It is a local composite failure as in the monolithic glass specimens. 

The kevlar-glass hybrid specimens and the nitinol-glass hybrid specimens at perforation levels are 

shown in Fig. 4C.10 and 4C.11. The kevlar-glass hybrid failed in a relatively local type failure 

mode with the top surface kevlar fibers fracturing at the impact site and the glass composite 

substrate failing in a local mode with the fractured fibers pivoting in bending at a point 

intermediate to the boundary and the impact site. The nitinol-glass hybrid was not actually 
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Figure 4C.9 Back-side view of monolithic dss and glass hybrid composites after high velocity impact at impact energy 
levels around 42 to 465 ft-lbs. 

perforated at the impact energy of 86.5 ft-lbs, but instead enough global bending damage occurred 

in the specimen to cause fracture of most of the axially oriented fibers in most of the plies. 

Higher impact energies might be supported but the failure mode would be cantilever bending of 

the fractured plies from the center fracture point rather than puncture. This type of failure 

demonstrates the ability of the nitinol to distribute the energy from the impact site to the 

boundaries of the specimens because of the large elastic response of the nitinol fibers. The top 

surface of the nitinol-glass hybrid specimen appears to be mostly intact.



  

Figure 4C.10 Impact-side view of the nitinol-glass hybrid and kevlar-glass hybrid impacted at energy levels that caused 
perforation of the kevlar-glass and fracture of the nitinol-glass. 

  

Figure 4C.11 Back-side view of the nitinol-glass hybrid and kevlar-glass hybrid impacted at energy levels that caused 
perforation of the kevlar-glass and fracture of the nitinol-glass. 

4C.5 CONCLUSIONS AND RECOMMENDATIONS 

The experimental results demonstrate how impact side layers of nit/ep, alu/ep, kev/ep hybrid 

material layers effect the high velocity impact response of a graphite/bismaleimide and glass/epoxy 

composite material. The impact perforation resistance of glass/epoxy and graphite/epoxy 

composites is greatly enhanced by the presence of the superelastic nitinol wires on the impact side. 
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The ability of the nitinol wires to elasticly strain through the shape memory effect allows the 

wires to transmit the impact force over a larger composite surface area and as a result enhance 

the perforation resistance. Applications such as fuel containment in natural gas vehicles, 

pressurized gasses in space, and military vehicle armor could benefit from this technology. Some 

important conclusions are as follows: 

¢ The aluminum/epoxy appears to deform in a classic, plastic deformation mode under the high 

local strains at the impact site. The failure is localized and is accompanied by permanent 

deformations around the site. 

¢ The nitinol/epoxy appears to undergo the stress-induced martensitic phase transformation in 

response to the localized impact deformations. Because the impact energy is not dissipated 

locally by plastic yielding, the nitinol wire can distribute the energy over a greater amount of 

hybrid and host composite material. 

e In the glass/epoxy nitinol hybrid materials, the impact energy is distributed well enough to 

change the impact failure mode from a local perforation in the monolithic specimens to a 

global fracture mode in the nitinol hybrid. 

* Hybrid SMA composite specimens demonstrate significantly higher impact perforation 

energies than the other hybrid composite specimens tested even when normalized by volume 

and density. 
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CHAPTER 5: APPLICATION OF SMA HYBRID COMPOSITES IN IMPACT DAMAGE 

RESISTANT COMPOSITE STRUCTURES: MECHANICS ISSUES 

5.1 INTRODUCTION 

The improvement to the impact perforation resistance that the nitinol layer(s) provide to the glass 

and graphite composites is evident by the substantial increases in perforation energy for the hybrid 

specimens (Chapter 4). The issue that remains to be addressed is by what mechanism the 

nitinol/epoxy hybrid layer increases the impact energy. The impact perforation event in composite 

materials involves non-linearities in the structural response (large displacements and varying 

contact pressures) and in the material response (delamination, matrix cracking and fiber fracture) 

(Langlie and Cheng, 1989; Liu and Chang, 1994; Cantwell and Morton, 1990). Because of the 

complexity of the perforating impact response in laminated composite materials, few models are 

available in the literature for predicting the impact behavior of composite materials under 

perforation (Lee and Sun, 1992). For these reasons, many researchers have described the impact 

response of laminated composite materials by determining and observing the response of the static 

indentation perforation event (Lagace, et al., 1993; Lee and Sun, 1992; Pintado et al., 1991; Zhu 

et al., 1992a, 1992b; Woodward et al., 1994). 

Many researchers have observed a relation between the strain energy in quasi-static deflection 

(area under stress-strain curve) and the impact resistance of composite materials (Pintado, Volger 

and Morton, 1991; Wardle and Zahr, 1987; Bowles, 1988; Lagace et al., 1993). Pintado and his 

colleagues (1991) suggested that a linear relationship existed between the strain energy stored 

during a three point bending test and the strain energy stored in low velocity impact specimens 

prior to failure. They demonstrated this concept qualitatively by loading their composite 

specimens in impact and quasi-static indentation using the same geometry and test fixture and 
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comparing the load-deflection plots. Lagace and his colleagues (1993) found that delamination 

damage extent from either low velocity impact (vel. <15 ft/s) or static indentation in monolithic 

graphite specimens was very similar. They also suggested that load-deflection behavior was 

similar between the two loading conditions and therefore the distribution of forces in the two 

loading conditions was similar (Lagace et al., 1993). 

Langlie and Cheng (1989), Woodward et al. (1994), Lee et al. (1994) and Cantwell and Morton 

(1990) have all commented on the importance of the out-of-plane or transverse shear stresses at 

the edge of the impact site to the initiation of composite laminate perforation. Much of the work, 

however, was performed using blunt-end cylinder indentors rather than round-end hemispherical 

indentors (Langlie and Cheng, 1989; Woodward et al., 1994; Lee, Song and Ward, 1994; Lee and 

Sun, 1991,1992). Because of the sharp nature of the blunt-end cylinder indentors edges, it is 

intuitive that perforation failure is initiated by transverse shear at the edge of the impact site. It 

is not apparent that the same kind of damage is initiated with hemispherical-end indentors. Lee, 

Song and Ward (1994) and Langlie and Cheng (1989) described the perforation of laminates by 

blunt-end cylinders as a process initiated by cut-out of a plug by (transverse) through-the-thickness 

shear (punching), followed by fiber elongation and breaking and delamination. The mechanisms 

for initiation of low velocity impact perforation using hemispherical-end impacters will be 

investigated as part of the study to determine the reasons for the increased impact perforation 

energy in the hybridized composite specimens. 

A phenomenelogical approach will be used to describe the response of the composite specimens 

during the impact event. The low velocity impact event will be studied because it can be imitated 

by the static indentation response of the composite. 
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5.2 OBJECTIVE 

To determine the composite material’s fracture mode and mechanisms of failure during the low 

velocity impact perforation event and how the nitinol material increases the perforation energy is 

the objective of this study. An experimental study will be performed to determine the nature of 

fiber fracture and eventual laminate perforation as the impact perforation event progresses. 

5.3 PROCEDURE 

¢« Comparison of Load-Deflection Response between Static Indentation and Low Velocity 

Identify the force-deflection behavior under low velocity (vel. < 20 ft/s) impact and static 

indentation perforation in the monolithic graphite specimens and the hybrid-graphite 

specimens. Observe and/or verify the similarity of the response in the composite specimens 

between the two types of loading. 

¢ Comparison of Perforation Damage from Low Velocity Impact and Static Indentation 

Observe the fracture response of the composites from the impact perforation and the static 

indentation perforation. Make comparisons between the fracture response of the composites 

under the two different types of loading and compare monolithic graphite’s response to the 

hybrid composite’s response. 

* Identify Composites’ Damage Response at Indentation Levels Prior to Perforation. 

Determine experimentally the perforation initiation mechanism and progressive fracture 

response of the composites under static indentation. Compare the fracture response of the 

monolithic host composites to that of the hybrid composites. 
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¢ Relate Perforation Fracture Response to Composite Material Properties 

Once the mechanism for perforation initiation and progressive fracture of the various 

composite specimens has been determined, the properties of the composites that effect the 

behavior will be identified. 

5.4 METHOD 

To determine the process of material fracture and deformation during the impact event as a 

function of the load-deflection behavior, the static indentation response of the composite materials 

was determined. The static indentation testing of the various composite materials was performed 

using the same material specimens and test clamping fixture used in the low velocity testing 

(Chapter 4, section B). Monolithic and hybrid specimens to be tested were clamped into the test 

fixture (Fig. 5.1) and mounted in an MTS load frame. The load frame applied a quasi-static load 

to the midspan of the beam specimens through an indenter with a 0.625" hemispherical steel tip. 

The load application point (indenter) and the clamped boundary (fixture) were identical in 

geometry to the low velocity impact test scenario. The rate of loading was set at 0.5 in./minute. 

The displacement of the indenter and the load from the resistance of the composite specimens as 
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Figure 5.1 Clamping fixture used for static indentation and impact testing, top and side view 
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they were being perforated was collected by a computer. At least three static indentation tests 

were performed for each specimen type to determine the general response. The responses were 

all qualitatively and quantitatively similar. The load displacement response was then plotted with 

the low velocity load-deflection behavior and comparisons between the two responses were made. 

After observing the load-deflection behavior, comparisons between the resulting damage from the 

static indentation perforation and the low velocity impact perforation were made by visual 

inspection. The perforated specimens were sectioned in half length-wise through the center of the 

perforation zone. Pictures of the perforated regions were taken and used for discussion. The 

damage-development in each set of specimens was related to the static indentation and low 

velocity perforation response. 

To determine the damage initiation and progression in the 0.11 in. thick composite specimens 

(monolithic graphite, nitinol-graphite hybrid, kevlar-graphite hybrid and aluminum-graphite 

hybrid), static indentation tests were performed on additional specimens. The indentation 

displacement levels for the specimens were chosen to be representative of displacements at which 

different types of damage occur. The indentation levels represent the maximum displacement of 

the 0.625 in. indentor into the composite specimens. For the monolithic specimens, four 

specimens were indented to 0.25, 0.275, 0.3, and 0.35 inches respectively. The loading rate was 

set at 0.5 in./minute. After indentation, the samples were also sectioned lengthwise and inspected 

for damage type and progression level. Optical microscope pictures were also taken at 6.4x 

magnification to illustrate the damage progression and for discussion. After inspection of the 

monolithic graphite specimens, two levels of indentation, 0.25 and 0.35 in., were determined as 

being sufficient to illustrate the failure mechanisms in the hybrid composite specimens. The 

hybrid specimens were indented, sectioned in-half, and inspected for damage progression at the 

specific level of indentation or impact. 
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5.5 RESULTS AND DISCUSSION 

5.5.1 Comparison of Load-Deflection Response between Static Indentation and Low Velocity 

The load-deflection behavior up to complete perforation during low velocity impact and static 

indentation of the 0.11" monolithic graphite composite specimens and the comparable hybrid 

specimens is presented. The responses of the monolithic graphite, nitinol-graphite, kevlar-graphite 

and aluminum-graphite specimens are shown by Figs. 5.2, 5.3, 5.4, and 5.5 respectively. The 

indicators of the displacement levels for the intermediate indentation levels are also shown on the 

curves of the static indentation response. The solid line represents the low velocity impact 

response taken from Chapter 4, Section B, and the dashed line represents the typical static 

indentation response during perforation. The similarity of the load-deflection response between 

the two types of loading both qualitatively and quantitatively 1s obvious from the graphs. All of 

low velocity impact loads have been scaled by a factor of 0.86 from the values in Chapter 4 

because of a correction in the impact tup calibration that was required. The calibration brings the 

maximum load levels of the two responses within 10 percent of each other. The oscillations in 

the low velocity impact responses are also present in the static indentation responses indicating 

that they are part of the composite material’s response. Discussion about the nature of each 

specimen’s response follows. 

5.5.1.1 Monolithic Graphite Load-Deflection Behavior 

As the displacement of the specimen increases under the indentor, initial failure is indicated by 

the small drop in load at approximately 625 Ibs or 0.12". Initial damage is in the form of matrix 

cracking and delamination between the 0° and 90° plies (Lagace et al., 1993; Choi, Downs and 

Chang, 1991) from the severe flexure behavior. There exists an obvious difference in the load 

fluctuation as the delamination progresses in the indentation specimens versus the delamination 

progression in the impact specimens, but the general behavior is common. The load peaks when 
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Figure 5.2 Static indentation and low velocity load-deflection response of the monolithic 0.11" graphite specimens 
illustrates the similarity of the composite’s resistance to perforation under the two types of loading. 

fibers in the bottom 0° plies begin to fracture in tension (displacement = 0.2" or ~2h). The load 

decreases substantially as the indentor or impact tup progresses through the specimen 

(displacement> 0.25"), fracturing each layer in tension (bottom plies) or shear (top plies). The 

load temporarily increases when the indentor reaches a 0° ply and then drops as it fractures the 

matrix of the following 90° ply. 

5.5.1.2 Nitinol-Graphite Hybrid Load-Deflection Behavior 

The static indentation response is approximately 5 to 10 percent lower than the low velocity 

response. The difference could result from a strain rate dependency in the nitinol [ayer that is not 

present in the other specimens. The responses are, however, similar enough in nature to be able 

to draw comparisons between them. As the indentation reaches 0.06 in., the initial matrix 
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Figure 5.3 Static indentation and low velocity load-deflection response of the nitinol-graphite hybrid specimens illustrates 
the similarity of the composite’s resistance to perforation under the two types of loading. 

cracking and delamination begin, which is inherent to the graphite substrate and present in all of 

the specimens. As the load increases, the response is dominated by the graphite substrate having 

a similar response to the graphite up to approximately 0.3" displacement. The load response is 

higher than the monolithic graphite specimen’s, probably from the increased specimen thickness. 

From 0.3 to 0.7 in. displacement, the nitinol resists the perforation of the indenter maintaining a 

much higher level of contact load as the underlying substrate fractures. At 0.66 in. displacement 

for low velocity or 0.73 in. for indentation, the nitinol fibers either fracture or separate enough 

for the indentor to finish perforating the specimen. 

5.5.1.3 Kevlar-Graphite Hybrid Load-Deflection Behavior 

The static indentation response is almost identical to the low velocity response. The maximum 

149



  

2000 a a t OU | mm | Ly 

0.11" kevlar graphite hybrid 

1800F 5 

1600 low vel.impactload 5 

_Static indentation load 

     
1400F 

4
 

ho
 

Oo
 

oO
 T 

1000F 

800F 

im
pa

ct
 
an

d 
st

at
ic

 
lo
ad
 

(I
b)

 

600r 

400 
f O = intermediate damage levels ~ 

200 for visual inspection . ~     | 

0 0.1 0.2 0.3 0.4 0.5 0.6 
displacement of impact tup (in) 

  

Figure 5.4 Static indentation and low velocity load-deflection response of the keviar-graphite hybrid specimens illustrates 

the similarity of the composite’s resistance to perforation under the two types of loading. 

load is higher than the monolithic graphite specimen’s, peaking at nearly 1900 lbs. The thickness 

of the kevlar-graphite hybrid is significantly greater than the monolithic specimens (0.135" vs. 

0.108") and probably the reason for the increased load. If, for example, the portion of the load 

above 1400 Ibs, from 0.19 to 0.27 inches displacement was removed, the overall response of the 

kevlar-graphite hybrid would be nearly identical to the monolithic graphite’s response. The kevlar 

does little to increase the perforation resistance beyond an indentor displacement of 0.3 inches. 

5.5.1.4 Aluminum-Graphite Hybrid Load-Deflection Behavior 

Like the kevlar-graphite hybrid, the static indentation response is almost identical to the low 

velocity response. The maximum load is slightly higher than the monolithic graphite specimen’s, 

peaking at nearly 1650 Ibs, also probably due to the increased thickness of the aluminum-graphite 
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Figure 5.5 Static indentation and low velocity load-deflection response of the aluminum-graphite hybrid specimens 
illustrates the similarity of the composite’s resistance to perforation under the two types of loading. 

hybrid. The similarity of the response to the monolithic graphite’s response is also clear. The 

width of the load peak from 0.15 to 0.35 inches displacement is slightly greater than the 

monolithic graphite’s response, yielding a slight increase in perforation resistance. 

With the static indentation and low velocity impact load-deflection responses so similar, it may 

be assumed that the load distribution under the two conditions is reasonably close and that the 

impact specimens damage response can be determined from the static indentation specimens. 

5.5.2 Comparison of Perforation Damage from Low Velocity Impact and Static Indentation 

The side-views of the sectioned low velocity impact and static indentation specimens after being 

perforated are shown in Figs. 5.6, 5.7, 5.8, and 5.9. Monolithic graphite specimens will be 
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discussed first. The hybrid specimens will be discussed in reference to the monolithic specimens. 

5.5.2.1 Monolithic Graphite Perforation Damage 

The side-views of the low velocity impact specimen (bottom) and the static indentation specimen 

(top) are shown in Fig. 5.6. The specimens are magnified approximately 1.75x. The gage length 

is indicated by the white marks on the specimens. As a reminder, the composites are 9 ply 

laminates with the lay-up orientation angle of [0°,0°,90°,0°,90°,0°,90°,0°,0°]. The specimens were 

perforated from the top. The static indentation perforation damage is very similar to the low 

velocity impact damage. In the monolithic graphite specimens, the hemispherical indentor 

fractured the top surface plies and broke them off in flexure. The top surface plies and the middle 

5 plies failed in a sharp flexural break at a distance approximately 0.3 inches from the center of 

the specimen. This is especially apparent in the static indentation view. The middle plies all 

show excessive ply separation in the center region but only delamination cracks in the region 

outside of the middle 0.6 inches. The bottom 0° plies failed in tension and are separated from 

the rest of the laminate all the way out to the boundaries. 

5.5.2.2 Nitinol-Graphite Hybrid Perforation Damage 

The side-views of the low velocity impact specimen (top) and the static indentation specimen 

(bottom) are shown in Fig. 5.7. The nitinol/epoxy top surface has been removed for clarity and 

to facilitate cutting of the specimens. The magnification, orientation, gage length and lay-up are 

all the same as the monolithic specimens in Fig. 5.6. The static indentation perforation damage 

is even more similar to the low velocity impact damage than in the case of the monolithic 

specimens. The hemispherical indentor fractured all of the 0° plies by elongation and eventual 

tensile failure at the center of the beam. Little if any flexural damage (manifested by sharp 

changes in slope in the plies) is present. The 90° plies are apparently pulled out from between 
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Figure 5.6 The perforation damage is illustrated by side-views of the monolithic graphite low velocity impact specimen 
(bottom) and static indentation specimen (top). 

  

Figure 5.7 The perforation damage is illustrated by side-views of the nitinol-graphite hybrid low velocity impact specimen 

(top) and static indentation specimen (bottom). 

the O° plies or still attached to the bottom of the upper 0° ply. Extensive delamination and ply 

separation occurs at the 0° - 90° ply interfaces where the 0° is pulled away from the upper 90° 

ply. The ply separation has spread nearly to the boundary at every interface instead of being 

localized at the center. Less apparent, but still visible, is the indentation of the top surface plies 

from their original level as the nitinol wires dragged through them with the indentor. The 

perforation contact load is apparently carried by the entire gage length of nitinol/epoxy as the 
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perforation progresses. Damage is distributed more extensively than in the monolithic specimens. 

5.5.2.3. Kevlar-Graphite Hybrid Perforation Damage 

The side-views of the low velocity impact specimen (top) and the static indentation specimen 

(bottom) are shown in Fig. 5.8. The kevlar/epoxy top surface caused fiber fuzz to be distributed 

all along the cutting surface which are the white specks in the figures. The static indentation 

damage is similar to the low velocity damage but there is more ply separation and delamination 

present in the static indentation specimen. Like the monolithic specimens, the hemispherical 

indentor fractured the top surface plies and broke them off in flexure. The top surface plies and 

the middle 5 plies failed in a sharp flexural break at a distance approximately 0.5 inches from the 

center of the specimen. This is especially apparent in the low velocity specimen. In the low 

velocity specimen, the top and middle layer plies show excessive ply separation in the center 

region but not so extensive ply separation in the regions near the boundaries. The lower surface 

0° plies failed in tension as in the monolithic graphite specimen. The static indentation specimen 

is similar in form but has a greater level of ply separation extending further out from the center 

of the specimen. Potentially, the kevlar withstood a greater level of static indentation and 

transferred some of the load along the specimen. The fracture response appears to be intermediate 

to the monolithic graphite specimens (local ply fracture) and the nitinol-graphite specimens (global 

ply fracture). 

5.5.2.4 Aluminum-Graphite Hybrid Perforation Damage 

The side-views are shown in Fig. 5.9. The static indentation damage is similar to the low velocity 

damage but more ply separation and delamination is present in the low velocity specimen. Also 

like the monolithic specimens, the hemispherical indentor fractured the top surface and middle 

plies and broke them off in flexure. The plies failed in a flexural break at a distance 
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Figure 5.8 The perforation damage is illustrated by side-views of the keviar-graphite hybrid low velocity impact specimen 
(top) and static indentation specimen (bottom). 

  
Figure 5.9 The perforation damage is illustrated by side-views of the aluminum-graphite hybrid low velocity impact 

specimen (bottom) and static indentation specimen (top). 

approximately 0.4 inches from the center of the specimen. This is especially apparent in the static 

indentation specimen. The aluminum wires broke at the center of the specimen and were pushed 

through and deformed with the graphite plies. Little ply separation occurs in the static indentation 

specimen outside of the center 0.8 inches. The bottom 0° plies in both specimens failed in



tension. The low velocity specimen manifests significant ply separation at four of the 0° - 90° 

interfaces. The ply separation is not as great as in the nitinol specimens but is still significant. 

The top surface aluminum ply appears to have deformed only in the center region, with little 

deformation visible in the region near the boundaries. The fracture response appears to be 

intermediate to the monolithic graphite and nitinol-graphite hybrid specimens. 

Like the load-deflection response, the perforation fracture response of the static indentation and 

low velocity specimens appear to be very similar to each other in form and quantity of damage. 

The nitinol-graphite hybrid damage appears to be the most distributed through-out the specimen’s 

length and along the entire top surface. The monolithic graphite damage appears to be mostly 

localized in the center region under the impactor or indentor. The kevlar-graphite and aluminum- 

graphite hybrids’ damage distributions are intermediate to the monolithic and nitinol hybrid. They 

both demonstrate that some distribution of the contact load occurred. The damage, in the form 

of ply separation, is more extensive than in the monolithic graphite. The top surfaces in both the 

kevlar and aluminum hybrids, however, were fractured near the center and little if any top surface 

damage or deformation was present away from the impact or indentor site. In order to 

understand the nature of the damage initiation and progression and how the contact load is 

distributed, indentation of the various specimens to displacement levels prior to full perforation 

was then performed. 

5.5.3 Identify Composites’ Damage Response at Indentation Levels Prior to Perforation 

To determine the mechanisms of damage initiation and damage propagation, many researchers use 

the method of sectioning damaged specimens and visually inspecting the progressive failure 

(Woodward et al., 1994; Cantwell and Morton, 1990; Zhu et al., 1992a; Pintado et al., 1991). To 

determine the mechanism for perforation initiation in the monolithic graphite and hybrid graphite 

specimens a similar method will be used. The composite specimens were indented to discrete 
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Figure 5.10 Monolithic graphite, static indentation to 0.25 inches. Matrix cracks and delaminations are present. Light 
and dark regions represent 0° and 90° plies respectively. Dark region at top is top surface. 

displacement levels that are intermediate to delamination damage and full perforation (determined 

by closely monitoring the static indentation perforation process of section 5.5.2). The monolithic 

graphite specimens were indented to 0.25, 0.275, 0.3, and 0.35 inches. The hybrid specimens 

were indented to 0.25 and 0.35 inches. The indentation displacement levels are marked on the 

load deflection graphs of Figs. 5.2 - 5.5. Damage initiation in the static indentation process 

should match the damage initiation in the low velocity impact event. 

5.5.3.1 Initiation of Perforation Damage in Monolithic Graphite 

The optical microscopy pictures of the monolithic graphite static indentation specimens are shown 

in Fig. 5.10 through Fig. 5.13. The pictures represent section views of approximately 0.66 inches 

of the side of the specimen at the impact site and surrounding composite magnified by 6.4x. The 

contact load (indentation) was applied from the top. In some of the pictures, indentor scratches, 

in the shape of half of an ellipse can be seen on the top surface. 

Up to 0.25 in. indentation, damage occurs mostly in the form of matrix cracking and delamination 

in the composite around the indentation site. Some permanent deformation and minor tensile 

fracture of the lower O° plies is apparent. Middle plies begin separating at the edge of the 
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Figure 5.11 Monolithic graphite, static indentation to 0.275 inches. Significant matrix cracking, shear failure, 
delamination, and tensile failure of bottom plies is present. 

    

  
Figure 5.12 Monolithic graphite, static indentation to 0.3 inches. Top surface ply has failed in transverse shear at the 
edge of indentation site. Rest of composite fractures in combined shear and tension. 

indentation zone (light colored marks on the top surface in the middle 1.5" of the picture). At an 

indentation level of 0.275 in. (Fig. 5.11), significant matrix cracking has spread throughout the 

90° plies. Tensile fracture of the lower 0° plies continues and has begun in the other 0° plies.



Marks from the indenter are easier to discern on the top surface. The top surface 0° plies fail in 

a 45° oriented shear fracture by 0.3 inches indentation (Fig. 5.12). The middle plies fail in 45° 

oriented matrix cracking (90° plies) or combined shear and tensile fracture (0° plies). The lower 

plies appear to fracture in tension. 

Figure 5.13 illustrates the damage level at 0.35 inches of indentation. All of the plies have 

fractured in some form and the plies begin to lose their distinctive features. As the indentation 

progresses, indentation load is supported only by the flexural strength of the two cantilever halves 

of the specimen. As a result, the plies fail in flexure a short distance away from the indentation 

site as shown in Fig. 5.6. From these observations of the damage progression (Figs. 5.10 - 5.13), 

it can be concluded that transverse shear fracture of the top surface plies is significant in causing 

the perforation damage to remain localized at the impact or indentation site. Matrix cracking, 

delamination and tensile failure are also important fracture mechanisms prior to perforation of the 

composite. 

  
Figure 5.13 Monolithic graphite, static indentation to 0.35 inches. Top surface ply has failed in transverse shear at the 
edge of indentation site. Rest of composite continues to fracture in combined shear and tension. 
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Figure 5.14 Nitinol-graphite hybrid, indented to 0.25 in. The nitinol ply (white straight line) has separated from the 
graphite substrate. Graphite plies are intact except for some tensile fracture of lower plies. 

  

  

  
Figure 5.15 Nitinol-graphite hybrid, indented to 0.35 in. The graphite has separated from the nitinol ply (still intact) and 
has begun fracturing in shear and tension. 

5.5.3.2 Initiation of Perforation Damage in Nitinol-Graphite Hybrid 

The damage levels at 0.25 and 0.35 inches of indentation in the nitinol-graphite hybrid do not 

appear to be as significant as in the monolithic graphite composite. In Fig. 5.14, the underlying 
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graphite substrate has separated from the nitinol ply which appears as a thick white straight line 

above the graphite substrate in the picture. The separation probably occurred upon unloading of 

the 0.25 inch indentation. The nitinol layer is still elastic and the graphite has begun to 

permanently deform. Matrix cracking is present in the lower right hand corner and some tensile 

fracture of the lower 0° plies is present. Because of the nitinol’s high yield strength and 

toughness, no indentation scratches or marks are present. Figure 5.15 illustrates the damage that 

develops at 0.35 in. indentation. From the load-deflection curve (Fig. 5.3), it is apparent that at 

0.35 in. displacement the nitinol layer is already distributing or carrying more load than the 

monolithic graphite substrate can carry alone. The graphite substrate in Fig. 5.15 has mostly 

failed in shear and tension. The nitinol layer is apparently fully intact, still elastic (returns to 

straight line upon unloading) and able to carry a contact load to a much greater indentation level 

without plasticly deforming. Furthermore, less matrix cracking and delamination of the 90° plies 

from the 0° plies and less distortion of the fractured plies is apparent in the nitinol-graphite 

specimen compared to the monolithic graphite specimen. 

5.5.3.3 Initiation of Perforation Damage in Kevlar-Graphite Hybrid 

The damage level at 0.25 inches of indentation in the kevlar-graphite hybrid very different from 

the monolithic graphite specimen at the same level. In Fig. 5.16, the kevlar layer (solid white line 

above graphite) is not deformed and only a small level of delamination and tensile fracture is 

apparent in the graphite layers. The kevlar layer is much more compliant in the transverse 

direction than the aluminum and nitinol layers. For this reason, much of the displacement of the 

indentor is absorbed by the compliant kevlar before it is applied to the graphite substrate. 

The damage level at 0.35 (Fig. 5.17) is similar to the damage levels in the monolithic graphite. 

The kevlar layer has fractured in transverse shear at the right side of the indentation site. The 

underlying graphite substrate has also fractured completely in combined shear and tension. The 
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Figure 5.16 Kevlar-graphite hybrid, indented to 0.25 in. The kevlar ply (solid white line on top of graphite) is not 
permanently deformed. Matrix cracks, delaminations and tensile fracture are in the graphite. 

  
Figure 5.17 Keviar-graphite hybrid, indented to 0.35 in. Kevlar ply is fractured in transverse shear (right side of indent 
site). Rest of composite has failed in combined shear and tension. 

upper plies fractured mostly in shear (observe the mis-alignment in the two broken ends of the 

same ply) and the lower plies fractured in tension. Other than the local shear fracture at the edge 

of the indent site, however, the kevlar layer appears to be still intact. Because of the local shear 

fracture, the global strain capacity (two percent in tension) of the kevlar is reduced tremendously. 

The toughness of the kevlar in tension cannot be exploited to distribute the indentation or impact 

load. It is for this reason that the kevlar does not significantly increase the impact perforation 
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energy of the graphite substrate even though it has a significantly greater toughness. After the 

shear fracture, the top surface kevlar, like the monolithic graphite, can only continue to carry the 

indentation load by flexural resistance of the specimen cantilever halves. As the indentation 

progresses, the plies fail in flexure a short distance away from the indentation site as shown in 

Fig. 5.8. As in the monolithic graphite, the transverse shear strength of the top kevlar plies is 

important in determining the load carrying capacity of the composite. 

5.5.3.4 Initiation of Perforation Damage in Aluminum-Graphite Hybrid 

The damage levels at 0.25 and 0.35 inches of indentation in the aluminum-graphite hybrid are 

about the same as in the monolithic graphite composite. In Fig. 5.18, the aluminum layer (wavy 

white and grey lines above graphite) has permanently deformed (plastic yield). The underlying 

graphite substrate has begun to crack and separate in delamination. As the indentation progressed 

to 0.35 in., the aluminum wire layer fractured in transverse shear at the edge of the indentation 

site (Fig. 5.19). The rest of the composite fractured in the same manner with a transverse shear 

fracture line running from the point of fracture in the aluminum to the lower 0° graphite plies in 

a 45° orientation. Like the kevlar, the alumimum layer appears to be still intact other than the 

local fracture at the shear crack. Because the aluminum layer is cut at the edge of the indent site, 

the aluminum cannot continue to plasticly deform and carry the indentation load in tension. It is 

a good depiction of the local nature of the plastic fracture of the ductile aluminum wire layer. 

The top surface aluminum, like the monolithic graphite and kevlar hybrid can only continue to 

carry the indentation load by flexural resistance. As indentation progresses, the plies fail in 

flexure a short distance away from the indentation site as shown in Fig. 5.9. As in the monolithic 

graphite, the transverse shear strength of the top aluminum plies is important in determining the 

load carrying capacity of the composite. 
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Figure 5.18 Aluminum-graphite hybrid, indented to 0.25 in. The aluminum ply (white wavy lines) has permanently 
deformed with the graphite. Matrix cracks, delaminations and tensile fracture are present in graphite. 

  = 

a 

Figure 5.19 Aluminum-graphite hybrid, indented to 0.35 in. Aluminum ply is fractured in transverse shear (left side of 
indent site). Rest of composite has failed in combined shear and tension. 

5.5.3.5 Impact Perforation Failure Process 

From observations of the perforation damage initiation (Figs. 5.10-5.19) and the final perforation 

damage (section 5.5.2), the perforation fracture response can be determined. A schematic of the 

exaggerated fracture progression in the monolithic graphite specimens during perforation is shown 
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Figure 5.20 A schematic showing regions of critical stress level that initiate perforation in impact or indentation. 
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Figure 5.21 A schematic showing regions of critical stress levels as perforation during impact or indentation progresses 
in monolithic graphite. 

in Figs. 5.20 and 5.21. As Fig. 5.20 depicts, the perforation of the composites is initiated by high 

transverse shear stresses that develop at the edge of the impact or indentation site. The shear 

stresses cause a local cutting of the monolithic graphite, kevlar or aluminum layers. Delamination 

and matrix cracking damage is also present as shown by others (Chang, Choi, Jeng, 1990; Choi, 

Downs and Chang, 1991; Poe, 1991; Salpekar, 1993), but it is the transverse shear stress that cuts 

the top plies preventing them from supporting any more tension or membrane load (Woodward 

et al., 1993; Langlie and Cheng, 1989; Lee, Song and ward, 1994; Zhu et al., 1992a). Once the 

top plies have been cut, the rest of the graphite substrate in the kevlar hybrid, aluminum hybrid 
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Figure 5.22 A schematic showing regions of critical stress levels as perforation during impact or indentation progresses 
in a nitinol-graphite hybrid. 

and monolithic graphite fractures in combined shear and tension (Figs. 5.13, 5.17, 5.19). As Fig. 

5.21 depicts, the motion of the indentor then cause flexural failure of the top and middle surface 

plies while the bottom plies fail in tension as they elongate to fracture. Separation of the middle 

plies from each other is diminished in the monolithic graphite, kevlar and aluminum hybrids 

because the load is not as distributed as in the nitinol-graphite hybrid (Figs. 5.6, 5.8, 5.9). From 

inspection of the monolithic graphite, kevlar hybrid and aluminum hybrid top surfaces, very little 

damage was observed a short distance away from the impact site indicating that significant stresses 

were not supported there. 

In the nitinol-graphite hybrid, a different perforation fracture process occurs. As depicted in Fig. 

5.22, the nitinol layer can withstand the high transverse shear stresses at the edge of the impact 

site and still remain elastic (Fig. 5.15). As the motion of the indentor or impactor progresses 

through the composite specimen, it pulls the nitinol wires. The indentation or impact load is 

distributed through the tensile loading of the nitinol and spread out over a greater surface area. 

The entire impact surface of the 3 in. long low velocity impact specimens shared some level of 

loading as aresult. The ply separation in the middle plies 1s greater in the nitinol-graphite hybrid 

than in the other specimens because of the distributing effect of the nitinol layers. 
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5.5.4 Relate Perforation Fracture Response to Composite Material Properties 

The increased resistance to perforation of the nitinol-graphite hybrid, whether in static indentation 

or low velocity impact, is a result of the nitinol’s ability to undergo large deformations without 

experiencing local failure. The nitinol wires resist the transverse shear deformations as illustrated 

by Figs. 5.14, 5.15. The other composite specimens fail in transverse shear at the same 

displacement levels (Figs. 5.10-5.19). The ability to withstand the transverse shear or the 

transverse shear strength, appears to be a key parameter in determining the impact load level (or 

displacement level) at which a material will experience perforation. By withstanding the 

transverse shear cutting at the impact site and remaining in an elastic state, the nitinol is able to 

utilize its full capability for elastic deformation to distribute the load over a greater material 

surface area. Nitinol wire’s ability to experience large reversible deformations in uniaxial loading 

is a result of the martensitic phase transformation that the material undergoes. Cross, Kariotis and 

Stimler (1970) and Jackson, Wagner and Wasilewski (1972) characterized some of the material’s 

mechanical properties but they focused on the uni-axial values. Little has been done to 

characterize the nitinol wire’s transverse properties. Ad hoc transverse crushing experiments 

performed by this author have demonstrated that drawn superelastic nitinol wire (0.02" diameter) 

has at least as much elastic strain capacity in the transverse direction as it does in the uniaxial 

direction. 

To correlate the composite material’s response to a specific material parameter, the transverse or 

out-of-plane shear strength of the composite materials (graphite/epoxy, glass/epoxy, kevlar/epoxy, 

aluminum/epoxy, nitinol/epoxy) was determined. Since it appears that this parameter dictates the 

ability of the composite material to withstand the initiation of the perforation action, it was 

postulated that the same relative performance between the materials will be demonstrated in shear 

as was demonstrated in the previous section. 
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Figure 5.23 Pictures of the device for double shearing tests of the composite specimens. The specimen is clamped in 
each of the three sections (left), shearing action (center), composite specimen ready to be sheared (right). 

Few formal methods exists for accurately determining the absolute transverse, out-of-plane (T,,), 

shear strength of an orthotropic composite lamina (Tarnopol’skii and Kincis, 1985). A common 

method for determining the relative transverse shear strength of various materials to each other 

is the use of a double shearing fixture (Tarnopol’skii and Kincis, 1985). The fixture that was used 

for the testing reported in this study is shown in Fig. 5.23. The gage specimen is clamped 

between the clamping blocks of the three sections (as in right hand picture). The two outside 

blocks are connected to the bottom vertical tab and the center section to the top tab. By pulling 

on the tabs in an MTS load frame and monitoring displacement and load, the relative load to shear 

each of the composite specimens can be determined. The shear strength is determined by dividing 

the load to shear the specimens by the tangential specimen area at each of the cutting planes. 

Because a uniform distribution of tangential stresses at each of the cutting planes does not truly 

exist, the shear strength values are only qualitative with the other specimens tested in the same 
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Figure 5.24 Transverse shear strength for the host composite materials and the hybrid composite layers each 
individually determined. The nitinol is significantly stronger than the other materials. 

manner (Tarnopol’skiit and Kincis, 1985). To increase the accuracy of the shear tests, the fixture 

was carefully machined with a tolerance of approximately 0.0004 in. (0.01 mm) between the 

center sliding section and the fixed outer sections. The fixture was heat treated to a hardness level 

of R,=62 to minimize deformations of the cutting edges by the composite specimens. The 

specimens were all tested at the thickness that they are used in the impact tests. 

The results from the double shearing tests of each of the composites and the hybrid composite 

layers is presented in Fig. 5.24. The shear displacement is normalized by the thickness of the 

gage specimen. The results presented in Fig. 5.24, confirm the findings of the indentation tests. 

The nitinol/epoxy is significantly stronger than any of the other composites. As expected for 

isotropic materials, the aluminum portion of the aluminum/epoxy has a shear strength 

approximately 1/2 the ultimate tensile strength (approximately 50 Ksi) of the aluminum wire. The 
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graphite composite has a moderate level of shear strength compared to the aluminum. From these 

results, it is clear why the aluminum/epoxy material does not improve the graphite’s perforation 

resistance. The aluminum/epoxy actually fails at a lower level of shear than the graphite itself. 

The kevlar/epoxy has a shear strength approximately 25 percent greater than the graphite and 80% 

greater than the glass. Since the shear strength of the kevlar is only marginally higher than 

graphite, the results of chapter 4, section B, which showed that the kevlar-graphite hybrids 

increased perforation resistance by only a small amount, are now understandable. The 

nitinol/epoxy layer has an ultimate shear strength of 2.8x the graphite composite. As a result it 

can be stated that the nitinol resists deformation under static indentation and low velocity impact 

because of its superior transverse shear strength. The mechanisms within the nitinol material for 

attaining this high shear strength (i.e. whether it is dependent on the martensitic phase 

transformation or some other phenomena) is still however unclear and must be investigated in a 

future study. 

Optical microscopic pictures of the failure planes of the aluminum and nitinol after the shearing 

tests were taken and examined to determine the type of failure within the wires. The aluminum 

wires demonstrated nearly pure shearing failure. The shearing action resulted in a fairly smooth, 

flat tangential plane at the end of the wires. The nitinol wires demonstrated some shearing action 

as the first 1/3 of the wire diameter was cut. Thereafter, the nitinol failed in a combination of 

tension and shear. This indicates that there is a potential for an even higher level of shear strength 

in the nitinol if a method can be found to test in pure shear. Pictures of the kevlar could not be 

taken because the organic nature of the kevlar does not reflect any light. 

The transverse shear strength can be used as a comparative parameter to determine the initiation 

of perforation in composite materials under various levels of impact. The correlation of the 

perforation energy of composite materials to the transverse cutting resistance of the surface 

material is potentially significant to understanding the perforation event in composite materials. 
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5.6 RELATIONSHIP TO HIGH VELOCITY SPECIMENS 

Pintado et al. observed that as velocities increase, the inertial effect in the structure become more 

important relative to the structures global response and therefore the impact kinetic energy has to 

be dissipated in a more localized region. They observed that the brittle systems that they tested, 

appeared to fail more locally in high velocity versus low velocity and that the damage threshold 

(energy level at which damage propagates) is lower at high velocities. For a toughened 

interleaved systems, they observed the opposite, that the damage threshold is higher at high 

velocities than in low velocities. Lagace et al., (1993) compared the structural response of 

composite specimens at high velocities with the static indentation response of a specimen with a 

globally rigid support or with infinite global bending stiffness. In the high velocity case the 

stresses due to indentor contact are most important and damage initiates at the edge of the contact 

zone as a result. 

In the pictures of the high velocity impact specimens (chapter 4, section C), it was shown that the 

impact damage is very localized when compared to the low velocity specimens’ response. 

Obviously, the higher the rate of loading, the more local the response of the structure becomes 

because of the structure’s inertia. As impact velocity increases and damage becomes more 

localized the transverse shear strengths of the composite becomes even more important to the 

composite’s survivability. At high velocities, contact stresses increase dramatically because of the 

shorter time of contact. With layers of very tough nitinol/epoxy plies on the outside surface, the 

impact event is distributed over a larger area causing coupling with the substrate composite and 

a greater perforation energy. This is demonstrated in the high velocity results. The nitinol/epoxy 

plies cause the perforation energy to increase far beyond what the nitinol/epoxy plies can dissipate 

by themselves during perforation. 

171



5.7 CONCLUSIONS 

From the experimental examination of the low velocity impact response of the monolithic graphite 

and hybrid graphite specimens, the following conclusions can be made. 

¢ Static indentation tests using the same load application device (hemi-spherical indentor) and 

boundary conditions have similar load-deflection responses to low velocity (vel. < 20 ft/s) 

impact specimens at perforating impact energy levels. 

¢ The damage that develops in the monolithic graphite and nitinol graphite specimens under low 

velocity impact and static indentation are nearly identical in quality and quantity. The kevlar 

and aluminum hybrid materials vary somewhat between the two loading conditions, but are 

similar enough so that the low velocity impact can be modelled by the static indentation. 

¢ In the monolithic graphite, kevlar-graphite, and aluminum-graphite hybrid specimens, damage 

during low velocity perforation (and static indentation) has the following sequence: 

delamination and matrix cracking, lower surface ply fiber tensile fracture, transverse shear 

cutting of the top and middle plies, and finally flexural fracture of the top and middle plies 

as the perforation is completed. 

¢ In nitinol-graphite hybrid specimens under low velocity impact (and static indentation) damage 

develops in the following sequence: delamination and matrix cracking, lower surface ply fiber 

tensile fracture, failure in middle surface plies in combined shear and tension, continued 

tensile fracture of middle surface plies and ply separation and finally fracture or separation 

of the nitinol wires to allow the perforation to be completed. 

¢ A double shearing test of the composite substrates and the hybrid composite layers yielded 
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a qualitative value for the transverse shear strength of the various composite materials. The 

aluminum and glass composites were very weak in transverse shear resistance. Kevlar and 

graphite composites where significantly stronger than the glass and aluminum/epoxy and 

within 25 percent of each other. The nitinol/epoxy was approximately 2.8 times as strong in 

transverse shear as the monolithic graphite specimens. 

¢ The nitinol wire/epoxy surface layers resist the transverse shear cutting action which initiates 

perforation, allowing the top surface to support the contact load during impact. Through 

membrane loading of the nitinol wires, the contact load is distributed over a greater composite 

surface area yielding a greater specimens perforation resistance. 

Finally, the transverse shear strength can be used as a comparative parameter to determine the 

initiation of perforation in composite materials under various levels of impact. The correlation 

of the perforation energy of composite materials to the transverse cutting resistance of the surface 

material represents a significant step to understanding the perforation event in polymer matrix 

composites. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions and recommendations from each of the 5 previous chapters are summarized along 

with the relevance to the entire subject matter. Conclusions in some cases have been expanded 

upon so that they may be read without requiring the reader to review the chapter. 

CHAPTER 1: 

¢ The concepts behind shape memory alloy hybrid composites have evolved since their 

inception in the late 1980’s. Initial applications focused on using the embedded SMA wires 

to change or control the material and structural properties of the host composite structure in 

order to affect the dynamic response or to affect the hybrid composite structures’ shape. 

¢ The low level of repeated heating and cooling rates that can be attained for SMA elements 

embedded in composite structures limit the SMA actuation response time in applications 

where the structural’s dynamic response 1s controlled. 

* In structural applications desiring an adaptive dynamic response, the out-of-plane stiffness 

properties of the composite structure must often be controlled. The difficulty of attaining truly 

rigid structural boundaries in real composite structures becomes a practical limitation on the 

amount of dynamic and static actuation authority that the embedded SMA elements can 

generate to contro] the out-of-plane properties. 

e Present applications demonstrate the utility of the SMA wires to change quasi-static or static 

behavior. Deflection control of cylindrical and shell structures, stress reduction in composite 
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cylinders and improving the impact damage resistance of the host composite material have 

been investigated. These concepts have the potential to increase the use of composite 

structures in applications where their use might presently be limited. 

¢ By using shape memory alloy elements in a quasi-static or passive mode, the problems and 

requirements associated with activation of the SMA elements and boundary constraints 

become less important. 

¢ Investigations are still needed to show that the presence of the SMA wires in the host 

composite material does not degrade the host composite’s mechanical properties. Long term 

cycling studies of the static activation of the SMA are also necessary. 

CHAPTER 2: 

¢ Applications for multifunctional SMA hybrid composite materials using the SMA elements 

as quasi-static or passive reinforcement require that a strong interfacial bond exist between the 

embedded SMA element and the rest of the host composite material. In deflection control and 

static stress reduction of composite cylinders, separation of the SMA actuators from the host 

composite plies can lead to buckling of the inner composite layers as the SMA elements 

generate the external compressive actuation force. For improving the impact resistance of 

composite materials, interfaces between SMA wire and host composite that can tolerate higher 

stress levels will enable the SMA elements to disperse the local impact energy over a greater 

composite surface area. This leads to greater impact energy resistance. 

¢ To determine the ultimate level of interfacial shear stress that the nitino] fiber/composite 

material interface can withstand, the experimental nitinol fiber composite pull-out test was 
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characterized. The experimental behavior was characterized by modifying an existing pull-out 

stress/displacement model and using it to model the nitinol fiber/composite system. The 

model uses two key parameters, the “initial debond stress" (stress to initiate failure between 

nitinol fiber and host composite) and the “interfacial pressure" (residual clamping pressure 

normal to the nitinol fiber/composite interface), to model the change in pull-out response for 

different nitinol surface treatments and two host composites. 

It was determined that peak pull-out stresses (and interfacial shear strengths) in the GR/EP 

host composite system are very dependent on a good mechanical interaction at the nitinol 

fiber/composite interface which increases the amount of apparent interfacial pressure or 

residual clamping pressure. In the APC-2 host composite system, peak pull-out stresses are 

especially dependent on the quality of adhesion between nitinol fiber and composite. 

From the different nitinol fiber surface treatments tested, it was found that sandblasting nitinol 

fibers to be embedded in APC-2 (graphite/PEEK thermoplastic) and graphite/epoxy can 

increase the adhesion strength and post fracture frictional pull-out stress levels. Mechanical 

interaction between the nitinol and host composite is enhanced by increasing the nitinol 

surface roughness. 

The other surface treatments tested (sanded, acid-cleaned, and untreated oxide coating) were 

not as effective as the sandblasting at enhancing the adhesive bonding between nitinol fiber 

and host composite. In the graphite/epoxy system, the sanded fibers demonstrated moderately 

improved adhesion after the initiation of the interface fracture crack. The acid-cleaned fibers 

had virtually the same interface adhesion characteristics in the graphite/epoxy systems as the 

untreated nitinol fibers. In the APC-2 system, the pull-out samples with untreated fibers had 

a high level of average initial interface adhesion, but the degree of variability among the 

samples was high. The acid cleaned and sanded pull-out samples in the APC-2 system had 
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significantly lower levels of adhesion than the sandblasted samples. 

¢ The pull-out model for the nitinol/composite systems can be used to design more complex 

hybrid composite material systems with embedded nitinol fiber actuators and sensors. A 

design rationale for preparing (surface treatments) nitinol actuators for various applications 

has been developed. The relationship between high interface residual clamping pressure and 

good fiber to composite interfacial adhesive strengths has been demonstrated with the model 

of the pull-out stress versus displacement response. Cylindrical shells and pressure vessels 

provide such applications. 

CHAPTER 3: 

¢ Using the SMA elements in the composite material as reinforcement for static deflections, the 

shape memory alloy composite layer(s) act as a controlled external pressure creating a 

compound cylinder effect. 

* A linear elastic solution has been used to create a method for modeling a hybrid composite 

material cylinder with SMAC and PMC layers. Called the adaptive composite cylinder 

concept, SMAC layers are used to create a controllable external pressure in multi-layer 

composite cylinders. The external pressure or compressive strains generated by the SMAC 

layer(s) create a compound cylinder effect which reduces peak tensile stresses and radial 

dilation in the composite cylinder. 

¢ Ina graphite/epoxy-SMAC composite cylinder with a 55° ply angle layup, a reduction in peak 

tensile hoop stresses of 50 Ksi was demonstrated. A five percent reduction in radial 

expansion is demonstrated in glass/epoxy cylinders with shape memory alloy composite layers. 
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¢ The potential reduction of peak hoop stresses in the composite cylinder inner wall is fairly 

independent of composite material type for SMAC to PMC layer thickness ratios below one. 

SMAC layers can also be added to thin-wall composite material cylinders to give them added 

pressure carrying capacity and reduce radial dilation from internal pressure. It has been 

shown that SMAC layers can increase the pressure carrying capacity of graphite/epoxy, 

glass/epoxy, and kevlar/epoxy composites. 

¢ Design curves based on the theoretical investigation are presented for determining the required 

thickness of external SMAC layers to reduce the inner wall tensile hoop stress level and radial 

expansion in internally pressurized composite cylinders. Dependent on the ratio of SMAC 

layer thickness to PMC layer thickness, peak tensile hoop stresses and radial expansion of the 

cylinder inner walls can be significantly reduced. 

¢ The model uses an SMA actuator induced recovery strain to generate recovery stresses similar 

to temperature induced residual strains. Further work should be performed to create a model 

that accurately incorporates the constitutive relations of SMA actuators into the stress-strain 

behavior of an adaptive composite cylinder. 

CHAPTER 4: 

¢ The utilization of superelastic nitinol SMA to improve the impact resistance of polymeric 

matrix composite materials was investigated. The experimental results demonstrated 

substantively that the nitinol SMA can improve perforation resistance. 
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CHAPTER 4 SECTION A: 

¢ In this preliminary testing, the SMA hybrid composite specimens had generally higher impact 

resistance than monolithic graphite composites as measured by delamination area and peak 

impact force. The results of the low velocity impact tests strongly suggest that the presence 

of the SMA elements improves impact resistance, although more testing must be completed 

to gain statistical significance. 

¢ The higher levels of peak impact force in the SMA hybrid specimens show that higher 

amounts of energy were absorbed by the hybrid specimens during the impact event. To 

confirm the hypothesis, further investigations must be performed to determine the mechanisms 

for impact strain energy alleviation in the hybrid composite materials. 

¢ The mechanism(s) for impact damage growth (delamination area and fiber breakage) and how 

it is limited in the hybrid composite materials should also be identified. A 10 to 25 % 

reduction in delamination area was observed in the SMA hybrid specimens over the all- 

graphite specimens. The mechanisms for limiting the damage growth may include: the 

dissipation of impact energy through the nitinol stress-induced-martensitic phase 

transformation as hypothesized; fracture of the nitinol-composite interfaces; and/or pull-out 

of the nitinol fibers. 

¢« Also demonstrated in the experiments was the improved perforation resistance of hybrid 

composite specimens over the all-graphite specimens. Further research into the hybridization 

of glass and kevlar/epoxy laminates with nitinol SMA fiber may show that the improved 

impact resistance (especially perforation resistance) can also be achieved in materials that are 

already less susceptible to impact-induced ply delamination and fiber breakage. 
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CHAPTER 4 SECTION B: 

¢ Low velocity, drop weight impact experimental results demonstrate how impact side layers 

of nitinol/epoxy, aluminum/epoxy, kevlar/epoxy hybrid material layers effect the low velocity 

impact perforation energy of a graphite/bismaleimide and glass/epoxy host composite material. 

¢ Monolithic graphite specimens fail in perforation at 40.4 ft-lbs of impact energy. The failure 

event is characterized by a steady increase in impact load and a quick drop off as the damage 

progresses and the material is perforated. The observed damage in the specimens is a hole 

punched through the impact side and massive fiber shear-out as the impact tup (impactor) 

exits. 

¢ The monolithic glass/epoxy composite has significant impact toughness by itself (perforation 

energy = 60 ft-lb) but can still be improved by hybridizing with a nitinol/epoxy layer. None 

of the other hybrid materials tested improved the impact resistance of the monolithic glass 

system. The perforation failure in the glass composite is more local than in the graphite 

specimens. A hole is punched through the top surface and the bottom plies fail in flexure. 

¢ Nitinol/epoxy graphite and glass hybrid specimens demonstrated significantly higher impact 

perforation energies (64 ft-lb in graphite and 79 ft-lb in glass) than the other hybrid and 

monolithic specimens. Failure of the nitinol/epoxy layer occurs when most of the nitinol 

fibers separate around the penetrating impact tup. A few of the fibers are broken in tension 

as they are strained to their ultimate limit by the impact tup. 

¢ The nitinol/epoxy layer distributes the impact load over a larger specimens surface area which 

increases the energy to cause perforation. The nitinol/epoxy layer on the host composites 

appears to undergo the stress-induced martensitic phase transformation in response to the 
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localized impact deformations. Because the response is inelastic instead of plastic, the impact 

strain in the nitinol fibers extends to the specimen boundaries. This is manifested by the 

interfacial epoxy failure in the nitinol/epoxy layer. Because the material does not fail locally 

by plastic yielding, the nitinol wire distributes the impact load. 

The aluminum/epoxy appears to deform in a classic plastic deformation mode under the high 

local strains at the impact site. The aluminum failure is localized and is accompanied by 

permanent deformations in the aluminum wire around the site. Very little increase in 

normalized impact perforation energy is manifested in the aluminum hybrid specimens 

The kev/ep layers appear to deform in a fashion similar to the alu/ep. The material appears 

to fail by tearing of the kevlar fibers as the tip pulls the hybrid layers through the underlying 

graphite/bismaleimide or glass/epoxy substrate. When normalized by thickness, the dissipated 

energy is greater than in the aluminum/epoxy case but on par with the monolithic 

graphite/bismaleimide. 

The addition of nitinol/epoxy layers greatly improves the impact perforation toughness of the 

composite materials. It is probable, however, that there is an optimum ratio for the thickness 

of the nitinol/epoxy hybrid layer to the underlying composite thickness. This is demonstrated 

by the diminished increase in perforation energy for the composites with the thicker hybrid 

kevlar and nitinol layers. 

The results strongly suggests that hybridizing brittle ceramic fiber reinforced composite with 

wire or elements of SMA will lead to significant improvements in impact perforation 

resistance. 
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CHAPTER 4 SECTION C: 

* The experimental high velocity impact results demonstrate how impact side layers of 

nitinol/epoxy, aluminum/epoxy, kevlar/epoxy hybrid material layers effect the high velocity 

impact response of a graphite/bismaleimide and glass/epoxy host composite material. A small 

steel projectile was propelled by a gas gun to obtain the desired impact energies. 

¢ Monolithic graphite and glass specimens fail in perforation in a more local manner than in the 

low velocity specimens. Perforation in the monolithic graphite specimens manifested itself 

as a slit in the top plies normal to the graphite fiber direction rather than a punched hole, and 

fiber shear-out in the back plies. The perforation damage mode in the monolithic glass 

specimens was similar with the back plies failing in flexure. Perforation energies were 24 and 

44 for the monolithic graphite and glass respectively. 

¢ Hybrid SMA composite specimens demonstrate significantly higher impact perforation 

energies than the other hybrid composite specimens tested even when normalized by volume 

and density. The resulting perforation energy represents an increase of over 100% for the 

nitinol-graphite hybrids (51.6 ft-lbs, normalized) and 67% for the nitinol-glass hybrids (73 ft- 

Ibs, normalized). 

¢ From visual inspection of the high velocity nitinol-graphite hybrid specimens, the nitinol wires 

in the nitinol/epoxy layers appear to experience interfacial shear strains up to 4 or 5% at the 

specimen boundaries. The nitinol must undergo the stress-induced martensitic phase 

transformation when they are subjected in such high strain levels. The nitinol does not appear 

to locally deform in response to the localized impact deformations like the kevlar and the 

aluminum. The impact energy is instead distributed over a greater amount of hybrid and host 

composite material surface area. 
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¢ In the glass/epoxy nitinol hybrid materials, the impact energy is distributed well enough to 

change the impact failure mode from a local perforation in the monolithic specimens to a 

global fracture mode in the nitinol hybrid. The nitinol epoxy layer was not perforated, instead 

the underlying glass composite substrate failed in tension as the distributed load from the 

nitinol layer increased the membrane and flexural stresses. 

e As in the low velocity testing, the aluminum/epoxy appears to deform in a classic, plastic 

deformation mode under the high local strains at the impact site. Perforation failure occurs 

at relatively low impact energies compared to the monolithic graphite and glass specimens 

(volume normalized, 22.7 and 44.4 ft-lb respectively) and is more localized at the impact site 

than in the low velocity specimens. 

¢ Unlike the low velocity results, the kevlar layer does marginally improve the impact 

perforation resistance of the monolithic graphite and glass specimens in the high velocity 

testing (volume normalize, 29.8 and 52.5 ft-lb respectively). The kevlar appears to withstand 

the localized high velocity impact strains better than low velocity distributed strains. The 

impact is distributed over a greater surface area of the kevlar hybrid specimens than the 

monolithic graphite specimens, although it is still not as extensive as in the nitinol-graphite 

hybrids. 

CHAPTER 5: 

¢ An experimental examination of the low velocity impact specimens and comparative static 

indentation specimens was made to determine the mechanisms for improved impact resistance 

in the nitinol-graphite specimens over the monolithic graphite and hybrid graphite specimens. 

The following conclusions can were made. 
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¢ Static indentation tests using the same load application device (hemi-spherical indentor) and 

boundary conditions have similar load-deflection responses to low velocity (vel. < 20 ft/s) 

impact specimens at perforating impact energy levels. 

¢ The damage that develops in the monolithic graphite and nitinol graphite specimens under low 

velocity impact and static indentation are nearly identical in quality and quantity. The kevlar 

and aluminum hybrid materials vary somewhat between the two loading conditions, but are 

similar enough so that the low velocity impact can be modelled by the static indentation. 

¢ Inthe monolithic graphite, kevlar-graphite, and aluminum-graphite hybrid specimens, damage 

during low velocity perforation (and static indentation) has the following sequence: 

delamination and matrix cracking, lower surface ply fiber tensile fracture, transverse shear 

cutting of the top and middle plies, and finally flexural fracture of the top and middle plies 

as the perforation is completed. 

¢ In nitinol-graphite hybrid specimens under low velocity impact (and static indentation) damage 

develops in the following sequence: delamination and matrix cracking, lower surface ply fiber 

tensile fracture, failure in middle surface plies in combined shear and tension, continued 

tensile fracture of middle surface plies and ply separation and finally fracture or separation 

of the nitinol wires to allow the perforation to be completed. 

e A double shearing test of the composite substrates and the hybrid composite layers yielded 

a qualitative value for the transverse shear strength of the various composite materials. The 

aluminum and glass composites were very weak in transverse shear resistance. Kevlar and 

graphite composites where significantly stronger than the glass and aluminum/epoxy and 

within 25 percent of each other. The nitinol/epoxy was approximately 2.8 times as strong in 

transverse shear as the monolithic graphite specimens. 
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¢ The nitinol wire/epoxy surface layers resist the transverse shear cutting action which initiates 

perforation, allowing the top surface to support the contact load during impact. Through 

membrane loading of the nitinol wires, the contact load is distributed over a greater composite 

surface area yielding a greater specimens perforation resistance. 

e Finally, the transverse shear strength can be used as a comparative parameter to determine the 

initiation of perforation in composite materials under various levels of impact. The correlation 

of the perforation energy of composite materials to the transverse cutting resistance of the 

surface material represents a significant step to understanding the perforation event in polymer 

matrix composites. 

187



VITA 

Jeffrey Steven Nelson Paine was born in Seattle, Washington on February 28, 1964. He grew up 

in Pittsburgh, PA. and San Jose, CA., and graduated from Leland High School in San Jose in 

1982. For one and one-half years in 1983 and 1984, he lived and worked in West Germany (now 

Germany) as a voluntary representative of the Church of Jesus Christ of Latter Day saints. Upon 

returning from Germany, he returned to Brigham Young University and pursued an undergraduate 

education in mechanical engineering. In the spring of 1989, he received his Bachelor’s of Science 

degree in Mechanical Engineering from Brigham Young University. He started his graduate work 

at Virginia Tech in the Fall of 1989 and finished his Master of Science degree in Mechanical 

Engineering in March of 1991. After spending a year teaching as an instructor in the mechanical 

engineering department at Virginia Tech, he continued his education, pursuing his Ph.D. degree 

in that same department. In November, 1994, he successfully defended his doctoral dissertation 

and completed his Ph.D. studies. He is planning to receive a University faculty position starting 

the academic year 1995-96. 

led Vive 

  
188


