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Abstract 

Intelligent materials are a class of material systems usually consisting of a composite or 

hybrid material system with fibrous or distributed actuators, various sensors and a control 

system. One type of actuator being developed for intelligent material systems is made 

of nitinol or shape memory alloy wire. In order for nitinol and other actuators to be a 

reliable part of the system, the effect of composite manufacturing on the actuators’ 

performance and behavior must be determined. The results of a study investigating the 

effects of a "high temperature" thermoplastic composite processing cycle on the nitinol 

actuator’s performance is presented. A study of the interfacial strength between the 

actuators and APC-2 thermoplastic composite is also reported. 

The nitinol actuators were exposed to high temperature (400°C) composite processing 

cycles. Critical parameters of the processing cycles were varied to determine their effect 

on the actuators’ performance. After the processing cycles, the nitinol actuators



demonstrated useable recovery stresses (G;) of 173-265 MPa. The o* of a nitinol actuator 

in the virgin state, subjected to a thermoset processing cycle, and embedded in a specimen 

of APC-2 thermoplastic composite was also tested to develop a basis for comparison. 

The quality of the actuator-composite interface bond was tested by pull-out testing and 

fatigue loading to determine if the actuator is adequately bonded with the host composite. 

Pull-out forces of 30-50 N could fracture the actuator-composite interface, but 1000 

activation cycles of the actuator produced no damage in the bond between actuator and 

host composite.
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Chapter 1 

Introduction and Literature Review 

1.1 Introduction 

Man’s desire to imitate nature has prompted the creation of new types of material 

systems, known as intelligent material systems. Intelligent material systems are a class 

of material systems currently being developed for numerous structural control 

applications. Their design is motivated by the design and function of biological 

organisms. Like the biological systems they attempt to mimic, intelligent structures 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. Intelligent material systems have been created that 

mimic the behavior of skin (Vogel, 1990), fingers and arms (News Trends, 1989), and 

human and animal ears (Gosch, 1987). Other material systems simply seek to mimic a 

certain biological behavior, with the goal to better perform a task.



Recent research has led to the development of intelligent material systems that can change 

the stiffness, shape and dynamic behavior of structures in which they are used (Barker, 

1989; Anders, 1990). The material systems utilize shape memory alloys (SMA) as fibrous 

actuators to modify properties of structures in which they are embedded (Liang and 

Rogers, 1990b). The shape memory alloys are utilized as actuators by exploiting their 

ability to change stiffness and shape on being heated. 

Nitinol wire is an SMA currently being used as an actuator in intelligent material systems. 

Shape memory alloys are characterized by their ability to recover their original shape after 

being inelastically strained. On being heated above their transition temperatures the SMA 

undergo a phase change which forces the inelastic strain to be recovered. By initially 

straining the nitinol wire actuator and placing it in a restraining environment, the actuator 

will be restrained from recovering and in turn generate a desired recovery stress. The 

recovery stress or force of the actuator is then used in the composite structure to change 

certain attributes of the system. The ability of the SMA to return to its original shape 

after being inelastically strained is called the shape memory effect (SME). The 

mechanism of the SME will be introduced in more detail in a later section. 

Actuators and sensors are often embedded in polymer matrix composites to produce the 

intelligent material systems. The composites provide a skeleton or support for the system 

and may be produced in a variety of shapes for various applications. The actuators and 

sensor components can easily be laid up in the composite during production. The ability



to produce the intelligent material system with the embedded actuators and sensors in one 

process makes composite materials especially useful in this application. 

Polymer based composites are of two types — thermoset and thermoplastic. Thermoset 

composites, like common epoxy, are based on polymer chains that link together during 

the cure process with strong, permanent, molecular bonds. The curing or processing cycle 

requires long processing times (>1 hr) and temperatures usually no greater than 200°C. 

Thermoplastic polymers are based on tangled polymer chains that are attracted to each 

other on the intermolecular level. Electrostatic and weak van der Waals forces keep the 

spaghetti-like polymer chains sticking together (Baer, 1986). These intermolecular forces 

can be broken by heating the thermoplastic polymer above a melt temperature. The 

engineering thermoplastic polymers must be processed and formed at temperatures above 

the melt temperatures which sometimes exceed 350°C. Unlike thermoset polymers, 

thermoplastic polymers can be processed with very short processing times (<1 min) and 

can be repeatedly melted to be reformed and repaired. This makes them especially 

attractive compared to conventional thermoset polymers. 

Most of the previous research with intelligent material systems utilizing embedded 

actuators involved thermoset composites such as graphite/epoxy or glass/polyester. The 

effect of the thermoset processing cycle temperatures on the SME of the nitinol actuator 

was investigated by Barker (1989). The nitinol actuators performed well in the thermoset 

composites. The temperatures of the thermoset processing cycle (177°C) had only a



minor effect on the actuator’s shape recovery behavior. The ability of the nitinol actuator 

to influence thermoplastic composites has now also been investigated and the findings are 

reported herein. 

In order to guarantee satisfactory performance from the nitinol actuator embedded in the 

composite, the effect of the thermoplastic processing on nitinol actuators was investigated. 

The shape recovery performance of nitinol actuators was tested after being exposed to the 

thermoplastic processing cycle. APC-2 PEEK/graphite composite, a typical thermoplastic 

composite from ICI Fiberite was used. It must be processed at temperatures as high as 

380°C (720°F). This thesis will report the findings from an investigation of nitinol 

actuators’ performance in thermoplastic based adaptive hybrid composites. Specifically 

the issues that will be addressed are: the effect of high temperature composite processing 

cycles on the performance of the nitinol actuator and the ability of the post-processed 

nitinol actuator to bond well to the host thermoplastic composite structure. 

1.2 Intelligent Material Systems 

The science and technology of intelligent material systems is emerging as a means to 

solve many of the structural problems facing design engineers. As briefly commented in 

the introduction, intelligent material systems are combined systems of sensors, actuators, 

structure and controls. Rather than just forming the body of the structure, these material 

systems are able to adapt and change to input or stimuli. Such "intelligent" material



systems behave in a sense like their biological counterparts, the skin or limbs of the 

animal body. For example, DeRossi’s (Vogel, 1990) skin-like structure enables robots 

and similar devices to mimic the human ability to discern shape and texture. The material 

systems are often just a unique combination of sensor and actuator materials that can be 

actively controlled in order to function better in their environment. 

In the field of structural design, intelligent material systems have been developed with the 

ability to change mechanical properties and shape using various actuators and sensors. 

Some of the intelligent material systems that have been investigated use piezoelectric 

devices embedded in composite beams to control vibrations (Fanson and Chen, 1986). 

Other studies have demonstrated the ability of piezoelectric devices to generate in-plane 

forces and moments in laminate plates (Wang and Rogers, 1990). Piezoelectric devices 

have been shown to be useful in deformable optics and mirrors (Uchino, 1986). The thin 

devices can help correct aberrations and control the phase of light waves. 

Some techniques that have been developed use SMA to actively control the properties of 

a material system. These material systems consist of polymer composite backbones, 

fibrous actuators, and sensors. One such technique is active properties tuning (APT) 

(Barker, 1989) which enables certain properties of a composite plate or beam, such as 

stiffness, to be controlled. The natural frequency of a material system can be controlled 

by varying the strain energy using active strain energy tuning (ASET) (Barker, 1989). 

By using alternate resonance tuning (ART) the mode shapes can be altered to reduce



transmitted sound (Anders, 1990). All of theses techniques increase the ability of a 

structure to be controlled because of the ability to vary the properties of the materials 

within the structure. These material systems can be used in the development of numerous 

structures where the components are required to change stiffness and shape. These 

intelligent material systems are structural systems in themselves that can form the 

components of larger systems which are in turn adaptive structures. 

Nitinol is one of the SMAs being used as actuators in hybrid composite structures. 

Nitino! wire is given an initial strain from its memory length and placed between plies 

of the composite during lay-up. The adaptive hybrid composite is then processed using 

normal composite processing techniques. The wire actuators become an integral part of 

the structure. On heating by electrical current or other means, the actuators attempt to 

recover the initial strain. As a result, recovery stress is transferred to the material system. 

The stiffness of the actuator is also increased by heating. As the SMA transforms to the 

high temperature phase the stiffness of the actuator material increases. The added 

stiffness influences the host composite as well. The shape, strain energy, and stiffness 

of the material system is then controlled by the application of thermal energy. 

The intelligence or adaptability aspect of intelligent materials is accomplished by using 

sensors, (piezoelectric, fiber-optic, SMA, etc.) which monitor the stimuli to the material 

system and generate input for the control system. The input is then sent to a computer 

or controller and the actuators are given input to adjust accordingly. The amount of



influence the actuators can have on the material systems depends on the quality and 

extent of their integration into the system. The sensors must also accurately monitor the 

stimuli to the system in order to generate the necessary response for the controller. 

1.3 Nitino]l Shape Memory Alloy Actuators 

Nitinol, an SMA of Nickel and Titanium developed by the Naval Ordinance Laboratory 

demonstrates significant SME and can be used as a force or displacement actuator. While 

there are many aspects of nitinol’s behavior that are important in their utilization as 

actuators, two aspects of the behavior will be used as measures of its performance. They 

are: the extent of the shape recovery and the temperatures at which shape recovery occurs. 

The amount of recovery stress that can be generated by a constrained nitinol actuator is 

directly dependent on the level of shape recovery that can be consistently generated. The 

controllability of the actuator’s SME is partially dependent on the reliability of the 

temperatures at which the SME occurs. 

The different kinds of heat and thermo-mechanical treatments applied to the nitinol wire 

actuator can affect these two aspects. The composite processing cycle and the operating 

cycles of the embedded actuator are basically two types of thermo-mechanical treatments. 

A low temperature training of the actuator before it is embedded in the composite is 

similar to repetitive thermal cycling of the nitinol between the austenite finish A, transition 

temperature and room temperature. The composite processing cycle is similar to a



relatively high temperature anneal at a constant strain. The thermal operating cycles of 

the actuator in the material system are similar to a restrained low temperature thermal 

cycling. The different segments of the actuator’s life cycle produce variations in the SME 

and transition temperatures. 

The next sections will review various heat and stress treatments that may be applied to 

nitinol SMA while being exposed to the composite processing cycle or various other 

environments as an actuator material. Their effect on the behavior of nitinol will also be 

reported. The basis of the shape recovery behavior and transition temperatures of the 

nitinol will be described first. Then, the effects of mechanical stress and strain, low 

temperature cycling or training, and high temperature annealing on the nitinol will be 

reviewed. The effect of various thermo-mechanical treatments on the SME and the 

transition temperatures will also be reviewed. 

1.3.1 Description of Shape Memory Effect. 

Numerous papers and articles have been devoted to the description of the SME of nitinol. 

Both the microscopic crystal transformation and the macroscopic temperature and shape 

changes in nitinol have been investigated in detail. Dye (1990), Liang and Rogers 

(1990a), and Barker (1989) all gave excellent reviews of literature pertaining to the SME 

and accompanying material crystal transformations in nitinol. This review will not 

attempt to repeat or duplicate those reviews. The nickel-titanium alloy that was



developed by the Naval Ordinance Laboratory in the 1960’s exhibits a phase 

transformation which is the basis of the SME. Dye (1990) gave a very good description 

of the phase transformation and the resulting SME of nitinol that renders the material so 

useful for actuators. His description will be briefly paraphrased here. 

The phase change of the nitinol from an ordered cubic crystal form (austenite, A), above 

the transition temperature, to a monoclinic form (martensite, M), below the transition 

temperature, occurs because the alloy strives to achieve thermodynamic stability. The 

martensitic phase crystal structure, as shown in Fig. 1.1, appears as a back-and-fourth 

tilting molecular bond pattern (twinning). The austenitic phase crystal structure appears 

as an ordered lattice possessing right angles. The alternating tilts, referred to as twins, 

unfold in a simple shearing motion in the transformation during heating of the alloy. The 

heating initiates the martensite to austenite (M => A) transformation. Upon cooling the 

alloy transforms back to the martensitic phase (A => M) with a displacive transformation, 

therefore no diffusion or large movement of molecules is involved. 

In the low temperature martensitic phase, the nitinol can be inelastically strained up to 

8 percent. As shown in Fig. 1.1, the strain causes a shearing motion in the crystal lattice 

whereby the martensite twins are forced to flip their orientation to the opposite tilt 

(detwinning). Deformed martensite is created without large movement of atoms or 

propagation of dislocations. With the application of heat, the reverse transformation 

begins (M => A) and the crystal lattice ’untilts’ with the increase in energy. The inelastic
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Figure 1.1 Representation of the Changes in Crystal Lattice During Phase Changes from 
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strain is completely recovered by the reverse transformation, yielding the SME. Because 

the deformation of the nitinol is accomplished without the propagation of dislocations, the 

SME process may be repeated indefinitely without damage to the nitinol. 

Accompanying the shape recovery of the SMA in its high temperature or austenitic phase 

is an increase in material stiffness. The twinned martensite has relatively low stiffness. 

The twins can be easily strained which does not require a great amount of energy or the 

propagation of dislocations. As the SMA transforms to its austenitic phase the lattice 

becomes stiffer and the overall material stiffness can increase by as much as 3-5 times 

(Liang and Rogers, 1990a). 

The martensitic state may also be generated by stressing the austenitic phase nitinol and 

causing a shearing deformation. The stress induced martensite (SIM) is automatically 

converted back to austenite if the load is removed and the material is still at the elevated 

temperature. 

The memory state is attained by annealing the nitinol at an elevated temperature (T >> 

A,). The shape at which it is annealed becomes the memory shape to which the alloy will 

return in the austenitic state. The SME of the nitinol is used to generate the recovery 

forces and motion in the actuators. The actuators can generate up to 700 MPa recovery 

stress if they are restrained from recovering to the austenitic phase. The actuator’s range 

of motion is limited by the 8-10 percent inelastic strain that can be applied to the nitinol. 
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The motion occurs when the actuator returns to its original geometry. With these 

characteristics the nitinol actuators can be used as force and or motion actuators. 

1.3.2 Transformation Temperatures 

The transformation temperatures dictate, to a certain extent, how much SME will be 

generated at different temperatures. Figure 1.2 shows the transformation temperatures of 

the nitinol used in this study. At low temperatures, below the martensitic finish 

temperature (M,) the SMA is stable and completely twinned martensite. As the 

temperature increases, the reverse transformation (M => A) begins at the austenite start 

temperature (A,). By the austenite finish temperature (A,) the nitinol is in its 100 percent 

austenite phase. At the A, the only martensite that can be created is stress induced 

martensite, which will be transformed when the load is removed. Upon cooling from the 

A, temperature, the forward transformation (A = M) begins at the martensite start 

temperature (M,). At the M, temperature the nitinol is once again 100 percent twinned 

martensite. This is not the only order possible for the transformation temperatures. The 

transforation temperatures may be manipulated by varying the nickel or titanium content 

in the alloy and by various thermo-mechanical treatments. 

1.3.3 The Effects of Stress and Strain on the Nitinol Actuator 

When nitinol actuators are used in some of the intelligent material systems described 
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earlier (ASET, ART), they are given a pre-strain or initial elongation before being 

embedded in the composite structures (Fig. 1.3). The actuators are then permanently 

restrained by the composite material, in other words, they are in a constant state of strain. 

The constant strain results in an increase in stress in the actuator every time recovery 

stress is generated by the actuator. Liang and Rogers (1990a), in their development of 

a constitutive model for the SME in SMA actuators, pointed out that an increase in 

external stress in the actuator increased the transition temperatures of the actuator. They 

assumed that all transition temperatures (A, , A;, M,, and M;) increase linearly with an 

increase in stress, as demonstrated by Fig. 1.4. The adjusted transition temperatures were 

designated as mechanical transition temperatures. The temperatures are the transition 

temperatures of the nitinol in a stressed condition. 

The level of recovery stress that can be repeatedly generated, based on the amount of 

initial strain, has been investigated thoroughly. In general it has been determined that the 

more initial strain given to the nitinol wire actuator (up to about 8 percent), the more 

recovery stress generated (Cross, Kariotis, and Stimler, 1970). A few exceptions exist 

and some forms of the SMA have maximum recovery stress at 10 percent. However, if 

the nitinol is to be used as an actuator the level of recovery stress must be consistent and 

repeatable over many cycles. Cross and his colleagues found that the nitinol actuators 

could generate a higher percentage of repeatable recovery stress with a pre-strain of 6 

percent rather than 8 percent. Sekiguchi et al. (1982) have stated that cycling through 30 

cycles, with a 6 percent plastic prestrain, caused the recovery stress to remain at a 
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constant value. The highest recovery stress was also attained by using 6 percent prestrain. 

1.3.4 Effects of Low Temperature cycling or Training 

The phenomenon of generating a repeatable level of recovery stress through low 

temperature cycling is often described as “training.” Barker (1989) investigated the effect 

of cycling a constrained nitinol actuator before exposing it to a higher processing 

temperature. He observed that cycling the nitinol actuator prior to the processing cycle 

gave the actuator a consistent recovery stress versus temperature behavior. He cycled the 

actuator between the approximate A, temperature and room temperature. An initial drop 

in the recovery stress was observed over the first 6-8 cycles and then a plateau of regular 

peak recovery stress. Perkins (1975) described the training procedure as inducing 

“transformation strain hardening” of the material which stabilized the microstructure. The 

stabilization of the microstructure led to a more consistent level of shape recovery. 

Still another analysis stated that training or low temperature cycling of the SMA could 

generate defects and dislocations in the crystal lattice that prevent further orientation of 

the martensitic lattice (Escher et al. 1990). The training of the actuator was performed 

to develop a predictable one and two way shape recovery in the actuator. Escher and 

colleagues stated that because of a training procedure, the reorientation of the crystal 

structure to the original martensite phase became easier and the stress required to deform 

the twinned martensite became smaller. The training procedure consisted of applying a 
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prestrain, removing the load, and then heating and cooling before reapplication of the 

prestrain. This decrease in the necessary stress needed to deform the twinned martensite 

might also lead to a noticeable drop in recovery stress. A similar drop in the amount of 

two-way SME that could be utilized was observed with an increase in pure thermal 

cycling as demonstrated by Fig. 1.5. 

Another study (Suzuki, 1990) reported that thermal cycling of nitinol (50.2 at.% Ni-Ti) 

not only caused a drop in recovery stress but also caused the transition temperatures to 

change. They identified a drop in recovery force in a test with 1 percent fixed strain and 

complete thermal cycling. The transition temperatures can change by as much as 5 

percent after 10,000 thermal cycles. Tadaki, and colleagues (Tadaki, Nakata, and 

Shimizu, 1987) reported a drop in M, and A, temperatures after an anneal at 400°C and 

complete thermal cycling (M = A, A = M) for as little as 1000 cycles. They observed 

a drop of 25°C in the M, and a 5°C drop in A, after 10,000 cycles. They also observed 

lattice defects in the nitinol as a result of the thermal cycling which could be a source of 

stress relaxation in the nitinol. 

Ling and Kaplow (1980) cycled samples of nitinol wire (49.86 at.%Ni) that had been 

annealed in a stressed state at 500°C. The M, temperature dropped 11°C after 50 cycles 

of heating from below M, to above A, and then cooling (-196°C to 100°C). They also 

attributed the temperature drop to a dislocation-initiated stabilization of the austenite 

phase. The dislocations generated during transformations hinder the re-nucleation of 
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martensite (Sandrock, Perkins, and Hehemann, 1971). For a different nitinol sample 

(49.96 at.% Ni), they observed_no reduction of shape recovery for an unrestrained free 

recovery of 20 complete cycles. 

1.3.5 The Effects of High Temperatures 

Various studies have been performed to determine the effect of high temperatures, which 

may approach annealing temperatures, on the SME of nitinol. High temperature 

annealing of the nitinol wire gives the material the memory state desired. The lattice 

defects are eliminated by the annealing and the nitinol is given a permanent shape that 

becomes the new memory shape. Sekiguchi and his colleagues identified 500°C at 30 to 

60 minutes as the optimum temperature and time for developing shape memory behavior 

in the nitinol alloy (Sekiguchi et al., 1982). The annealing also aides in the reduction of 

residual stresses from the manufacturing of the wire and reduces internal stresses that 

could hamper shape memory performance. 

In their thermal cycling tests, Cross and his colleagues (Cross, Kariotis, and Stimler, 

1970) found that taking the nitinol actuators to extreme temperatures (temperatures over 

A, + 100°F ) for even one cycle destroyed a major portion of the shape recovery. They 

kept the nitinol fully restrained for the test. They also reported that the maximum shape 

recovery occurs after annealing at 500°C. The annealing eliminated many of the residual 

stresses and inconsistent SME of the nitinol that are generated during manufacturing and 
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forming. 

In another study (Goldstein, Kabacoff, and Tydings, 1987), an increase in the M,, M,, and 

A; temperatures was reported in a nitinol rod (55.1 wt.% nickel) with successive anneals 

at 100, 200, 300, and 400°C. After the final annealing, a contraction of 2.75 percent in 

the unrestrained rod had occurred because of the relief of residual stresses present from 

the cold drawing process. The stress relaxation that occurred with the annealing expanded 

the capability of the nitinol] to recover from larger applied strains. Goldstein and his 

colleagues also found that heating of the unrestrained drawn nitinol rod produced an 

expansion of the rod that followed "a normal coefficient of thermal expansion value for 

the alloy above 125°C". Above the A; temperature, (125°C) the nitinol alloy is single 

phased austenite. The expansion of the rod along the same path for heating and cooling 

identified the straining as typical thermal expansion of a single phased material. The 

coefficient of thermal expansion for the high temperature state is in the range of 10-11 

x10° m/m/°C. The thermal expansion of the unrestrained nitinol rod is shown in Fig. 1.6. 

In a later paper, Goldstein reported that first time transformations (M = A) of strained 

nitinol (7 percent) occurred at higher transformation temperatures than subsequent 

transformations (M = A) (Goldstein, 1987). He also reported a reduction of start/finish 

transformation temperatures during heating (M = A) of the strained nitinol. This 

occurred due to increased residual stress. This is just the opposite of Liang’s and Roger’s 

(1990a) findings that an applied external stress increased the transformation temperatures. 
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The applied external stress "opposes the normal atomic movement of the alloy in 

returning to the parent austenite state" (Goldstein, 1987), therefore requiring a higher 

amount of heat energy to facilitate movement of the atoms. In general the transformation 

temperatures were increased by high annealing temperatures and by an applied external 

stress, especially on the first transformation. Subsequent high temperature annealings or 

heating could reduce the transformation temperatures and level of stress because of the 

reduction of internal or residual stresses. 

Ling and Kaplow (1981) did a study on the effect of annealing temperatures and levels 

of applied strain during annealing of nitinol wire (49.86 at.% Ni). They reported little 

change in the M, and A, temperatures for annealing from 400 to 600°C with zero applied 

Strain on the wire. Figure 1.7 demonstrates their findings. The figure indicates an 

increase in transformation finish temperature (comparable to Aj) at higher annealing 

temperatures for a range of applied strains. The anneal occurred for 30 minutes. The 

findings correspond with Liang’s and Roger’s (1990a) findings and those already reported 

that transformation temperatures increase with high temperatures and applied stress. 

The annealing had a slightly adverse effect on the level of shape recovery for the nitinol 

samples tested (Ling and Kaplow, 1981). For low applied strains (2%), 100 percent shape 

recovery could be generated for most annealing temperatures. For applied strains from 

5 to 8 percent, the extent of shape recovery dropped to 90 percent at a 400°C anneal and 

94 percent at a 450°C to 500°C anneal. After annealing a constrained sample of nitinol 

23



  

    

100 

[90 F- 8% 

° 

80 5% 
SC 70F 
>) 

3 ——— - = 60 | % Applied 
strain 

50° 

40 - 

30 [- 
_ | | | | | 
  

400 450 500 550 600 

Annealing Temperature (deg.C) 

Figure 1.7 Change in A, Temperature According to Applied Strains and a Range of 

Annealing Temperatures from Ling and Kaplow (1981). 

24



(49.96 at.% Ni) at 500°C for 30 minutes, they tested the effect of constant strain during 

heating on the ability of the nitinol to recover. They found that only 85 percent of the 

original free shape recovery could be generated in a wire that had been heated 

approximately 50°C above the transformation finish temperature while being completely 

restrained. The permanent plastic deformation was caused by the recovery stress which 

could not be relieved because of the constraints. 

Liu and McCormick (1989) indicated that the formation of stress induced martensite 

above A; can be accompanied by permanent strain in the nitinol for high annealing 

temperatures (T,,,.q: > 400°C). The applied stresses cause permanent yielding of the 

nitinol lattice when the twinned martensite phase material can no longer accommodate the 

increasing stresses. The stress increases with the increasing recovery and constant applied 

stresses. The permanent strain may result in a decrease in the amount of recovery stress 

that can be generated in later transformation cycles. 

1.3.6 Summary of Factors Effecting Nitinol Actuators 

In summary, the process of complete thermo-mechanical cycling (MV = A => M) of the 

nitinol to temperatures in the range of the A, transition temperature of the nitinol, initiates 

the following effects. 
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¢ An increase in dislocations and lattice defects at the boundaries of the crystals. 

¢ "Transformation strain hardening" that possibly stabilizes the microstructure. 

¢ A more consistent, though often reduced, shape recovery as a result of stabilization. 

¢ Stress relaxation and a drop in transition temperatures from lattice defects hindering the 

reorientation of the martensite phase. 

The process of heating nitinol to temperatures in the range of the nitinol’s A, temperature 

and cooling, without restraining the nitinol, demonstrates the following. 

¢ The nitinol demonstrated excellent ability to fully recover repeatedly during 

unrestrained free recovery. 

¢ As long as the maximum initial strain on the nitinol was kept within 8-10 percent, the 

Strain could be 100 percent recovered. 

Annealing temperatures and temperatures much greater than nitinol’s A, temperature can 

have the following effects on the shape recovery and transition temperatures of nitinol. 

* Annealing can eliminate lattice defects and give the nitinol a new memory shape. 

¢ Manufacturing-induced internal stresses can be reduced by annealing. 

¢ A 500°C anneal can produce a very good shape recovery performance. 

* Moderate temperatures (A; + 100°F) can destroy a portion of the shape recovery for 

samples heated under constant strain. 

¢ Increases in transition temperatures occur with applied external stresses, especially on 

first transformation to the austenite state. 
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¢ Stress relaxation in strained nitinol samples occurs as a result of annealing. 

¢ Reductions in transformation temperatures occur during heating of strained nitinol 

samples because of increased residual stresses. 

1.4 Actuator and Composite Interface 

The ability of the nitinol actuator to influence the host composite structure is dependent 

on the quality and strength of the interface between the actuator and composite. This 

section will introduce: the motivation behind investigating the interface, a review of pull- 

Out test methods and their usefulness in determining the properties of the interface, 

problems specific to determining the interface properties of the actuator-composite 

interface and the properties of thermoplastic materials used in the hybrid composites. 

1.4.1 Importance to Structural Applications 

The techniques introduced earlier for using intelligent material systems (APT, ASET, and 

ART) require the successful integration of components to work properly. The composite 

material structure supports and responds to the embedded actuators and sensors. Figure 

1.3 demonstrates the positioning and "lay-up" of the nitinol actuators for APT and ASET 

(Dye,1990). In both cases the actuators influence the surrounding composite and the 

recovery Stress is then spread throughout the entire material system. In APT, the variable 

stiffness of the actuators is used to change the stiffness of the host composite. In ASET, 
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the recovery stress of the actuators increases the strain energy of the composite by 

applying a force against the constraining composite matrix. 

In order for the nitinol actuators to adequately influence the surrounding composite they 

must be properly embedded in the structure. If the actuator is well bonded to the 

composite, the actuator can transmit load and influence bending and elongation. The 

actuator-composite interface must be strong enough to be able to transmit the applied 

Shear loads without suffering any damage. The axial loads on the composite structure 

cannot be properly transferred to the actuator if it does not adhere well to the composite 

structure. 

The nitinol actuator is also used for its ability to generate forces and induced strains in 

the plane of the composite. In order for this in-plane strain to be transferred to the 

composite in which it is embedded, good adhesion between the nitinol actuator and the 

surrounding composite is important. If adhesion is poor or nonexistent, the recovery of | 

the actuators will be unimpeded and the strain due to the recovery will not be transferred 

to the composite. Instead the nitinol actuators will be allowed to slide inside of the , 

composite and will not affect the structure in the way required. Nitinol, embedded off 

the neutral axis, is also used as a motion actuator to generate motion changes in a 

structure. While contracting during recovery, the actuator causes the surrounding 

structure to bend. As in the previous case, the actuator must have good adhesion to pull 

on the surrounding composite. 
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The ability of the actuator to influence the composite is not only dependent on the 

strength of the interface, but also depends on the reliability of the interface. The actuator 

and the surrounding composite must adhere well for many operating cycles in some 

applications. The adhesion of the interface between the actuator and composite must be 

able to withstand fatigue cycling at the high shear stresses generated by the actuators 

pulling against the restraining composite. 

To test and determine the strength and quality of the actuator-composite interface bond 

in the thermoplastic hybrid composites the pull-out test can be used. 

1.4.2 Pull-out Test 

In composite materials such as graphite/epoxy and kevlar/fiberglass, the adhesion between 

the fiber and matrix material is sometimes tested by pulling the fibers out of the polymer 

matrix material. The pull-out test involves embedding the fibers in a sample of bulk 

polymer matrix with one end embedded and one end free. The fiber is then pulled out 

of the polymer while the force of the pull-out is monitored. 

Many important parameters relating to the interface can be determined from the pull-out 

test. The strength of the adhesion, work of the fiber pull-out, and coefficient of friction 

between the matrix and fiber are some of the parameters that can be determined. The 

various parameters are determined by varying different aspects of the pull-out test, such 
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as: length of the specimen, rate of fiber pull-out, and length of the fiber free end. Few 

specific standards exist because of the many possible variations in fiber and matrix types. 

The general standards will be reviewed along with a review of related work. 

One standard pull-out test that is used in the automotive tire industry is the ASTM D 

2229 standard test for determining the adhesion between steel cord and rubber (ASTM, 

1989). The test involves the embedding of steel cords to be tested in blocks of rubber. 

The recommended dimensions for the blocks of rubber and the embedded lengths are 

shown in Fig 1.8. The standard recommends using 12.5 mm (0.5 in) wide by 12.5 mm 

tall blocks of rubber for steel cord up to 1.7 mm (0.067 in) in diameter. The steel cords 

were embedded along the complete height of the test block. To pull the steel cords out 

of the rubber, the standard provides a recommended fixture in which the block is 

completely supported on three sides and partially supported on the top surface where the 

wire comes out of the block. It is recommended to leave a 12.5 mm (0.5 in) diameter 

hole for the cord. 

The standard recommends that a pull-out rate of approximately 0.83 mm/s with an 

allowable rate of up to 2.5 mm/s (0.098 in/s) be used in a tensile testing machine. The 

free length of the embedded cord is recommended to be 50 mm (2.0 in). The standard 

states that this procedure could be used to test the adhesion performance of wire to other 

compounds with modifications. The standard appears to be very similar to the type of 

set-up that could be used to test the pull-out strength of the nitinol actuators in the 
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composite material. 

A study of glass fibers embedded in polyester resin was performed by Harris, Morley and 

Phillips (1975). They illustrated the shape of a pull-out versus deflection curve for 

different surface treatments on the fiber. They derived equations for the work of 

debonding and the work of pull-out to determine the amount of fracture energy that could 

be absorbed by the matrix during the fiber pull-out process. As Fig. 1.9 shows, the pull- 

out curve is characterized by an initial peak load, a sudden drop in load and then a 

gradual drop off in load as the fiber is pulled out. The initial peak is attributed to "elastic 

deformation of the fiber and a gradual change in the stress distribution between resin and 

fiber as debonding occurs" (Harris, Morley, and Phillips). When debonding or failure of 

the adhesion between the fiber and resin occurred, the fiber often broke and the load 

dropped off dramatically. The final gradual drop in load is a result of friction on the wire 

during the post debonding pull-out of the still embedded fiber. 

The differences in the load deflection curves are a result of the varying surface treatments 

of the glass fibers. The clean fibers have an initial peak similar to the other fibers, but 

after debonding the gradual drop in load is jagged. The jagged behavior after debonding 

is a result of a stick-slip friction mechanism. The handled fibers are damaged by being 

drawn between the fingers of the handler and have a 40 percent reduction in tensile 

strength as a result. The pull-out load decreases fairly smoothly for the damaged fiber 

indicating "a reasonably constant value for interfacial friction stress" as pull-out 
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Figure 1.9 "Typical Load - Deflection Curves for Pull-out of Single Glass Fibers from 

Blocks of Polyester Resin.” (Harris, Morley, and Phillips, 1975). 
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progresses (Harris, Morley, Phillips, 1975). The silane coated fibers benefit from the 

coating which enhances the adhesion between ‘fiber and matrix. During pull-out, the 

silane coated fibers have a small increase in shear stress possibly resulting from slight 

increases in the coating enhanced friction coefficient. In the other fibers, the initial 

interfacial shear strength is not maintained during pull-out, but decreases, possibly due 

to spalling of the fiber-polymer interface by the glass fibers. 

A study by Subramanian, Jakubowski, and Williams (1978), used a pullout test to 

determine the strength of adhesion between graphite fibers and an epoxy polymer. The 

graphite fibers (5-10 tm diameter) were electro-coated with various polymer 

pretreatments to provide better adhesion to the epoxy. The fibers were embedded in very 

thin (> 0.05 mm (0.002 in)) samples of epoxy in order to prevent the failure of the fiber 

during pullout. They found that the pull-out force for the carbon fibers is independent 

of the polymer pretreatments and varies with the area of contact of the fibers with the 

epoxy. Fig 1.10 shows the pull-out force of the fibers versus contact area. They reported 

three distinct values of fiber adhesion (indicated by the slope of the lines in Fig. 1.10) and 

corresponding mechanisms of failure. 

Subramanian, Jakubowski, and Williams (1978) indicated that the line with the largest 

slope in Fig. 1.10 represents high adhesion strength, requiring 28.7 MPa to fail. They 

observed that the failure of the strong adhesion is due in part, to failure of the 
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Figure 1.10 Fiber Pull-out Force Versus Area of Contact, Epoxy Matrix and Graphite 

Fibers With Various Coatings. After Subramanian, Jakubowski, and Williams (1978). 
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interface and so the polymer fails away from the interface. They further reported that 

the intermediate value of adhesion strength (18.3 MPa), determined from the middle 

curve, represents a probable failure between the coating and epoxy matrix. The low 

adhesion strength (9.7 MPa) is probably due to adhesion failure for both interfaces. The 

resulting pull-out force is from friction alone. From these plots they determined that the 

adhesion strength is not based on the relationship of o = F/ndl (d,1 = diameter, length of 

embedded fiber), but on O=F/ndl+C. The C represents the force required to fracture the 

resin to produce a resin cone on the fiber. The pullout values increase with increasing 

fiber contact area. 

The pull-out test for glass fibers embedded in thermoset matrices was studied in detail by 

Chua and Piggott (1985a). They studied specific aspects of the single fiber pull-out test 

to determine the optimum test conditions and parameters to get the most accurate data 

from one test. They determined the pull-out force, interfacial yield stress, and a number 

of other values theoretically and experimentally. They determined that very short 

embedded and free lengths (length between polymer surface and grips) were necessary 

to determine parameters for adhesion, the coefficient of friction at the interface, and the 

normal pressure on the embedded fiber. For glass in epoxy it is important to keep the 

embedded and free lengths shorter than 1.0 mm (0.04 in) and 2.0 mm respectively. They 

also determined theoretical equations for modeling the fiber stress versus displacements 

of the fiber during pull-out. 
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The modeling of the fiber stress during pull-out is important because it gives a means of 

determining the adhesion parameters of the fiber-matrix interface. In a second paper by 

Chua and Piggott (1985b), they determined the actual values for the interfacial yield 

stresses, work of the fracture, and average frictional shear stresses. From the pull-out 

tests of glass fibers in epoxy and polyester they determined the maximum pull-out forces 

and the maximum and average shear stresses versus embedded length (L) of fiber. They 

determined that the adhesion strength (F,/27rl) does not appear to have unique values for 

the tests. Their graph of adhesion forces for post-cured polyester and epoxy versus 

embedded length is shown in Fig. 1.11. Figure 1.11 shows that the pull-out force 

approaches a constant value as L approaches zero. The force increases to a value of L 

where it levels off at a plateau for the polyester. Beyond a certain L the fibers break 

rather than pull out. The graph in Fig 1.11 does not include the specific data points and 

the averages that Chua and Piggott observed. 

The plateau region of Fig 1.11 results from a continuous interface fracture which requires 

much less work than the work required to fracture the matrix (Chua and Piggott, 1985b). 

The interface yield stress also indicates that the interface or interphase yields before the 

matrix yields. Chua and Piggott went on to describe the interface failure mechanism for 

the different embedded lengths. As demonstrated by Fig 1.12, for short fibers the matrix 

fails near the surface of the polymer first, then the interface material yields and pull-out 

proceeds as the fiber breaks away. For longer embedded lengths, the matrix also fails : ’ 

first but the interface then fractures rather than the matrix yielding. As Chua and Piggott 
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Figure 1.11 "Adhesion Forces for Post-Cured Polyester and Epoxy" (Chua and Piggott, 

1985b). 

38



Polymer Matrix Yielding 

Me CONV AM CTC 

2 ) ) 
4 Qn Krone 

  

  

  

L Continuous Fracture of the Interface 

N ~~ SA, 7. fr? 

8 7 TW / / 
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(1985b) wrote, "the force required to cause matrix yielding is higher than that required 

for continuous fracture of the interface, which therefore occurs instead". This process is 

shown schematically in the lower diagram of Fig 1.12. Once the complete debonding has 

occurred the pull-out can proceed with only frictional stresses prohibiting the pull-out. 

The frictional sliding of the fiber in the matrix exhibits some stick-slip behavior which 

is due to the sliding friction coefficient being smaller than the static coefficient. As the 

pull-out force increases, the fiber shrinks from the Poisson effect, and the static friction 

is reduced and overcome. As it breaks free sliding friction begins until the pull-out slows 

down again and the fiber gets caught by static friction. The stick-slip behavior is ready 

to begin again unless the pull-out occurs smoothly enough to prevent the static friction 

from occurring again. 

Chua and Piggott (1985b) also provide insight into the nature of the interphase region. 

The interphase region is the region of material between the bulk polymer matrix and the 

surface of the stiff fibers. The interphase is connected to the polymer by covalent bonds 

and to the fiber by weaker hydrogen or van der Waals’ bonds. The failure of the 

interphase would therefore be expected at the fiber surface rather then in the polymer 

matrix. The interphase failure always occurred at the fiber surface for their testing of 

glass fibers embedded in polyester. For glass fibers in epoxy they found that the failure 

occasionally occurred in the matrix. 
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1.4.3 Pull-out Tests for Actuators in APC-2 Composite 

The actuator-composite interface for the embedded nitinol actuators in APC-2 composite 

varies from most of the composite interface situations described earlier in at least three 

aspects. First, the nitinol fiber is very large and ductile compared to the embedded fibers 

used in previous work. The ASTM standard addresses the pull-out properties of steel 

cord but the other papers used small brittle fibers. Second, the typical bulk polymer 

matrix material used in previous studies is replaced by the APC-2 composite material. 

The unidirectional APC-2 composite is much stiffer in the direction parallel with the 

nitinol actuators for typical actuator orientations. The material differs greatly in 

orientation and magnitude of mechanical properties from a bulk polymer material. Third, 

a thermoplastic material is being investigated instead of a thermoset material. The 

differences in the properties between the two materials manifest themselves in the 

interface performance. 

1.4.4 Thermoplastic Composites 

The properties of high temperature thermoplastic polymers influence the quality of the 

actuator-composite bond that can be produced during composite processing. 

Thermoplastic composites are often made of semi-crystalline thermoplastic polymers that 

become molten upon reaching their melt temperature. Thermoplastic polymers can be 

melted because of the attractions between polymer chains can be broken. Usually the 

41



melt temperature of the thermoplastic is not much lower than the temperature at which 

degradation begins. Therefore, the time above the melt temperature must be minimized 

in order to process the thermoplastic composite without damage to the polymer (ICI, 

1987). The minimal time at high temperatures does not allow good polymer flow during 

composite processing. The polymer must flow sufficiently to bond to the composite 

fibers and to anything else within the composite plies. 

A common engineering thermoplastic used in many applications is polyetheretherketone 

or PEEK for short. The polymer is used in APC-2 composite from ICI Fiberite. PEEK 

and other thermoplastics have high viscosities compared to thermoset composites. 

Polyethylene, a common thermoplastic has a viscosity over 1000 Pa-s at 240°C (Bird, 

Armstrong and Hassager, 1987), while a typical thermoset viscosity can be lower than 1 

Pa-s (Loos and Springer, 1983). Because thermosets have a much lower viscosity, the 

polymer can flow much more readily and can be processed with relatively low pressures. 

For complete processing of thermoplastic polymer composites, the plies must be raised 

above the melt temperature and then forced together with high pressures. The high 

temperatures and pressures combined are necessary to force the viscous polymer to flow 

together in the short amount of time allowed for processing. 

1.4.5 Fatigue Testing of the Actuator-Composite Interface 

The characteristics of the nitinol actuator-composite interface are very similar to a metal 
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to polymer and carbon fiber interface. As discussed in the previous section, the interface 

properties of ceramic fibers and polymer matrices have been studied in detai]. The 

adhesion between nitinol and thermoplastic composites has not been studied in depth. 

The fatigue of the actuator-composite interface will be tested by subjecting the material 

system to a number of typical operating cycles and noting changes in the behavior of the 

actuator recovery Stress. 

1.4.6 Summary of Factors Affecting the Actuator-Composite Interface 

The characteristics of the actuator-composite interface are important to determine in order 

to verify the performance of the nitinol actuator in thermoplastic hybrid composite 

systems. It is critical to determine: 

¢ The strength of the adhesion between the actuator and composite. 

e If various length actuators can be embedded and perform successfully. 

¢ If the actuator can generate significant recovery stresses in the APC-2 thermoplastic 

composite. 

e If the interface will survive numerous cycles of high shear stresses. 

The pull-out test has been performed using various parameters for different types of fibers 

and polymer matrices. Some observations from the various tests are: 

¢ The ASTM standard uses a test block and dimensions similar to the dimensions of a 

nitinol actuator embedded in a composite. 
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e The embedded length and free length of reinforcing fibers for typical composites should 

be small to perform the pull-out test as optimally as possible. 

¢ The force required to fracture the interface is greater than the force required to 

overcome friction on the embedded fiber. 

Vv. Initially, pull-out force increases with length of embedded fiber. 

¢ Various levels of force for fracture of the interface can be observed in similar samples 

because of different failure mechanisms. 

« After a certain embedded length for a specific fiber the force for pull-out becomes 

constant. 

¢ Longer embedded fibers fail by fracture of the interface rather than yielding of the 

polymer matrix.



Chapter 2 

Thermoplastic Composite Processing 
Simulation 

The effect of the thermoplastic composite processing cycle on embedded nitinol actuators 

was determined by simulation tests performed using the custom apparatus and method 

described in this chapter. The results of the simulation tests and the performance of the 

actuator are also reported along with the performance of the actuators subjected to other 

processes. 

2.1 Apparatus and Method 

2.1.1 Test Apparatus 

In order to determine the effect of the thermoplastic composite processing cycle on the 

nitinol actuators, a test fixture was designed and built to simulate the processing 

conditions. With the fixture, numerous experimental simulations of the processing cycle 

were performed without actually processing any composites. The method used to monitor 

the processing parameters and behavior of the actuators during the simulation was very 

similar to the method used by Barker (1989). A picture of the test fixture and apparatus 
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is included in Fig. 2.1. The actuator was given an initial strain and then clamped in the 

fixture. The actuator was then heated by a DC power source controlled by a computer 

to keep the temperature of the actuator at the processing cycle temperatures. A control 

algorithm was used to produce the heating cycle which simulated the actual composite 

processing cycle. A simple feedback algorithm was used as shown in Fig. 2.2. 

List of Apparatus and Identification Numbers: The apparatus used in the experimental 

simulation of the processing cycle are listed below. 

Hewlett-Packard 6268b DC Power Supply 

K-Type, 0.0254 mm thermocouple, CHAL-001, OMEGA Engineering, Inc. 

30 LBS loadcell, Model ALD-MINI-UTC-30, A.L. Design, Inc. 

DT-2805 computer board and DT-707-T screw panel, Data Translation, Inc. 

IBM-AT compatible computer 

Loadcell amplifier and conditioner, A.L. Design Inc. 

OMEGA CC High Temperature Cement, OMEGA Engineering., Inc. 

Test fixture with clamps on either end (Fig. 2.1) 

2.1.2 Temperature Measurement 

Critical to monitoring the behavior of the nitinol wire actuator was the accurate measuring 

and controlling of the actuator temperature. Many methods have been used to monitor 

46



  

fixture 

    
      

  

  

      

    

  

  

      
  

                    

_|clamp 

—la<+—_loadcell 

TC 

computer 

A/D interface 

| |- \ 

controllable power 
clamp supply     
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the temperature of the heated actuator. Barker (1989), in his study, used the qualitative 

temperature findings to determine the behavior of the actuators relative to high and low 

temperatures. For the present study a method was devised to accurately measure the 

temperature of the actuator. The collection of good quantitative temperature data was 

important to the understanding of the behavior of nitinol actuators exposed to high 

temperatures. The data were necessary to indicate what performance could be expected 

from the actuators and what important changes occurred in their constitutive properties. 

2.1.2.1 Description of the Method Used to Monitor Temperature 

The task of measuring the temperature of the nitinol actuator while heating the actuator 

with a DC current source presented many difficulties. The actuator wire was very small 

in diameter (0.381 mm (0.015 in)) and therefore was susceptible to heat loss to anything 

that came in contact with it. The actuator had to be free to contract or move while being 

heated. Finally, the high DC current (2 - 4 Amp) used to heat the wire generated noise 

and ground loops in electronic measuring devices such as thermocouples and computers. 

The effect of heat loss from the actuator to the end clamps of the fixture was minimized 

by monitoring the temperature in the middle of the clamped actuator. A very small 

thermocouple of only 0.0254 mm (0.001 in) diameter wire was used to minimize the 

thermal mass of the thermocouple. The thermocouple wire had a diameter 1/15th the size 
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of the actuator wire. The thermocouple bulb was only slightly larger. With the relatively 

small thermocouple wire and bulb the cooling effects of convection on the thermocouple 

were minimized. To avoid hindering the contraction of the actuator, the thermocouple 

wire was looped around the actuator wire and held by tension rather than attached to the 

actuator. 

The problem of isolating the electric heating current from the monitoring thermocouple 

was solved by creating an electrically resistive barrier. A very thin layer (0.0762 - 0.127 

mm) of electrically resistive, highly thermal conductive cement was applied to the wire 

where the thermocouple was to be placed. The thermal gradient across the barrier was 

calculated to be on the order of 3°C (5°F). The design of the thermocouple, the barrier 

and the actuator wire is shown in Fig. 2.3. The entire fixture was shrouded by an acrylic 

tube to minimize stray air currents. The ambient air movement in the laboratory was 

found to cause large fluctuations in the temperature on the surface of the wire without the 

shroud. 

2.1.2.2 Temperature Accuracy 

The temperature measuring configuration proved to be very accurate and consistent. The 

configuration enabled the temperature data to be collected and monitored by a computer 

without adverse effects from noise. To measure the accuracy of the temperature data two 

methods were used. A thermocouple was looped over the bare actuator wire next to the 
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thermocouple and the isolation barrier. The thermocouple and computer configuration 

was used to monitor the temperature and control the current source while the second 

thermocouple was connected to a battery powered strip chart recorder. By connecting the 

second thermocouple to a battery operated device the noise and false readings from 

ground loops were avoided. The temperature data from the two thermocouples are shown 

in Fig. 2.4. The data have the same form and the values are accurate. At 200°C, the 

computer measured data differ from the actual surface temperature, as measured from the 

strip chart recorder, by five percent. At 370°C, the temperature differs by at most 10 

percent. The error probably results from a combination of convection on the 

thermocouple bulb and a larger temperature gradient across the barrier then expected. 

The second method used to verify the computer monitored temperature was a computer 

model of the nitinol actuator heating and cooling cycle by Vick (1989). The cooling of 

the actuator from 370°C to room temperature was modeled using the computer program. 

The cooling curve generated by the program is shown in Fig 2.5. It was compared to the 

thermocouple and computer data of the actual cooling of the actuator. The cooling curve 

of the actuator was established by turning off the current to the actuator after it had 

reached 370°C. The computer monitored the actuator temperature during cooling. As 

Fig. 2.5 demonstrates the actual cooling of the actuator coincides with the numerical 

model. Vick’s numerical model would not have accurately modeled the actual cooling 

if electric noise had forced the thermocouple readings to be erroneously high. 
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2.1.3 Test Procedure 

To adequately determine the effects of varying processing parameters of the thermoplastic 

processing cycle on the nitinol actuators, numerous tests were completed. The critical 

processing parameters were chosen to be: length of time at the processing temperature 

(T,), type of nitinol wire used for the actuators, and amount of initial treatment the 

actuators received before the processing. The critical parameters were chosen based on 

some initial testing and the work done by Barker (1989) and Dye (1990). The test matrix 

for the testing of the actuators through the thermoplastic processing cycle is shown in 

Table 2.1. 

Nitinol wire actuators may have a wide range of activation temperatures. The A, 

temperature for the nitinol is dependent on the relative concentration of nickel present and 

the annealing and training procedures reported earlier in the thesis (Jardine, Ashbee, and 

Bassett, 1988). The type of nitinol wire used in the tests was identified by the activation 

temperature. The nitinol wire with an activation temperature (A,) of 38°C was primarily 

used. It was easy to work with and had a quick response during heat-up. Based on the 

studies of Cross, Kariotis, and Stimler, (1970) it was thought that high temperatures 

would probably have an adverse effect on the SME of the nitinol. The higher activation 

temperature of the A,=105°C actuator might survive the processing cycle better because 

the A, temperature would not be surpassed by as great a margin as in the other nitinol 

material. For this reason, the wire with the activation temperature of 105°C was tested 
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Table 2.1 Test Matrix for Simulation of Actuator Exposed to Thermoplastic Processing. 

  

  

  

        

Actuator Pre-Treatment | Time at Processing Temperature 

Wire Type Smin | 10min | 20 min 

A, = 38°C None Xx Xx Xx 

A, = 38°C Trained X x x 

A, = 105°C Trained Xx         

X = Tests Performed for that Actuator for Time Indicated 
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to determine if it could perform better than the A, = 38°C actuators after the thermoplastic 

processing cycle. Each of the nitinol actuators tested was cycled through a processing 

schedule as shown in Table 2.2. The actuators tested were all 0.381 mm (0.015 in) in 

diameter. 

2.1.4 Preprocessing Setup 

Initially a 0.46 m length of unstrained nitinol wire was placed in the test fixture. The 

actuator was then strained five percent from the original or memory length to 

approximately 0.482 m. Five percent prestrain was chosen because it is the amount used 

in shape memory alloy hybrid composites (Barker, 1989; Anders, 1990). Five percent 

initial strain of the nitinol enables it to generate significant recovery force. 

A pre-treatment was then performed on the clamped actuator. The pre-treatment consisted 

of a low temperature training. The results of Perkins (1975), Sekiguchi et al. (1982) and 

Cross and colleagues (1970), indicate that initial low temperature cycling of the nitinol 

actuator forces the actuator to have a more consistent shape recovery behavior. The 

training consisted of repeated cycling (heating and cooling) of the actuators between 

approximately 23°C and 85°C for 20 cycles. During the training of the type of wire with 

A,=105°C, the actuator became completely loose in the fixture at room temperature. The 

other trained actuators had a residual stress level of approximately 140 MPa after training. 

A prestrain was reapplied to the actuator to perform the processing cycle. The actuators 
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Table 2.2 Sequence of events for each actuator test. 

  

Strain wire 5% from memory length, 

Place in fixture 
  

Pre - Treatment: None or Train the 

actuator with low temperature cycling 
  

Processing Cycle: Record recovery 

stress versus temperature and time 
  

  Post-Processing: Cycle through normal 

operating temperatures and record 

temperature versus recovery stress and time 
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with the A, temperature of 38°C did not require the re-straining after the training cycles 

and remained tight in the clamp fixtures. No pre-treatment means that the virgin nitinol 

wire actuator was exposed directly to the processing cycle. 

2.1.5 Composite Processing 

The wire actuators were then subjected to a simulated thermoplastic composite processing 

cycle which consisted of: heating the plies to the T,, a time plateau where the temperature 

was held and pressure was applied, and a rapid, controlled cool down. A temperature 

versus time plot of a typical thermoplastic processing cycle is shown in Fig. 2.6. The 

time parameters in the test matrix represent the length of time the composite was held at 

the T,. The thermoset composite processing cycle is also shown in Fig. 2.6. Different 

laminate lay-ups require varying amounts of time at the 7, to insure complete 

consolidation of the matrix material. It was desired to determine if the length of time at 

the high temperature influences the performance of the actuators. The 7, was chosen to 

be 400°C (750°F) which is at or above most common thermoplastic processing 

temperatures (Baer, 1989). The higher temperature provides data which are conservative 

for predicting the performance of the actuators at the necessary temperature level for 

APC-2, even with possible temperature errors. The other processing parameters (heating 

and cooling rates etc.) were chosen to match the recommended values for PEEK/Graphite 

or APC-2, an available high temperature thermoplastic composite. 
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The actuators were heated by applying an electric current which was controlled using the 

actuator temperature as feedback. The temperature and axial load measurements were 

recorded approximately every second to monitor the recovery stress versus temperature 

behavior. From the data, recovery stress versus temperature curves were made to help 

determine the behavior of the nitinol actuator. The effect of the high temperatures on the 

actuators’ performance was also determined from the curves. 

2.2 Post-Processing Performance 

After the composite processing cycle simulation tests, the actuators were left constrained 

in the test fixture and subjected to a number of ’typical’ operating cycles. A ’typical’ 

operating cycle is defined as the heating of the actuator to reach its peak recovery stress 

(where it may be held for a period of time), and then cooling back to ambient 

temperature. The temperature versus time curve for the ’typical’ operating cycles is 

demonstrated in Fig. 2.7. The peak temperature of the ’typical’ operating cycles was kept 

under 150°C. The temperature versus time and recovery stress was recorded for the 

typical’ operating cycles. The operating cycles were run at intervals varying from 5 

minutes to one or more hours after the processing cycle. 

The ‘typical’ operating cycles were performed until no more significant change in the 

temperature versus recovery stress behavior of the actuator could be observed. The 

actuators usually settle to a fairly repeatable recovery stress within eight or more ’typical’ 
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operating cycles after processing. This is defined as the *settling’ of the actuators. It was 

observed that the settling of the actuators is more a function of the number of cycles after 

the processing cycle than of the amount of time after the processing cycle. Fig. 2.8 

shows the settling of the actuators as a function of the number of cycles after the 

processing cycle. Based on these findings, after many tests the cycling of the actuators 

to the ’typical’ operating temperature was done at an abbreviated rate (every 5 minutes). 

After performing the processing and typical’ operating cycles on the actuator, the data 

points of the recovery stress versus temperature Curve were averaged to smooth out the 

jagged appearance of the curves. Each data point along with the previous and next 5 data 

points in time were averaged to determine the new averaged data point. As Fig. 2.9 

shows, the averaging makes the data easier to read but does little to distort the true shape 

of the curves. 

The post-processing usable recovery stress (o,) of the nitinol actuators is used as the 

metric of relative performance of the actuator wires under different test conditions. The 

6, is defined as: the range of recovery stress the actuator generates during a typical’ 

operating cycle. The value 6% is a measure of the difference between the peak recovery 

stress that can be consistently generated and the amount of stress required to hold the 

wire in the inactive state -- essentially the useable range of recovery stress that can be 

used to affect the host structure. The of was easily determined on the post-processed 

actuator as demonstrated by Fig. 2.10. Figure 2.10 shows a temperature versus recovery 
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stress curve for a ‘typical’ operating cycle and the defined o;. For the experiments 

presented here, the amount of stress required to hold the wire in the inactive state is the 

stress remaining on the actuator at room temperature after the processing cycle. This 

metric is a good means to compare the actuators’ relative performance. 

For comparison purposes, *typical’ operating cycles were also performed on an 

unprocessed nitinol actuator and an actuator exposed to a thermoset composite cure cycle. 

The temperature versus time of the processing cycle for a typical thermoset composite is 

shown in Fig. 2.6 with the thermoplastic process. The thermoset composite processing 

cycle was similar to Barker’s (1989). The actuator was prepared and trained like the 

other trained actuators. The values of the o; for the differently processed actuators were 

compared to each other to determine the effect of the thermoplastic processing cycle on 

the actuators. 

Finally, a specimen of an APC-2 composite was formed with embedded nitinol wire 

actuators. The ’typical’ operating cycles were performed on the embedded nitinol 

actuator. The actuator was embedded in a unidirectional APC-2 composite parallel to the 

fibers. The composite was processed to 388°C for approximately seven minutes, using 

the processing parameters from ICI Fiberite (Fiberite, 1987). The composite specimen 

with an embedded actuator protruding from either end was placed in the end clamps of 

the test fixture. The temperature versus recovery stress behavior could not be monitored 

accurately because of the surrounding composite. The recovery stress versus time was 
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monitored instead. The recovery stress was pushed up beyond the stress level at the A, 

temperature by monitoring the recovery stress as the actuator was heated. The necessary 

voltage level to heat up the actuator was determined and the cycling was completed in 

a manner similar to the other tests. The values of the useable recovery stress for the 

actuators exposed to the actual processing cycle were compared to values from the 

simulations. 

2.3 Results 

The results for each of the tests were tabulated and are presented in Table 2.3. The 

curves of the recovery stress versus temperature and the values for o,, the maximum 

recovery Stress (6,), and transformation temperatures all give some insight into the 

behavior that can be expected from the post-processed actuators. The data also support 

the findings of a number of previous studies done on nitinol. (Liang and Rogers, 1990a; 

Goldstein, Kabacoff, and Tydings, 1987; etc.) 

2.3.1 Processing Cycles 

Originally the nitinol actuators had transition start (A,) and finish (A,) temperatures (the 

temperatures at which the transition from deformed martensite to austenite starts and 

finishes) of 38°C and approximately 60°C respectively. Because of the initial stress and 

high temperatures of the processing cycle, the actuators’ transition temperatures and 
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Table 2.3 Thermoplastic Processing Simulation Test Data for Nitinol Actuators. 

  

  

  

  

  

  

  

  

  

  

  

                

Max Avg. Transition Temperatures (°C) 

Actuator Type O, Oo; 
and Test (MPa) Process Operating (MPa) 

AS MS Ay MS 

Virgin 

Non-Processed 495° 126 122 112 118 230 

Virgin 

5 min. Process 465 124 83 88 71 173 

Virgin 

10 min. Process 455 137 85 88 81 195 

Virgin 

20 min. Process 500 135 103 87 74 220 

Trained 

5 min Process 462 128 94 86 81 241 

Trained 

10 min Process 486 143 95 91 87 260 

Trained 

20 min Process 453 151 107 91 86 265 

Trained (105) 

20 min Process 496 NA NA NA NA 95 > 

Trained 

Thermoset Cure 400 116 125 114 121 286 

Virgin 

Actual Process 437° NA NA NA NA 282 
  

* First heating and cooling cycle, not composite processing cycle 
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recovery stress levels changed significantly from their original behavior. A typical plot 

of the actuator recovery stress versus temperature for the processing cycle is shown in 

Fig. 2.11. 

The behavior of the actuator during the processing cycle is characterized by a sharp initial 

rise in recovery stress with respect to temperature. The recovery stress peaks at the A, 

temperature for the stressed nitinol actuator. The transition or transformation 

temperatures are determined from the temperatures at the peak of the recovery stress 

versus temperature curve during heating (A,) and cooling (M,). The graphs of the test data 

show the actuators’ A; temperatures to be in the range of 130-150°C, much higher than 

the original A, temperature. This increase in a transition temperature (A; or M,) with an 

increase in stress was described by Liang and Rogers (1990a) in their constitutive model 

of SMA actuators. They called the new transition temperature the mechanical A, 

temperature (A). 

For every actuator, the first heating cycle beyond the A} exhibits a much higher recovery 

stress than the other cycles. This is a result of permanent strain or creep induced in the 

nitinol actuator as a result of the time at the elevated temperature 7,. The formation of 

permanent strain in the nitinol diminishes the stress in the nitinol crystal lattice. During 

cooling not as much deformed martensite forms because of the lower stress state in the 

constrained nitinol actuator. The high stress levels on the first cycle are not an initial 

cycle phenomenon but rather are related to the first time the actuator is taken beyond its 
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Figure 2.11 Typical Processing Cycle Recovery Stress versus Temperature Curve. 
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true A; temperature. 

After the actuator reaches the A? temperature, the actuator consists of entirely single- 

phased austenitic nitinol. Upon increasing the temperature of the actuator above Af, at 

its peak recovery stress, the austenite-phase nitinol exhibits a drop in recovery stress as 

a result of thermal expansion. Goldstein, Kabacoff, and Tydings (1987) reported such an 

expansion in nitinol after the peak level of contraction at the A; temperature. As shown 

in Fig. 2.11, the coefficient of thermal expansion for the austenite-phase nitinol, with a 

Young’s modulus of 70 GPa, would need to be 14-15x10°/°C to produce a drop in 

recovery stress of 250 MPa. The values are conceivable, but typical values for the CTE 

of nitinol are in the range of 10x10°/°C. The drop in recovery stress may also be 

attributed to a stress relaxation in the nitinol at higher temperatures. When the 

temperature reaches 400°C, the drop in recovery stress due to stress relaxation is 

significant. 

The cooling of the actuator follows with the stress rising parallel to the thermal expansion 

induced decrease. The MY temperature (mechanical M,) is not altered as much as the A 

temperature, probably because, during cooling, the actuator is at a much lower stress 

level. The transition to the martensite phase begins in the range of 80-107°C for the 

thermoplastic processed actuators. The recovery stress of the actuators then drops to very 

low values at room temperature. The Mf and A} temperatures for the different processing 

cycles are presented in Table 2.3. 
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2.3.1.1 Virgin Actuators 

The actuators that are given no pre-processing training are labeled "virgin" nitinol 

actuators. They demonstrate similar trends in their behavior for each of the processing 

times at 7,. The virgin actuators demonstrate maximum recovery stresses in the range 

of 455-500 MPa. The scatter in the range is attributable to the slight variance in the 

initial prestrain, and the accuracy of the loadcell. The A; temperatures are on the average 

slightly higher than the value for the unprocessed sample actuator but the maximum 

recovery stress is about the same. The recovery stress versus temperature curves for the 

virgin actuators are shown in Fig. 2.12. 

The recovery stress drops to 150-180 MPa as a result of the thermal expansion. At 400°C 

the recovery stress drops to approximately 50-75 MPa. The exact level varies with 

processing times. The actuators are not quite completely relaxed, but a problem may still 

occur in keeping the actuators aligned during processing. In processing composites with 

embedded nitinol actuators, the high pressure and viscosity may cause the actuators to 

shift or drift in the lay-up or mold. The lowest stress level is about 50 MPa which 

translates to a minimum level of only 5.7 N force on the actuators during consolidation. 

The virgin actuators then return to a stress level of approximately 350 MPa at an MS 

temperature of approximately 83-103°C which is also slightly higher than the unprocessed 

actuator. On further cooling, the recovery stress drops near linearly to room temperature, 
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indicating that the actuator probably does not reach the M, temperature of the nitinol. The 

M, temperature is indicated by a leveling off of the slope of the recovery stress versus 

temperature curve because the phase transformation is finished. 

It was observed that the recovery stress drops an average of approximately 110 MPa at 

the hold temperature of 400°C. The stress drops for all three times indicating that a 

minimum amount of time was necessary for stress relaxation to occur in the hot nitinol 

actuator. The processing cycles also indicate that the stress relaxation stops at a stress 

level just short of being fully relaxed. 

2.3.1.2 Trained Actuators 

The initial low temperature cycling (training) appears to force the recovery stress versus 

temperature behavior of the trained actuators to be more regular. During the processing 

cycles of the trained actuators (Fig. 2.13), the recovery stress versus temperature behavior 

demonstrates much more uniformity than during the processing cycles of the virgin 

actuators. The trained actuators appear to be very ordered and consistent with each other. 

They also have a much higher level of starting stress possibly resulting from residual 

stresses generated by the training. 

At the Af temperature, peak recovery stress levels of 450-500 MPa are reached. The A; 

and M° temperatures are slightly higher than the transition temperature for the other 
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actuators. A possible explanation for the higher temperatures is, with the training induced 

lattice defects in the nitinol actuators, more thermal energy is required to transform the 

nitinol to the complete austenite phase. The slope of the thermal expansion-induced drop 

in recovery Stress is similar to the processed virgin actuators, but not quite as linear. The 

recovery stress drops to 210 MPa. 

A much smaller relaxation of recovery stress at 400°C can also be observed. At T, the 

recovery stress drops to approximately 130 MPa for all three processing times. Because 

the recovery stress of the trained actuators does not drop as much as the processed 

"virgin" actuators, a higher level of recovery stress is reached at the M$ temperature 

during cooling. At room temperature the recovery stress drops to a lower value than in 

the other processed actuators. 

2.3.1.3 Thermoset Cycle 

The thermoset processing cycle appears to do very little, if any, damage to the actuator, 

and agrees with the earlier work by Barker (1989). The recovery stress versus 

temperature behavior of the thermoset processed actuator is comparable to an unprocessed 

actuator. The recovery stress versus temperature curve is shown in Fig 2.14. All of the 

parameters presented in Table 2.3 are similar for the unprocessed virgin actuator and the 

thermoset-processed actuator. The 6% of the trained, thermoset processed actuator is 

higher than the unprocessed virgin actuator, indicating that the training and processing 
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help to expand its usefulness. The thermoset cycle clearly does no damage to the 

actuator’s recovery stress versus temperature behavior. 

A possible reason for the lack of damage to the actuator at the processing temperature of 

177°C is, as Liang and Rogers (1990a) postulated, that the internal stresses generated 

during the extended time at 121°C increases the A;. The higher A? temperature would 

not be exceeded by as large a margin as the original A? value, thereby making the 

actuator less susceptible to damage at temperatures beyond the A} temperature. 

During cooling, the recovery stress surpassed the recovery stress generated during heating. 

This demonstrates that for the thermoset cure process, extended periods of time at 

temperatures slightly above the A} temperatures do not significantly change the original 

behavior of the actuator. The M% appears to be at 125°C which is much higher than the 

MS temperature of the thermoplastic processed actuators. 

2.3.1.4 Actuator with A, = 105°C Transition Temperature 

The actuator labeled in Table 2.1, A=105°C, was made of nitinol with a transition 

temperature of 105°C rather than 38°C. The single test with this actuator demonstrated 

major shortcomings for its use as an embedded actuator at room temperature. The 

actuator was trained like the other trained actuators. During the training, the actuator 

became completely loose in the fixture at room temperature. The other trained actuators 
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had a residual stress level of approximately 140 MPa after training. The slack in the 

actuator was removed to perform the processing cycle. 

The recovery stress versus temperature for the processing cycle is shown in Fig. 2.15. 

As expected, during the heating of the actuator it does not become activated until above 

70°C. The other actuators begin generating recovery stress right away. The recovery 

stress during heating is very rounded at the peak which occurs around 163°C. The 

recovery stress drops to 50 MPa as a result of thermal expansion. The low stress level 

of the actuator at 400°C would probably give rise to problems in its alignment and 

positioning during the consolidation of the thermoplastic composites. The recovery stress 

during the cooling of the actuator peaks at approximately 210 MPa. 

During cooling, the transformation to complete martensite appears to finish because the 

recovery stress drops to zero. In the other actuators the stress never levels off upon 

cooling to room temperature indicating that the M, temperature is below room 

temperature. According to Fig. 2.15 the actuator has zero external stress at approximately 

65°C. When the nitinol cools to the complete martensite phase while free from external 

stress, the nitinol will not always completely revert to deformed martensite. Because the 

nitinol must be in the deformed martensite state in order to forcibly recover during 

heating, the level of recovery stress will probably be lower in subsequent cycles. 

How the stress relaxation occurs is not known, but it may have occurred as a result of a 
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two-way memory produced in the actuator by the training (Escher et al., 1990). The two- 

way memory effect causes the actuator to extend on cooling like it contracts on heating. 

Another reason the stress relaxation may have occurred is that on cooling below the M, 

temperature, the actuator has a new memory shape which includes the original length plus 

the 5 percent prestrain. If the T, is high enough to anneal the 105°C nitinol, then the new 

memory shape will include the original length plus the 5 percent prestrain. In other 

words the actuator is no longer trying to revert to its original length, but instead is 

reverting to the original length plus the prestrain. 

2.3.2 Operating Cycle Behavior 

The actuators’ processing cycle behavior illustrates some important aspects of their 

performance. However, in order to determine the true useability of the actuators, the 

repeatable range of recovery stress that can be used in applications with the actuators 

needs to be determined. The range of o* is determined from the actuators’ performance 

during the ’typical’ operating cycles. The cycling at ’typical’ operation temperatures 

demonstrates that the actuator must go through a “breaking-in" process after the 

composite processing cycle. The actuators’ o; drops to a repeatable range after 

approximately 8 operating cycles after the processing cycle. The typical’ operating 

cycles are similar to a second training process, except the cycles are to temperatures just 

beyond the actuator’s A temperature. 
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The plot of recovery stress versus temperature for typical operating cycles is shown in 

Fig. 2.16. The behavior of the actuator during the operating cycles can be described as 

follows. The recovery stress at room temperature is at the final processing level. During 

heating the recovery stress increases to a peak recovery stress which varies somewhat 

with the processing parameters. The actuator is typically heated to a temperature level 

just above peak recovery stress at the A; temperature. On cooling, the highest stress level 

is reached at the Mf temperature. The actuator then cools to room temperature and 

relaxes. 

Some important observations include changes in AF and Mf temperatures and various 

levels of o; for the actuators’ subjected to different processing cycles. Also the transition 

temperatures drop from the values at the processing cycle to the average values for the 

*typical’ operating cycles presented in Table 2.3. 

2.3.2.1 Virgin Actuator - No Processing Cycle 

The virgin nitinol actuator which was not exposed to a processing cycle demonstrates a 

recovery stress versus temperature behavior very similar to what Barker observed (1989). 

The o¥ of the virgin actuator drops to a repeatable range of 230 MPa after approximately 

six cycles as shown in Fig. 2.17. The peak recovery stress of the virgin actuator drops 

to a level of approximately 345 MPa. However, as indicated by Fig 2.18, the initial stress 

at room temperature remains at 120 MPa for the life of the actuator and does not drop 
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as in the processed actuators. The actuator exposed to the thermoset process demonstrates 

a similar behavior. The initial stress remains at a fairly constant value if the actuator is 

not exposed to relatively high temperatures. This behavior may indicate that very little, 

if any, permanent strain or damage is created in the crystal lattice of the nitinol when only 

heated to the operating temperatures. 

The transition temperatures decrease as shown in Table 2.3. Initially the A; temperature 

is higher than the MS temperature. After cycling 15 times to 163°C the average M®% drops 

only slightly, the average A; drops about 14°C. This behavior may be similar to that 

observed by Tadaki, Nakata, and Shimizu (1987) where A, and M, decrease for actuators 

cycled 10,000 times with fixed strains of 1 percent. 

2.3.2.2 Processed Virgin Actuators 

After being exposed to the thermoplastic processing cycle the virgin actuators demonstrate 

a lower level of repeatable peak recovery stress and 6; than their unprocessed counterpart. 

The peak recovery stress decreases to approximately 250 MPa during the ‘typical’ 

operating cycles as depicted in Fig. 2.19. The zero cycle represents the recovery stress 

during the cooling portion of the processing cycle. The o; as presented in Table 2.3 

increases from 173 to 220 MPa with increasingly longer times at the 7,. The variation 

might be a result of the differences in the initial stresses. Typical operating cycles for 

each of the virgin actuators are shown in Fig. 2.20 for each of the virgin actuators. The 
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amount of the apparent drop in the A} temperature (Table 2.3), after the processing cycle, 

is significant. While the initial drop in recovery stress versus number of cycles could be 

the reason for the drop in the A? temperatures, the drop in AF temperature does not occur 

for the non-processed virgin actuator. This behavior suggests that the high 7, has the 

effect of increasing the transition temperatures whereas the operating cycles reduces them 

by increasing the residual stress in the nitinol crystal lattice (Goldstein, 1987). 

The drop in A} temperature and the smaller drop in the M¥ temperature results in less 

hysteresis in the recovery stress curve for the actuators after the break-in period. During 

the heating of the processed virgin actuators to operating temperatures it is also observed 

that the hysteresis of the phase transformation decreases at a slower rate than in the 

unprocessed virgin actuator. The operating cycle stresses of Fig. 2.18 and Fig. 2.20 

illustrate the differences in the amount of hysteresis still present 8 to 10 cycles after the 

two different processes. Also of note are the varying amount of fluctuations in the peak 

recovery stresses depicted in Fig. 2.19 during the settling of the processed virgin 

actuators. The level of o% for the actuators is not as high as the level of the unprocessed 

virgin actuator, but the values are high enough to warrant the use of the actuators. 

2.3.2.3 Processed Trained Actuators 

The trained actuators demonstrate a much more consistent and higher o, than the virgin 

actuators. The peak recovery stress of the trained actuators drops to 280 MPa as 
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displayed in Fig. 2.21, (average) during the operating cycles, compared to 250 MPa for 

the processed virgin actuators. Also indicated by Fig. 2.21 is the lack of the fluctuations 

in the peak recovery stress during the operating cycles that is manifested in Fig 2.19 for 

the virgin actuators. The higher repeatable peak recovery stress is likely linked to the 

higher recovery stress level at the M$ temperature during cooling in the processing cycle. 

The higher recovery stress in the trained actuators at the M° temperature occurs because 

of a smaller amount of stress relaxation (80 MPa) at 400°C than the processes virgin 

actuators experience. The range of oF is larger and more consistent (241-265 MPa) than 

the range seen in the virgin actuators. The range of 6; is also larger than that available 

for the unprocessed virgin actuators because the thermoplastic process lowers the initial 

recovery stress of the processed trained actuators. 

As Table 2.3 indicates, the processed trained actuators perform better than the processed 

virgin actuators. Typical operating cycle stresses for the trained actuator and the virgin 

actuator processed for 20 minutes at the 7, are shown in Fig. 2.22. The trained actuator 

demonstrates higher of. The trained actuators also experienced a significant drop in their 

A; and Mf temperatures during the operating cycles. The transition temperatures are, on 

the average, slightly higher than those for the processed virgin actuators but significantly 

lower than those for the unprocessed actuator. The higher levels of peak recovery stress 

probably force the transition temperatures to be slightly higher according to Liang and 

Rogers (1990a). 
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The operating cycle stresses of the trained actuators are also more regular than the 

recovery stress curves of the virgin actuators. The hysteresis of the curves decreases 

faster and to a smaller level as indicated by Fig. 2.23. The high of of the processed 

trained actuators warrants their use in adaptive hybrid composites. 

2.3.2.4 Trained A, = 105°C Actuator 

The problem that the A,=105°C actuator has of becoming completely relaxed upon cooling 

makes the actuator virtually unusable for most applications at room temperature. The 

Other nitinol actuators never do completely relax at room temperature and therefore do 

not seem to suffer as much from the cycling induced stress relaxation. In order for the 

actuator to be usefully embedded in a composite material system, the contraction of the 

nitinol would have to first "take-up" the slack in the actuator before generating any useful 

recovery stress. 

If the 105°C actuator drops below its M, temperature during cooling, then the actuator 

may lose a small amount of its ability to generate recovery stress with each operating 

cycle. During cooling, the actuator becomes part twinned non-deformed martensite and 

part deformed martensite, rather than complete deformed martensite. As the actuator is 

heated again the martensite mixture transforms to complete austenite, then cools again to 

possibly still a smaller percentage deformed martensite than before. As the percentage 

of deformed martensite diminishes with each succeeding cycle, the peak recovery stress 
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keeps dropping. In Fig. 2.24 the peak recovery stress continues to drop even after eight 

cycles. Higher ambient temperatures might prevent the formation of non-deformed 

martensite by preventing the actuator from reaching its M, temperature, thereby rendering 

the actuator useful. 

2.3.2.5 Thermoset Processed Actuator 

The actuators subjected to the thermoset processing cycle demonstrate behavior very 

similar to the unprocessed virgin actuator. A sample ‘typical’ operating cycle for the 

thermoset processed actuator is shown in Fig. 2.23 with the curves of the trained 

actuators. The peak recovery stress does not drop significantly during the operating 

cycles, but hovers around 393 MPa as demonstrated by Fig. 2.21. Because the initial 

stress level decreases during the operating cycles, the o; is much larger than any of the 

other actuators. The change in the AF and Mf temperatures, a possible indication of 

change in the microstructure, does not occur to the same extent exhibited in the other 

actuators. In the thermoset processed actuator, like the unprocessed actuators, the M¢ 

temperature is slightly above the A; temperature. The hysteresis for the phase 

transformation is also smaller than the hysteresis exhibited by the other actuators. The 

thermoset process with the extended time at 171°C appears to compliment the nitinol 

actuator’s ability to generate a wide range of ©}. 
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2.3.2.6 Embedded Virgin Actuator 

The recovery stress versus time of a ’typical’ operating cycle for the embedded actuator 

is shown in Fig. 2.25. The temperature of the embedded actuator could not be accurately 

monitored. The recovery stress during heating is very similar to the values predicted by 

the simulation tests. The o% is greater than indicated by the simulation tests. During 

cooling the recovery stress level is lower than the value during heating. This kind of 

behavior may be attributed to the surrounding APC-2 composite structure which hinders 

the reversion of the deformed martensite phase nitinol to the austenite phase. The driving 

force for the reversion of the deformed martensite to austenite is the increased thermal 

energy of the heating. As the actuator cools the thermal energy diminishes. The actuator 

cannot contract to a higher recovery stress level because the driving force or extra thermal 

energy is not available. Therefore, the recovery stress during cooling is always lower 

than the level during the heating. 

The graph of the recovery stress versus number of cycles for the embedded actuator in 

Fig. 2.26 demonstrates behavior similar to the behavior of the actuators exposed to the 

simulated cycles. The drop in recovery stress for the embedded actuator is similar to the 

drop exhibited by the actuators exposed to the simulated cycles shown in Fig. 2.21. It 

is also interesting to note that the embedded actuator exhibits a temporary slight rise in 

recovery stress after the initial 10 operating cycles. The simulation of the processing 

cycle effectively imitated (in a limited fashion) the performance of the actuator after being 
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exposed to a thermoplastic processing cycle. 

2.4 Conclusions and Recommendations 

The experimental analysis proved to be relatively simple to complete after the transducers 

were initially calibrated and the monitoring equipment was set-up. The accuracy of the 

temperature and load transducer were periodically verified and maintained within 10 

percent for the simulation tests. The simulations of the processing and operating cycles 

proved to be very accurate. The temperature data was shown to be conservative on the 

high side. The following points were determined from the simulation of the thermoplastic 

processing cycle. 

¢ The processing cycle had some effect on the microstructure of the nitinol actuator as 

manifested in the change in transition temperatures and peak recovery stresses. 

* The transition temperatures of the actuators are forced higher as a result of the 

processing cycle. 

e The peak recovery stress of the actuators decreases as a result of the thermoplastic 

processing. 

¢ The thermoset processing cycle has negligible effect on the actuator. The transition 

temperatures and stress levels are only mildly affected and the actuator behaves similar 

to the unprocessed virgin actuator. 

The cycling of the actuators to operating temperatures verifies the performance of the 
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post-processed actuators in intelligent material systems. The cycling of the actuators 

shows that: 

¢ The range of o; for the processed virgin actuators is lower than the unprocessed virgin 

actuator. 

* The processed trained actuators perform much more consistently. They are able to 

generate a high range of o; for all processing times. 

¢ The trained and thermoset processed actuators have higher ranges of 0; than the token 

unprocessed virgin actuator. 

¢ The training appears to contribute to the stability of the martensite to austenite 

transformation within the actuator. 

¢ The holding at temperatures around the A} temperature for long periods of time in the 

thermoset processing cycle appears to enhance the capabilities of the actuator by 

lowering the initial stresses. 

¢ The embedded actuators have a higher o¥ range than the simulation tests indicated, 

the simulation proved to be conservative. 

The testing to such high temperatures demonstrates that the nitinol actuators have the 

capability to withstand a thermoplastic cure cycle with only the required care given the 

actuators in a thermoset cure cycle. 

¢ The nitinol actuators are able to withstand higher 7, than are typical for processing of 

an APC-2 Composite. 

¢ Longer times than 20 minutes at the peak T, of 400°C may prove to be detrimental to 
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the embedded nitinol actuators. 

¢ The reusability of thermoplastic composites cannot be exploited with the embedded 

nitinol actuators present. 

¢ The relaxing of the actuators at the 7, of the thermoplastic composites diminishes the 

actuator’s ability to generate the original level of recovery stress. 

¢ Repeated cycling of the actuators to the thermoplastic processing temperature would 

result in an even more adverse relaxing of the nitinol actuators. 

In order to further test the capability of the actuators to be used in intelligent material 

systems, the following points are recommended: 

¢ More testing of the actuators’ performance be completed at temperatures above the 

thermoset processing cycle. It may be found that the utility of the actuators can be 

expanded even more than indicated by the results from the thermoset processing cycle. 

¢ Processing at temperatures between 175°C and 390°C may give the actuators higher oy. 

¢ Optimize the initial prestrain of the actuator by a similar analysis on different 

pre-strain amounts before the processing cycle. 

¢ Vary the diameters of the actuators to determine if thinner nitinol actuators and lower 

transition temperatures provide actuators with more optimal behavior. 

¢ More investigation of the effect of different processing parameters on the nitinol 

actuators. Nitinol actuators may yet prove to be even more impervious to composite 

processing environments. 
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Chapter 3 

Integrity of the Actuator-Composite 
Interface 

The strength of the bond between the nitinol actuator and the thermoplastic composite 

was tested to determine whether the recovery stress could be adequately transferred from 

actuator to composite. The two methods used to test the strength of the bond were the 

actuator pull-out test and fatigue cycling of the nitinol actuator embedded in the 

composite material. Both of the methods were designed to imitate the real operating 

conditions of the adaptive hybrid composite. 

3.1 The Nitinol Wire Actuator Pullout Test 

3.1.1 Apparatus and Method 

In order to test the interface qualities of the nitinol actuator in the thermoplastic 

composite, test specimens or samples were produced with the nitinol actuators embedded 

in the composite. The nitinol actuators were embedded according to the diagram in Fig. 

3.1. A composite plate was produced by hot pressing unidirectional composite tape of 

APC-2 graphite/PEEK composite from ICI Fiberite. The nitinol actuators were placed in 
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Figure 3.1 Set-up for the Sheet of APC-2 Composite Specimens with Embedded Pre- 

strained Nitinol Actuators. 
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the middle layer of the composite plate to form a sheet of test specimens or samples. The 

apparatus used in the preparation and testing of the samples are listed below. 

Simulation test set-up and fixture (chapter 2) 

Aluminum tool plate (accommodates a 0.3x0.3 m composite sheet) 

Hot Press (Composites Manufacturing Laboratory) 

Pull-out support fixture for MTS Grips 

MTS 810 with peripherals and control system. 

APC-2 PEEK/Graphite Composite 

3.1.1.1 Specimen Preparation 

The lay-up (ordering and positioning of the individual composite plies) of the composite 

sheet followed the order illustrated in Fig 3.1. First, six 0.13 mm thick plies of the 

unidirectional APC-2 composite tape were stacked and placed on the aluminum tool plate 

with the graphite fibers in the plies parallel to the side rails. Second, the actuators were 

prestrained 5 percent and clamped on the tool plate in the direction parallel to the graphite 

fibers. The 0.381 mm (0.015 in) diameter actuators were of the same type (A, = 38°C) 

as those used in the simulation tests. The actuators were restrained so that they would 

not contract during the processing cycle. Finally, six more 0.13 mm thick APC-2 plies 

were laid down on top of the actuators. A sheet of 10 to 11 specimens, each with one 

actuator, was prepared at one time as shown in Fig. 3.1. 
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The sheet of specimens in the tool plate was processed in a hot press with processing 

cycle specifications for APC-2 from ICI Fiberite. The composite "lay-up" was heated to 

371°C (700°F) with contact pressure only. From 371°C to 382°C (720°F) approximately 

0.3 MPa pressure was applied to the composite "lay-up". At 382°C a consolidation 

pressure of 1.4 MPa was applied to the composite. The "lay-up" was held at 382°C 

processing temperature for a processing time of at least 5 but not more than 10 minutes. 

After the processing time the whole composite and tool plate was rapidly cooled. The 

1.4 MPa of consolidation pressure was released at approximately 149°C (300°F) and the 

sheet of composite specimens was removed from the hot press and the tool plate. An 

actual temperature verses time plot for the processing cycle of a sheet of specimens is 

shown in Fig. 3.2. 

The specimens were all produced in this manner. The pull-out specimens were then made 

by cutting the sheet of 10 embedded actuators in half to make twenty specimens of half 

the embedded length as shown in Fig. 3.3. The specimen lengths were further cut to 

provide different amounts of embedded actuator length (L) for the different tests to be 

performed. The tests and parameters for the pull-out test specimens are presented in the 

test matrix of Table 3.1. 

3.1.1.2 Pull-Out Test Procedure 

The different parameters of the test matrix were chosen to determine different attributes 
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Heating Curve for Hot Pressing of APC-2 Specimens 

With Embedded Nitinol Actuators 
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Figure 3.2 Actual Temperature ( F) versus Time for the Heating of the Specimen Sheet 
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Sheet of Pull-out Specimens 

  

  

aE = 

L = Embedded 

Length 

l< x 0.30 m ——>| 

Embedded Actuator 
= APC-2 Composite 0.0254 m Apart in Sheet 

  

Fatigue Specimens Cut in Sections 
Pull- out Sheet Cut in Half to Produce Two Rows Each With 1 Actuator 
of Specimens Each Width L 
    

Figure 3.3 Specimen Dimensions for the Pull-out Test and the Fatigue Test. 
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Table 3.1 Test Matrix for Pull-out Tests. 

  

  

  

  

      

Surface Preparation Embedded Length (L) 

2.54 cm 5.08 cm 7.6 cm 

Plain Actuator X Xx X 

Sanded Actuator x 

Acid Cleaned Actuator X 

Sandblasted Actuator x x x         
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of the actuator-composite interphase. The different surface preparations would 

demonstrate the dependence of the interphase adhesion on the surface finish of the 

actuator. The embedded lengths were varied to determine if the length of the actuator in 

the composite was important to the interphase strength. As other studies have done 

(Harris, Morley, and Phillips, 1975; Chua and Piggott, 1985a; etc.), the parameters were 

varied to help understand the wire-composite interface. 

The pull-out test was performed by placing the pull-out test specimen in a fixture in the 

MTS materials testing machine. The fixture and setup of the specimen and the actuator 

are shown in Fig. 3.4. The fixture was designed to perform in a manner similar to the 

fixture recommended by the ASTM standard (ASTM, 1989). The fixture holds the pull- 

out specimen rigid and straight in the top grips of the MTS machine without interfering 

with the motion of the actuator. The fixture was also designed not to impart any pressure 

on the surface of the composite pull-out specimen in the region of the actuator as the 

actuator was being pulled out. 

The free end of the actuator was secured in the active lower grip of the MTS machine. 

The actuator was then pulled out of the surrounding composite specimen. The actuator 

was pulled out with a constant rate of approximately 0.5-1.0 mm/s. During the pull-out, 

the force versus displacement was recorded with an X-Y plotter. The force versus 

displacement data for the different lengths were recorded and averaged for the different 

surface treatments. Longer specimens (0.05 and 0.076 m) were made and tested for the 
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Figure 3.4 Set-up of the MTS Grips, Holding Fixture and Specimen for the Pull-out 

Tests. 
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two surface preparations that had the highest average pull-out forces for the 25.0 mm long 

specimens. The average forces and standard deviations were recorded and are presented 

in Table 3.2 to facilitate comparison. Eight to ten specimens were tested for each length 

and surface preparation that was tested. 

3.1.2 Results 

The results of the pull-out tests demonstrate the strength of the interfacial adhesion 

between the nitinol actuators and the thermoplastic composite. The tests also demonstrate 

some important considerations to make when embedding nitinol actuators in thermoplastic 

composites. The average forces required to pull the actuators out of the APC-2 composite 

are shown in Table 3.2. A typical force versus displacement plot of the pull-out test is 

shown in Fig. 3.5. The displacement represents the movement of the pulling ram as the 

actuator is pulled out. The shape of the force versus displacement curve is very similar 

for all the surface preparations and embedded lengths. The pull-out curve for the nitinol 

actuator in the thermoplastic composite is similar in shape and characteristics to the pull- 

out curves that Harris, Morley, and Phillips (1975) observed. 

3.1.2.1 The Force Verses Displacement Curve 

The force versus displacement curve resulting from the actuator pull-out tests can be 

separated into two regions, pre and post-fracture of the interface. As indicated by Fig. 
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Table 3.2 Average Pull-Out Forces For Different Surface Treatments and Embedded 

Lengths of Nitinol Actuators. 

  

  

  

  

Surface Embedded Lengths, Data is: Force | Std Dev. 
Preparation 

2.5 cm 5.0 cm 7.5 cm 

Plain 38 N | 5.20N | 30N |[2.7N | 35N | 1.2N 

Sanded 27N | 2.22 N 
  

Acid Cleaned 27N | 1.42N 
  

Sandblasted 33 N | 2.14N |52N | 3.35 N | 52N | 3.00 N 
LL                   
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Figure 3.5 A Typical Force versus Displacement Curve for the Pull-out Tests. 

115



3.5, the pre-fracture region is characterized by an initial buildup of the force as the 

actuator free length is strained (stretched) by the downward displacement of the MTS 

lower grip. The pull-out force increases until a high enough level of pull-out force is 

reached to fracture the interface. As the adhesion between the actuator and composite 

fails, the entire embedded length of the actuator slips visibly in the composite. The 

slipping is caused by the release upon fracture of the stored strain energy in the free 

length of the actuator. The behavior was described by Chua and Piggott (1985b) as a 

fracture of the interface rather than the yielding of the matrix. The pull-out force drops 

to zero or near zero when the actuator slips. The sudden drop in pull-out force in the 

curve of Fig. 3.5 marks the fracture and the transition into the post-fracture region of the 

pull-out curve. 

The post-fracture force on the actuator continues until complete pull-out of the actuator. 

The pull-out force is caused by the friction on the actuator. The normal force on the 

actuator surface is applied by the surrounding composite. The force results from an 

uneven contraction of the composite and actuator during cooling of the test specimens. 

Also, the consolidation pressure of the thermoplastic composite processing is applied until 

after the polymer hardens, resulting in additional residual pressure on the cooled actuator. 

The average level of force is fairly constant during the post-fracture pull-out of the 

actuator. The lower level of pull-out force after the interface fracture demonstrates that 

the friction on the actuator is not as important to the adhesion as the bonding between the 

actuator surface and the polymer. The rapid fluctuations of the force over the post- 
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fracture region is caused by "stick-slip" behavior (Chua and Piggott, 1985b). 

The pull-out forces are much lower than expected for the actuators in the thermoplastic 

composite. Actuators embedded in a graphite/epoxy composite have average pull-out 

forces on the order of 1.5 to 2 times as high (Jones, 1989) as the values for the APC-2. 

The embedding of nitinol actuators in epoxy based composites has been successful for 

most applications that have been attempted. A possible reason for the much lower 

average pull-out forces of the actuators embedded in the APC-2 composite may be found 

by understanding the nature of the adhesion in the thermoplastic composites. 

3.1.2.2 The Mechanisms of Adhesion 

Good adhesion between the polymer matrix and the surface of the nitinol actuators 

requires that the polymer material must wet the surface to form the adhesive bond 

between the two materials. The adhesive bonding occurs when the polymer and nitinol 

surfaces are close enough that intermolecular attraction based on hydrogen or van der 

Waals bonds can be achieved. If proper wetting of the actuator surface is not achieved 

during processing of the specimen, then the attraction between the two different materials 

is less than optimal. 

The melted PEEK/graphite thermoplastic composite has a very high viscosity. In order 

to get the low viscosity necessary for the PEEK to properly wet an abnormal surface, 
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such as a round actuator, high shear stresses must be generated in the thermoplastic 

polymer. The hot press process might not provide the high shear stresses necessary to 

get a relatively low viscosity. Therefore, the high viscosity and the interference of the 

carbon fibers in the composite do not encourage sufficient wetting of the actuator surface. 

In contrast, epoxy has a very low viscosity during cure and behaves much like water. 

The low viscosity of the epoxy enables the polymer material to easily wet the nitinol 

actuator during the cure process. The proper wetting provides the means for a much 

better bond between the actuator and composite. 

Another means by which the interfacial shear strength between the actuator and composite 

can be increased is by mechanical interaction. If the surface of the actuator or fiber is 

rough, the polymer can fill the crevices and form mechanical projections that hinder the 

pull-out of the actuator. If substantial interaction of the polymer and actuator occurs, the 

polymer matrix must yield in order for the fracture of the interfacial bond to progress. 

The nitinol actuators are very smooth and their surfaces are essentially free of nicks or 

surface discrepancies that may provide opportunities for interaction. If the surface 

treatments roughen the surface of the actuator, interaction with the composite will be 

enhanced and the interfacial shear strength may be increased. Without any interaction 

between the polymer and actuator, the bond strength is completely dependent on the 

material’s attraction to each other. With this understanding of the methods of adhesion, 

the differences in the average pull-out forces may be discussed. 
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3.1.2.3. The Pre-Fracture Strain and Fracture Force 

Figure 3.6 shows how the average force for interface fracture and behavior of the force 

versus displacement curve varies with the surface preparation. The shape of the pre- 

fracture straining of the actuator is very similar for the different surface treatments and 

embedded lengths. Initially the force increases very steeply as the actuator strains 

elastically. Then the slope of the curve decreases sightly, indicating that the actuator is 

beginning to strain inelastically. Occasionally, a small portion of the embedded actuator 

near the free surface (the surface out of which the actuator is being pulled) is strained 

along with the free length of the actuator. Chua and Piggott (1985b) reported that as the 

pull-out progresses the matrix first fractures near the free edge of the specimen before the 

interface fractures (Fig. 1.12). The decrease in the slope of the force versus displacement 

curve indicates that such cracking of the matrix may be occurring. As the matrix begins 

to crack, more of the actuator is free to deform and by this deformation relieve some of 

the strain energy. 

The changes in the slope of the force versus displacement curve before fracture of the 

interface may also be attributed to a slow gradual failure of an inconsistent interface near 

the free surface. The quality of the bond between the actuator and composite is visibly 

poor in that region. The erratic failure of the interfacial bond near the free surface of the 

specimen causes large variations in the slope of the force versus displacement curve. As 

the tension in the actuator increases, the pull-out force rises rapidly and reaches the level 
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Figure 3.6 Typical Pull-out versus Displacement Curves for the 0.025 m Specimens for 

Each Surface Preparation. 
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necessary to produce a complete fracture of the interface. The values for the average 

pull-out forces to produce fracture of the interface and their standard deviations are listed 

in Table 3.2. 

The interface of the acid cleaned and sanded 25 mm long specimens fracture at only 27 

N of average pull-out force. These specimens were not tested with any longer embedded 

lengths. The plain and sandblasted actuators have higher average pull-out forces of 37.7 

and 33 N respectively for the 25 mm long embedded specimens. The plain and 

sandblasted actuators were further tested with 50 and 75 mm embedded lengths. Higher 

average pull-out forces are achieved for the longer specimens with the embedded 

sandblasted actuators. The values are, however, nearly equal for the 50 and 75 mm long 

specimens, so no further lengths were tested. The plain actuators have average pull-out 

forces that fluctuate around 30 to 38 N for the longer embedded lengths. The behavior 

of the plain actuators is inconsistent with the theory that longer embedded lengths yielded 

higher pull-out forces (Subramanian, Jakubowski, Williams, 1978). 

3.1.2.4 The Post-Fracture Friction Pull-Out 

The post-fracture behavior of the embedded actuators exhibits two distinct types of 

behavior. Either the friction forces are fairly steady and the post-fracture pull-out forces 

fluctuate only slightly or the force versus displacement curve is sporadic with jagged 

stick-slip behavior. The stick-slip behavior is common in the sandblasted actuators for 
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the 25 mm long embedded specimens. A few of the other specimens, especially the plain 

actuators, also exhibit the jagged behavior. In the sandblasted actuator the stick-slip 

behavior is probably indicative of some mechanical interaction. The jagged surface of 

the sandblasted actuator provides occasional increases in friction during the pull-out. 

The post-fracture pull-out of the sanded, acid cleaned and some plain actuators is 

relatively smooth and occurs at a fairly constant force level. The plain actuators pull out 

with very low post-fracture pull-out forces indicating a low level of friction between the 

actuator and composite. The acid cleaned and sanded actuators have higher post-fracture 

pull-out forces than the plain actuators which indicates that higher levels of friction are 

present. Only two of the 25 mm long plain actuator specimens demonstrate dramatic 

stick-slip behavior. The stick slip behavior may be encouraged by the rough surface of 

oxide present on the nitinol surface. 

The 50 and 75 mm long specimens with the sandblasted actuators demonstrate very 

similar post-fracture behavior. The frictional pull-out forces in the longer sandblasted 

specimens decay as the actuator is pulled out. The forces start at a level just below the 

fracture peak and decrease to a level at about one half of the maximum pull-out force. 

The force required for the friction pull-out probably decays due to the sanding effect of 

the jagged interface during pull-out. The longer plain actuator specimens demonstrate 

behavior similar to the behavior of the plain actuator shown in Fig. 3.6. The stick-slip 

behavior is irregular when it occurs and the average post fracture pull-out forces are fairly 
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constant. 

3.1.2.5 Pull-out Performance of the Different Surface Treatments 

The sanded, sandblasted, and acid cleaned actuators are treated to remove any brittle 

oxide from their surfaces. The oxide is assumed to be weaker than the nitinol material. 

During pull-out the interface bond fails at fairly low forces for the acid cleaned and 

sanded actuators. The smooth surfaces of the acid cleaned and sanded actuators, produced 

by the removal of the oxide, does not increase the bond strength. The rougher surface 

of the sandblasted actuator encourages interaction between the polymer and the actuator, 

increasing the actuator-composite bond strength as a result. Therefore the sandblasted 

actuators have higher pull-out forces. 

The slightly higher pull-out forces for the 25 mm plain actuator specimens indicate that 

the rough oxide layer may provide the opportunity for mechanical interaction with the 

polymer. The increased bond strength resulting from the polymer oxide interaction is by 

nature of the oxide highly variable. The force necessary to pull the actuator out is 

therefore highly variable. This is demonstrated by the large standard deviation of the 

average pull-out forces for the 25 mm long plain actuator specimens, but not by the 

longer plain actuator specimens. The lower average pull-out forces of the longer plain 

specimens are difficult to explain, but may be attributed to higher oxide levels on the 

actuator wires or other unseen variables. The lack of strong post fracture frictional forces 
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for the plain actuator specimens may be due to brittle failure of the oxide layer and then 

a fairly smooth pull-out. 

To determine if the matrix cracks and yields during pull-out or if the failure occurs only 

at the interface, a sample of an actuator for each surface treatment was viewed under a 

scanning electron microscope (SEM). The actuators had already been pulled out of the 

APC-2 composite. The sanded, acid cleaned, and plain actuators did not have any 

polymer remaining on their surfaces. The only actuator surface with sizeable pieces of 

polymer still bonded to it was the sandblasted surface. The SEM picture of a sandblasted 

actuator with polymer adhering to it is shown in Fig. 3.7. The length of the actuator 

shown in Fig. 3.7 was near the free surface of the pull-out specimen. This suggests that 

the interface fails in a manner similar to that described by Chua and Piggott (1985b). The 

polymer near the free surface fractures first and then the bond failure progresses with 

interface fracture. 

The average pull-out forces of the sandblasted actuators in the APC-2 composite behave 

similar to the glass/polyester system used by Chua and Piggott (1985b). The pull-out 

forces increase with an increase in embedded length. At a certain length and thereafter, 

the pull-out forces remain constant. The leveling off indicates that the work of 

continuous interface fracture is lower than the work required to fracture the polymer 

matrix. The data from the other actuators and surface treatments support the assumption 

that the interface, not the polymer matrix, fractures. The interface fails because the 
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Figure 3.7 Scanning Electron Microscope Picture of the Sandblasted Actuator After Pull- 
out. Notice the Pieces of Thermoplastic Polymer Still in Adhesion. 
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polymer does not adequately wet the actuator surface. 

3.1.3 Conclusions and Recommendations 

In order to achieve a good transfer of force and stiffness from the actuator to the 

surrounding composite an adequate bond strength must be achieved. The characteristics 

of the actuator-composite bond must be properly understood to achieve the greatest 

performance from the bond. The pull-out testing of the actuator-composite interface gives 

some insight into the characteristics of the actuator-composite interface. 

¢ The actuators with rough surfaces benefit from mechanical interaction and as a result 

have higher interface bond strengths. 

¢ The interface fractures instantaneously along the entire length of the embedded actuator 

for all embedded lengths. 

* The average force required for pull-out of the sandblasted actuator does not increase 

significantly for embedded lengths beyond 50 mm. 

¢ The average pull-out forces are within the range of the recovery forces the nitinol 

actuators can generate. (Recovery stress at 400 MPa = 45 N of force) 

* High actuator recovery forces might damage the actuator-composite interface if the 

pull-out force is much lower than the recovery force. 

The bonding mechanism between the two surfaces must be better understood. The need 

for a method to create higher bond strengths between the high viscosity thermoplastic 
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polymer and the actuator is also apparent. 

¢ Possible coatings and other treatments of the actuator’s surface might produce higher 

bond strengths between the polymer and nitinol actuator. 

¢ The pull-out specimens should be tested under typical operating conditions where the 

actuators are activated to determine if interface bond failure is initiated by the recovery 

forces. 

* The effect of large numbers of activation cycles on the actuators and actuator-composite 

interface must be determined. 

3.2 Fatigue Cycle Testing 

3.2.1 Introduction 

Critical values for the force required to fracture the actuator-composite interphase were 

determined by the pull-out testing of the hybrid APC-2 composite specimens. The forces 

required to pull the actuator out of the composite were in the range of 30-50 N. The 

actuators are able to generate normal recovery stresses of 250-270 MPa or recovery forces 

of 29-31 N during typical operating cycles. It appears that the actuator’s recovery forces 

are high enough to initiate some failure of the interface bond, especially after many 

cycles. To determine if the recovery force of the nitinol actuator can initiate fracture of 

the actuator-composite bond, the fatigue testing was performed. The fatigue testing was 

performed by cycling the actuators, embedded in the composite specimens, to full 

activation under operating constraints. The fatigue testing provided the opportunity to test 
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the performance of the actuators and the actuator-composite interface under simulated 

operating conditions. 

Another parameter determined by the fatigue cycling of the actuators is the ability of the 

actuator to generate recovery stress over many cycle periods. The simulation of the 

nitinol actuator, presented in chapter two, demonstrated that after 10 operating cycles the 

recovery stress settles to a regular value. The aim of the fatigue cycling is to take the 

testing a step further, to determine if the cycling of the embedded actuators for 1000 

cycles has any detrimental effect on the ability of the actuators to generate recovery 

stress. In order to understand how the recovery stress of the actuator might drop during 

the fatigue cycling, two different phenomena were investigated. First, the fracture of the 

actuator-composite interface bond by actuator generated recovery forces was studied. 

Second, the phenomena of stress relaxation, initially observed in the nitinol simulation 

testing, was also examined. To generate the worst case for both failure of the bond and 

Stress relaxation, the actuators were cycled from minimal to full activation. 

3.2.2 Apparatus and Experimental Method 

The fatigue cycling of the nitinol actuators in the APC-2 composite was performed on 

specimens similar to the pull-out specimens. The sheets of fatigue specimens were 

created using the tooling and "lay-up" method of the pull-out specimens as shown in Fig. 

3.1. The test specimens were cut from the composite sheet in a manner illustrated by Fig. 
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3.3. Each specimen had an actuator down the middle. The resulting specimens were 

approximately 0.1525 m long, 25 mm wide, and 1.5 mm thick. To perform the tests, the 

specimens were placed in the nitinol test fixture (Fig. 2.1) with modified end clamps to 

accommodate the different boundary conditions of the fatigue tests. 

3.2.2.1 Operating Boundary Conditions 

The adaptive hybrid composite or intelligent material system may be used in many 

different applications. For each application a different type of response may be desired 

from the material system. To produce the required behavior from the adaptive composite, 

different boundary conditions can be placed on the actuator and composite. To change 

the strain energy using ASET the actuator must be free to contract within the composite 

in order to strain or compress the material. The actuator can be completely restrained 

from contracting if it is used to change the stiffness of the material system. A completely 

free actuator and free composite material boundary condition must be used if the actuator 

is required to produce bending or motion in the host composite. The different boundary 

conditions have varying degrees of influence on the performance of the actuator and the 

reliability of the actuator-composite interface. 

Three different boundary conditions for the test specimens were used in the fatigue cycle 

testing. The different boundary conditions are illustrated in Fig. 3.8. The first boundary 

condition is free-free. The composite structure is supported but the actuator is left 
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unrestrained. In this condition the actuator and host composite are free to fully recover 

and contract as the recovery stress of the actuator is applied to the composite interface. 

The actuators were connected to the power supply to be activated (heated) as in the 

simulation tests. The actuators were not restrained from moving within the composite. 

The second boundary condition called clamped-free involves clamping the host composite 

structure at one end of the specimen with a clamp which leaves the actuator unrestrained 

and free of externally applied pressure. The actuator is left free to fully recover and 

impart stress on the interface of the restrained composite. The actuator is clamped at the 

other end of the specimen. A load cell was attached to the clamped end to monitor the 

recovery stress of the actuator during the cycling. The amount of recovery stress that 

could be consistently generated during the fatigue cycling was monitored. The clamped- 

free boundary conditions for the free end of the specimen are similar to those required 

for the ASET technique. 

By clamping both ends of the actuator and leaving the host composite free to move, the 

third boundary condition (clamped-clamped) is obtained. One of the clamped ends of the 

actuator was attached to a load cell to monitor the recovery force during the fatigue 

cycles. Because the actuator cannot move with these boundary conditions the recovery 

stress is not applied to the actuator-composite interface. The interface was not tested in 

this configuration but the amount of stress that could be consistently generated was 

monitored. 
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Boundary Conditions of Fatigue Sample Specimens 

APC-2 Composites With Embedded Nitinol Actuators 
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Figure 3.8 Different Boundary Conditions for the Fatigue Specimens. 
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3.2.2.2 Test Parameters 

The specimens were each exposed to the fatigue cycling for 1000 cycles. The different 

boundary conditions and number of test specimens are listed in Table 3.3. The number 

of fatigue cycles was chosen to expedite the fatigue testing. Based on the decrease in 

recovery stress observed in the early cycles of the simulation testing, it was estimated that 

1000 cycles would be sufficient to initiate observable fatigue effects in the actuator and 

composite actuator interface. Another reason for the choice of 1000 cycles was the 

response of an early specimen to 2500 cycles. The higher amounts of cycling on the 

specimen caused fatigue fracture of the actuator in the end clamps of the test fixture. The 

specimens were cycled by heating the actuators to full activation recovery stress for one 

cycle. 

The fatigue cycle was very similar to the typical operating cycles described in chapter 2. 

It consisted of a ramp voltage increase to full activation voltage (Approximately 6 volts), 

a hold for 10 seconds, and then a removal of the voltage and a forced convection cool 

down. By cutting off the voltage and using forced convection, the cooling of the 

specimen proceeded at a rate fast enough to perform a complete cycle every 50 seconds. 

The cycles were repeated for periods of 5 to 6 hours until 1000 cycles were performed. 

The recovery stress, time and voltage during the testing was monitored by a strip chart 

recorder. The stress relaxation in the actuators and changes in test conditions were 

determined from the strip charts for each test. The amount of stress relaxation was 
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Table 3.3 Test Matrix for the Fatigue Specimens. 

  

  

  

  

  

    

Specimen ID and Number of Notes 

Boundary Conditions Cycles 

#1, Clamped-Clamped 1000 

#2, Clamped-Clamped 2500 Fractured after 2500 

#5-#9, Free-Clamped 1000 

#10, Free-Clamped 1000 Full activation voltage level 

increased after 800 cycles 

1000 Recovery force was not monitored #3,#4, Free-Free       

133 

 



measured from the drop in recovery stress during the 1000 cycles. 

The first step in testing each fatigue specimen had been to determine the full activation 

voltage level of the actuators. The initial voltage level was varied to determine at which 

voltage level the maximum recovery stress of the actuator occurred. This voltage level 

was then used throughout the rest of the fatigue cycles to fully activate the specimen. 

One of the actuators was subjected to an increase in the activation voltage after 800 

cycles. The level of activation voltage was increased to determine the effect of a slight 

voltage increase on the repeatable level of recovery stress. 

3.2.2.3 Testing the Interface Integrity 

After fatiguing the specimens, the integrity or strength of the actuator-composite interface 

bond was tested using two methods. First the actuators were viewed with an acoustic 

microscope, and then the bond strength was tested by the pull-out test. The acoustic 

microscope uses high frequency sound waves to generate pictures of the composite 

interior structure. The relatively new method could not provide the necessary detail to 

determine any degradation of the interface region. Because the ultrasonic microscope 

pictures proved to be inconclusive, the pull-out test was used to determine whether or not 

the average interphase bond strength had diminished as a result of the fatigue cycles. 

The pull-out tests were performed on the fatigue specimens following the methods 
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described in section 3.1. The 0.15 m fatigue specimens were cut in half to create two 75 

mm long pull-out specimens. For the free-free specimens both ends provided the same 

information from the fatigue cycling. For the clamped-free specimens each end 

represented a different type of fatigue behavior. The pull-out forces were averaged and 

tabulated. The pull-out strength of the fatigued actuators was compared to the pull-out 

behavior of the 75 mm long plain pull-out specimens reported in Table 3.2. 

3.2.3 Results 

In general the fatigue cycling of the actuators embedded in the APC-2 composite 

demonstrates that the system will perform with limited success as an adaptive hybrid 

composite. The actuators are able to consistently produce a reasonable amount of 

recovery stress. No damage of the actuator-composite interface is observed due to the 

fatigue cycling. 

3.2.3.1 Strength of the Post-fatigued Interface 

The actuators demonstrate pull-out behavior very similar to the behavior described in 

section 3.1. For the different boundary conditions, the force levels presented in Table 3.4 

are required to pull the actuators out of the fatigue specimens. The fatigue cycling has 

no apparent effect on the actuator-composite interface. The peak pull-out forces do not 

vary by very much for the different boundary conditions. The shape of the pull-out 
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Table 3.4 Pull-out Results for the Fatigue Test Specimens. 

  

  

    
    

Boundary Condition Forces 

Average Std. Dev. 

Clamped Ends of Specimens 35 N 2.0 N 

Free ends of Clamped-Free 36 N 2.7 N 

Free ends of Free-Free 35 N 1.4N     
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curves for the fatigue specimens is very similar to the shape of the pull-out curves for the 

plain 75 mm long pull-out specimens. The pull-out forces are in the range of 35-36 N 

and the occurrence of stick-slip behavior is comparable to the amount observed during 

the pull-out tests. The similarities between the pull-out curves of the fatigue and pull-out 

specimens clearly indicate that no weakening of the actuator-composite interface is 

initiated by the fatigue cycling. 

In an attempt to explain the differences in the stress levels at the actuator-composite 

interface during pull-out testing and fatigue cycling, the stress distribution in the actuator- 

composite region was investigated. A simple 2-D finite element model of the nitinol 

actuator — APC-2 composite region near the free surface was created and solved using 

IDEAS FEA software. Figure 3.9 illustrates the maximum normal stresses that result 

from the pull-out test with 50 N applied to the actuator. The figure shows that during the 

pull-out test, the stresses are concentrated in the region of the actuator-composite interface 

near the free surface of the specimen (AA in figure). The stresses further into the 

specimen (down from the free surface at the top) are much lower. As a result the 

interface fractures initially at or near the free surface as depicted by Chua and Piggott 

(1985b) in Fig. 1.12. The stresses at the interface are clearly not distributed along the 

length of the interface. 

The stress distribution in the adaptive hybrid composite resulting from the recovery of the 

actuator has been studied by Lin (Lin, 1991). The normal stress distribution in a 
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Figure 3.9 Maximum Normal Stresses in the Actuator-Composite Interface Region Due 
to the 50 N Pull-out Force. Axisymmetric Model of the Right Half Plane of the Actuator 

and Composite. 
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graphite/epoxy composite with a layup and actuator orientation similar to the fatigue 

specimens was determined. The-normal stress, at the free surface near the interface and 

resulting from the heating and subsequent recovery of the actuator, was determined to be 

in the range of 55 MPa for a free-free boundary condition. The normal stress in the 

matrix near the actuator varies from zero at the free surface to maximum Stress in the 

middle of the specimen as shown by Fig. 3.10. The stress from the recovery force of the 

actuator is maximum at least 0.191 mm (1 actuator radius) into the surface of the 

specimen. 

One factor leading to the different behavior for the two tests is the obvious differences 

in stress distributions at the free surface region of the interface. The fatigue cycling 

generates high shear stresses but no normal stresses at point AA. The pull-out tests 

generates very high normal stresses (>320 MPa) and moderately high shear stresses (>120 

MPa) at point AA. The stress state during actuator recovery is not harsh enough at point 

AA to initiate failure of the interface after 1000 fatigue cycles. The pull-out test 

generates much higher normal stresses which produce the initial cracking of the matrix 

around the actuator at the free surface. 

Another factor in the interface failure is the Poisson shrinkage that occurs in the actuator 

during the pull-out test. The pulling of the actuator causes a contraction of the actuator 

diameter at the region of highest stress. The shrinkage of the actuator away from the 

composite combined with the high localized stresses initiates the failure of the interface 
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bond. During the fatigue cycling, the actuator responds in a different manner due to the 

Poisson effect. The shrinkage of the actuator during the heated recovery tends to cause 

a very slight swelling of the actuator which would prohibit debonding of the actuator- 

composite interface. 

3.2.3.2 Stress Relaxation in the Fatigue Specimens 

The fatigue cycling demonstrates that the recovery stress of the actuator decreases during 

a long period of constant cycling at a constant level of activation voltage. During the 

1000 fatigue cycles, the peak recovery stress and range of useable recovery stress both 

decrease by as much as 35 percent of their original values. The fatigue cycling was 

performed in periods of 5-6 hours, with 250-350 typical operating cycles performed in 

each period. The recovery stress behavior during the fatigue cycles is very similar to the 

behavior described in chapter two. 

The drop in the recovery stress of the actuator due to the stress relaxation can be 

described in the following manner. The peak recovery stress of the actuator was initially 

in the range of 350-390 MPa. As the fatigue cycling progressed the recovery stress of 

the actuator decreases in an exponential manner. A typical decrease of 5 to 15 percent 

of the useable recovery stress range occurs by the end of the first period of fatigue cycles 

(250-350 cycles). The typical drop in the recovery stress during the fatigue cycling is 

illustrated in Fig. 3.11. The drop in recovery stress from the first period is partially 
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Figure 3.11 Typical drop in the Recovery Stress Level as a Result of the Fatigue Cycles. 
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recovered as the fatigue cycling begins in the second period. The recovery stress starts 

at a level higher than the final level of the first period and than decreases by another 10 

to 20 percent of the original value by the end of the second period. This same type of 

behavior repeats itself for the third and if necessary fourth period until 1000 cycles have 

been completed and the stress has dropped to its final level. 

The level and rate of decline of the actuators’ recovery stress varies with each actuator. 

The stress relaxation does not appear to be a function of external restraints or condition 

of the actuator. The amount of relaxation is variable, probably due to slight differences 

in the processing, initial starting stresses and prestrain levels. The stress relaxation is 

probably due to the generation of lattice defects or internal stresses in the nitinol during 

the cycling. The same type of behavior is observed in the training procedure. The 

phenomena has also been observed during cyclic heating of nitinol in other applications 

(Barker, 1989; Suzuki, 1990; Escher et al., 1990; etc.). During the fatigue cycling, the 

stress relaxation appears more extreme than has previously been observed. 

An interesting event was observed in the fatigue cycling of fatigue specimen number 10. 

The voltage level of the last 200 cycles was increased by approximately 20 percent. The 

stress level increased to nearly its original level. The increase in recovery stress with the 

increase in voltage demonstrates that an increase in power (heating level) could raise the 

temperature of the nitinol and possibly eliminate some of the lattice defects that are 

generated during the cyclic heating. The increase in stress could also indicate that an 
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increase in driving force is necessary to force the "tired" martensitic twins to keep 

detwinning back to the austenite phase. Whatever the reason, the increased recovery 

stress that results suggests that a consistent, high level of recovery stress can be generated 

by monitoring the recovery stress and adjusting the input voltage accordingly. With 

closed loop control, the stress level can be monitored and used for feedback to control the 

input voltage to the actuator. 

3.2.4 Conclusions and Recommendations 

The fatigue cycling of the specimens illustrates the following important facts: 

* The recovery forces from the actuator can be transferred through the interface to the 

composite without failure of the interface for at least 1000 cycles. 

¢ The tests reveal that the recovery force generated by the actuators is not high 

enough to fracture the interface bond. 

* Different stress states and levels are generated by the pull-out test and heated recovery 

of the actuator. 

* The localized stress level that will initiate fracture of the interface can be determined 

by the pull-out test. 

¢ Stress relaxation occurs in the actuator as a result of long periods of continuous cycling 

and may lead to relaxation of the recovery stress by as much as 35 percent of the 

Original value. 

¢ The stress relaxation can be overcome to a certain extent by increasing the activation 
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voltage of the actuator. 

¢ It is recommended that the effect of poisson shrinkage and expansion on the interfacial 

strength be further investigated. 

¢ After being subjected to higher recovery forces (>50 N), the interface and its strength 

and integrity should be investigated. 
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Chapter 4 

Conclusions and Recommendations 

In this thesis, the results of a simulation experiment and testing are presented that 

demonstrate and verify the utility of nitinol wire actuators in high temperature 

thermoplastic hybrid composites. In summary, the following points and aspects about the 

nitinol actuator and its use in high temperature thermoplastic composites have been 

determined. 

¢ The ’typical’ high temperatures (> 400°C) of a thermoplastic composite processing 

cycle have some negative effects on the microstructure of the nitinol actuator. The 

transition temperatures of the nitinol are forced higher and the peak recovery stress 

of the nitinol actuator decreases. The changes in the microstructure include internal 

stresses and lattice defects generated by the high temperatures and external stresses 

of the hybrid composite processing cycle. 

* A training process involving low temperature cycling of the nitinol actuator before 

it is subjected to the high temperatures has been shown to increase the reproducible 

peak recovery stress after processing. The training contributes to the stability of the 
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phase transformations in the nitinol alloy. 

The peak recovery stress and the transition temperatures of an unprocessed nitinol 

actuator and an actuator subjected to a thermoset cure process are very similar. The 

thermoset composite cure process expands the utility of the nitinol actuator by 

lowering the room temperature initial stress of the actuator. 

The typical operating cycles of the actuators reveal the type of behavior that can be 

expected from the nitinol actuators after various processes. The useable recovery 

stress is in the range of 170-220 MPa for the untrained actuators, 240-265 MPa for 

the trained actuators, 286 MPa for the thermoset cured actuator and 280 MPa for the 

actuator embedded in APC-2. 

The actuators can survive the thermoplastic processing cycle at peak temperatures of 

400°C for at least 20 minutes and still demonstrate significant recovery forces and 

recovery behavior. The level of useable recovery stress that can be consistently 

generated by the actuators warrants their use as actuators in adaptive hybrid 

composites. Longer amounts of time at 400°C may prove to be detrimental to the 

actuator. The actuator cannot withstand repeated processing at 400°C because of the 

adverse stress relaxation. 

The actuator has relatively low interface bond strength when embedded in APC-2 
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thermoplastic composite. Pull-out forces of only 30 to 50 N were observed for the 

fracture of the actuator-composite interface. The pull-out tests demonstrate that a 

rough surfaced actuator adheres better to the APC-2 composite. The actuators pull 

out of the APC-2 hybrid composites with force levels which are close to the amount 

that can be generated by the actuator during recovery. 

¢ The testing of the actuators under typical operating conditions for 1000 cycles shows 

that the recovery forces generated by the actuator do not generate significant damage 

to the actuator-composite interface. The recovery forces do not generate the same 

level of stress at the actuator-composite interface as the pull-out forces. 

¢ The actuator manifests significant recovery stress relaxation over the 1000 operating 

cycles. The reasons for the decline in the recovery stress are not apparent. The level 

of recovery stress can sometimes be increased after a significant number of operating 

cycles by increasing the activation voltage. 

The simulation testing of the actuators reported in this thesis verify the performance of 

nitinol actuators under certain conditions. It is recommend that further testing be 

completed that would determine the following. 

¢ Whether the nitinol actuator is able to withstand longer processing times at 400°C. 

The ability of the thermoset composite processing cycle to expand the utility of the 
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nitinol actuator should also be further investigated. 

Other considerations that should be addressed by further testing of the actuator are 

an optimal prestrain amount and optimal actuator size. Smaller diameter actuators 

may prove to have better shape memory behavior. 

The bonding mechanism between the actuator and composite must also be better 

understood. The need for a method to create higher bond strengths between the high 

viscosity thermoplastic polymer and the actuator is also apparent. Possible coatings 

and other treatments of the actuator’s surface might produce higher bond strengths 

between the two components. The interface between the actuator and APC-2 

thermoplastic composite should be investigated further to determine a means to 

increase the interface bond strength of the two materials. 

It is also recommended that the level of recovery stress that can be generated by the 

actuator be monitored while the heating current is controlled by a closed loop control 

algorithm. The true level of recovery stress that can be generated at any voltage 

could then be determined. The basis of the recovery stress degradation during 

constant voltage cycling may also be determined by the testing. 
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