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ABSTRACT

This work describes the thermomechanical characterization and FEA modeling of commercial jet engine chevrons
incorporating active Shape Memory Alloy (SMA) beam components. The reduction of community noise at
airports generated during aircraft take-off has become a major research goal. Serrated aerodynamic devices along
the trailing edge of a jet engine primary and secondary exhaust nozzle, known as chevrons, have been shown to
greatly reduce jet noise by encouraging advantageous mixing of the streams. To achieve the noise reduction, the
secondary exhaust nozzle chevrons are typically immersed into the fan flow which results in drag, or thrust losses
during cruise. SMA materials have been applied to this problem of jet engine noise. Active chevrons, utilizing
SMA components, have been developed and tested to create maximum deflection during takeoff and landing
while minimizing deflection into the flow during the remainder of flight, increasing efficiency. Boeing has flight
tested one Variable Geometry Chevron (VGC) system which includes active SMA beams encased in a composite
structure with a complex 3-D configuration. The SMA beams, when activated, induce the necessary bending
forces on the chevron structure to deflect it into the fan flow and reduce noise. The SMA composition chosen for
the fabrication of these beams is a Ni60Ti40 (wt%) alloy. In order to calibrate the material parameters of the
constitutive SMA model, various thermomechanical experiments are performed on trained (stabilized) standard
SMA tensile specimens. Primary among these tests are thermal cycles at various constant stress levels. Material
properties for the shape memory alloy components are derived from this tensile experimentation. Using this data,
a 3-D FEA implementation of a phenomenological SMA model is calibrated and used to analyze the response of
the chevron. The primary focus of this work is the full 3-D modeling of the active chevron system behavior by
considering the SMA beams as fastened to the elastic chevron structure. Experimental and numerical results are
compared. Discussion is focused on actuation properties such as tip deflection and chevron bending profile. The
model proves to be an accurate tool for predicting the mechanical response of such a system subject to defined
thermal inputs.
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1. INTRODUCTION

Throughout the years, engineers and designers throughout all sectors of industry have sought to increase the
multifunctionality of various design components to maximize overall system performance. To accomplish this,
active materials such as piezoelectrics, shape memory polymers, and shape memory alloys (SMAs) are often
employed.1 SMAs are alloys which can recover seemingly permanent strains via a stress-induced or temperature-
induced phase transformation between martensite, the low temperature/high stress phase, and austenite, the
high temperature/low stress phase.2 In addition to transforming to the austenitic phase, the martensitic phase
can also reorient into different variants. This reorientation is important because it generates the macroscopic
strains which are subsequently recovered during transformation (i.e. by heating) into the austenitic phase. This
is the basis for the well known shape memory effect. As a result of this beneficial strain recovery behavior,
SMAs are often used as solid-state material actuators. In this manner, one may use SMA materials to design a
multifunctional structural element which can both accommodate static loads as well as provide additional force
over some displacement when sufficiently heated.

Further author information: (Send correspondence to D.C.L.)
E-mail: lagoudas@aero.tamu.edu, Telephone: 1 979 845 9409



The reduction of community noise at airports generated during aircraft take-off has become a major research
goal. Serrated aerodynamic devices along the trailing edge of a jet engine primary and secondary exhaust nozzle,
known as chevrons, have been shown to greatly reduce jet noise by mixing the two streams. To achieve the
noise reduction, the secondary exhaust nozzle chevrons are typically immersed into the fan flow which results
in drag during cruise. Engineers at The Boeing Company have applied SMA materials to this problem of jet
engine noise.3 Active chevrons, utilizing SMA components, have been developed and tested to create maximum
deflection during takeoff and landing while minimizing deflection into the flow during the remainder of flight,
increasing efficiency. Boeing has flight tested one Variable Geometry Chevron (VGC) system which includes
active SMA beams encased in a composite structure with a complex 3-D configuration.4, 5 The beams, when
activated, induce the necessary bending forces on the chevron structure to deflect it into the flow. Figure 1
illustrates the configuration of these active chevrons prior to flight testing.

 
SMA 

Figure 1. On-wing configuration of the Boeing SMA-Activated VGC system.4

The chevron system makes use of an NiTi alloy. Conventional shape memory alloys are those which begin to
actuate in the absence of stress at temperatures below 100◦C, and these can include NiTi, NiTiCu, and CuAlNi,
among others. The chevrons in the current study are installed in a cool region of flow, thus conventional SMAs
are adequate. Specifically, an alloy composed of Ni60Ti40 (wt%) (hereafter referred to as “Ni60Ti”) was chosen.
The VGC program pioneered the use of the nickel-rich Ni-Ti alloys for aerospace applications. The nickel-rich
Ni-Ti alloys have excellent thermomechanical stability, their transition temperature can be set by a heat treat
process, and they do not require cold-work, allowing the formation of complex shapes at high temperatures.6–8

In order to efficiently and effectively predict and analyze the thermomechanical response of SMA components
used in various designs, constitutive models are developed and implemented. A comprehensive review of past
constitutive models is present in the literature.9, 10 These models most often account for material behavior in one
of two ways. Those models which seek to predict the crystallographic behavior of each individual grain and then
use micromechanics to account for the overall material response are known as micromechanical. Those which
directly account for the overall macroscopic material behavior via utilization of the laws of thermodynamics
and assumptions about polycrystalline material behavior are known as phenomenological. While the accurate
prediction of material constitutive behavior is in itself important, the true usefulness of these models becomes
apparent when they are implemented in design environments which allow for the analysis of complex structural
elements. The most common of these implementations involve finite element analysis (FEA). The effective use of
such powerful tools, however, requires accurate model calibration provided by careful material characterization.

The final goal of the current work is the accurate analysis and prediction of the behavior of the complex 3-D
VGC design. Because they are most efficiently implemented in an FEA environment, only phenomenological



models will be considered here. Such models rely on continuum thermomechanics and internal variables to
account for the macroscopic changes due to phase transformation.

2. THE SMA CONSTITUTIVE MODEL

In phenomenological constitutive modeling of an SMA material, one must consider three characteristics of the
material: the particular form of the free energy, the transformation regions, and the relations which govern the
evolution of internal variables and their correlation to observable quantities. Transformation surfaces, which de-
fine the boundaries of transformation regions, determine when transformations between austenite and detwinned
martensite begin and end.11 Models have also been proposed which account for multiple variants of marten-
site.12–14 Finally, the evolution equations relate the internal variables to some externally observable quantity.
A common example is the relation of martensitic volume fraction to the transformation strain, which is then
related to total strain.

An example of a phenomenological model which is both easily implemented yet of sufficient utility is the
unified model proposed by Lagoudas et al.11 The model accounts for transformation from detwinned martensite
to austenite and back again. If appropriately recalibrated during analysis, reorientation of the SMA material
can also be simulated. The model has been implemented as a user material subroutine (UMAT)15 for the
ABAQUS/Standard analysis suite.16 Combination of the unified model with this powerful nonlinear FEA soft-
ware allows for analysis of complex structures that include active SMA elements. Such smart structures may
consist of several separate parts exhibiting varying types of constitutive behavior and such parts may interface
in complex manners, including contact, friction, etc. Therefore, capable FEA suites are often required. As an
implementation of the model, the ABAQUS subroutine requires a set of 12 input material parameters which
have been discussed in detail15 and will be summarized in the calibration section below.

Regardless of the particular material parameter being sought, one must always consider the importance of
the material history dependence which is highly important in polycrystalline SMAs. When an SMA is subjected
to repeated yet similar thermomechanical loading paths, the response exhibited will often evolve with each cycle
for some number of cycles before eventually stabilizing. Intentionally repeating cycles until stabilization occurs
is known as training. Whether an SMA element should be trained or not is dependent on the intended use of the
element. For example, SMA components which are intended to be used once, such as space release mechanisms,17

need not be trained. Components which will be subjected to many cycles over their design life, such as those
driving the VGCs, are usually required to exhibit a consistent response. These elements must be trained before
fabrication of a systems is complete.

3. EXPERIMENTAL CHARACTERIZATION AND MODEL CALIBRATION

To determine both the qualitative and quantitative material properties of the Ni60Ti, a battery of thermome-
chanical tests was performed in addition to the necessary training of the as-received material. The experimental
process will first be reviewed followed by a discussion of methods, apparatus, etc. used to perform the experi-
mentation. Finally, the results of the loading paths generated will be described.

3.1. Testing Process

The particular suite of tests performed was intended to determine each of a particular set of required material
parameters. After determining an estimate for the zero-stress transformation temperatures via Differential
Scanning Calorimetry (DSC), the material shape memory effect (i.e. shape recovery at zero stress) was first
tested to ascertain the shape memory behavior of the material as well as to determine the elastic properties of
martensite. Following this, thermal cycles were imposed on the material specimen exposed to constant stress.
This constant stress testing were performed on both as-received and trained materials. Each of these tests is
essential to the characterization process and will be described below

The determination of the regions of transformation is facilitated by the construction of an accurate phase
diagram. The parameters which define this diagram are used to calibrate the unified model. Generally, the phase
diagram is most often determined in one of two ways:



1. Several isothermal (also known as pseudoelastic) experiments are performed at different temperatures,
during which a specimen is loaded from austenite fully into martensite, and then unloaded back to austenite.

2. Several experiments are performed at different constant stress levels, during which a specimen is cooled
from austenite fully into martensite, and then heated back into austenite.

Because of the mode of operation of the SMA components within the VGC, it was decided that isobaric
loading paths at different stress levels would provide a more accurate determination of the applicable phase
diagram. Therefore, the focus of primary testing was accurate isobaric loading of the specimens at various
stress levels. Such testing was first performed on an untrained specimen. After completion of this testing, an
unused specimen was trained via application of 100 cycles of isobaric thermomechanical loading at a high stress
level. This type of cyclic loading suppresses the generation of plastic strain and stabilizes the material response.
Finally, this trained specimen was subjected to the same isobaric loading cycles as the untrained specimen. The
temperatures for the initiations and completions of the two phase transformations at these constant stress levels
form the experimental core of the phase diagram.

3.2. Testing Methods

All characterization discussed in this work was performed at the Material and Structures Laboratory in the
Department of Aerospace Engineering at Texas A&M University. Thermomechanical loading was performed on
an MTS 880 loading frame which includes a 100 kip load cell. Extensometry data was obtained from an Epsilon
brand 1.0in (25.4mm) gauge length extensometer. The MTS control suite was used to provide all inputs to
the testing frame and to save all mechanical testing data. Omega resistive heating strips were used for heating
of the specimens, with mounting location differing for training or precise characterization. Active cooling was
provided by a custom designed liquid nitrogen dispersal system, with different versions used for training or
for characterization. Thermal control and thermal data acquisition were accomplished via a custom National
Instruments (NI) LabView program coupled with an NI SCB-68 data acquisition board.

Because the goals and requirements of SMA characterization and SMA training differ significantly, different
setups were used to perform each of these two tasks. Specifically, characterization of an SMA requires accurate
knowledge of the stress, strain, and temperature states at a given point in a material at all times. The character-
ization testing is usually quasistatic, thus thermal and mechanical loading rates are relatively slow. Training of
an as-received SMA material, on the other hand, requires numerous repeated thermomechanical loading cycles
leading to full transformations. Therefore, to complete training in a reasonable amount of time, it is necessary
to increase the thermal and/or mechanical loading rates. Exact knowledge of the state of the material is un-
necessary, and only an estimate of the state combined with a firm knowledge of whether transformations have
began or completed suffices.

The material of interest was received from The Boeing Company in the form of a plate 10.5in (266.7mm) long,
1.5in (38.1mm) wide, and .07in(1.8mm) thick. At Texas A&M, a small portion of the received plate was removed
via a Struers Secotom 10 low-force saw and DSC testing was performed. This provided an initial indication of the
material stress-free transformation temperatures. To ensure standardized testing while maximizing the number of
specimens available, it was decided that ASTM standard subsized tensile coupons be fabricated. Such specimens
include test sections 0.25in (6.4mm) wide and 1.0in (25.4mm) long. Coupons were cut from the centers of the
as-received plates via EDM, with six coupons of each thickness being fabricated.

3.3. Experimental Results and Parameter Calibration

A series of isobaric tests was first performed on an as-received thin specimen at multiple stress levels. Estimations
of the beginnings and endings of the phase transformations were constructed, and wide data scatter was observed.
This further motivated the following stabilization step. After converting the experimental setup to the training
configuration, a new thin coupon was subject to 100 thermal training cycles at a constant stress of 300MPa. It
was assumed that training the material at a high stress level would lead to stabilized response at all eventual lower
applied stress levels. This assumption would later prove to be correct. Because an extensometer was not used
during training, strain could only be estimated from the crosshead displacement reported by the MTS control
software. This is referred to as effective strain. Figure 2 provides a clear illustration of stabilization. Here, the



maximum effective strain and minimum effective strain for each cycle are plotted. The difference between these
two values provides an indication of the transformation strain stability.
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Figure 2. Training of the SMA specimen - Stabilization of response over 100 cycles.

After completion of training, the final phase of accurate characterization of this specimen began. This involved
one last series of isobaric thermal sweeps on the newly trained specimen. The constant stress levels were 90, 120,
150, 200, 250, and 300MPa, followed by additional testing at 60, 30, and 0MPa, all applied in the order listed.
These isobaric results are shown below in Figure 3. The maximum transformation strains, Hcur (σ), generated
by this trained specimen at each stress level are shown in Figure 4. An exponential curve fit for the trained
specimen has also been determined. This will be discussed further and utilized in the calibration and modeling
section below. The beginnings and endings of the phase transformations are also shown in stress/temperature
space in Fig. 5, including both the experimental data and appropriate analytical surfaces derived from the unified
model and fit to this data.
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Figure 3. Strain vs. temperature response of trained material under various applied constant stresses.
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Figure 4. Transformation strain vs. applied constant stress, trained material (experimental points and appropriate
exponential fit).
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Figure 5. Phase diagram for the trained material (experimental points and derived analytical fit).

With the material properly characterized, it was then possible to implement the model described above using
parameters derived from experimental characterization with the goal of predicting the response of a complicated
system such as the engine chevron. In particular, the material parameters for the thin plate of trained material
have been found. These parameters are listed here where methods of determination and particular values are
described:

The first subset of material parameters are the isotropic thermoelastic properties for the assumed isotropic
polycrystalline SMA material.



EA, EM –The elastic moduli of austenite and martensite, respectively. Determined during initial loading
at high temperature before isobaric temperature sweeps were imposed and during SME testing,
respectively.

ν –Poisson’s Ratio, assumed equal for both phases. Taken from literature.11

αA, αM –The coefficient of thermal expansion of austenite and martensite, respectively. Taken
from literature.11

The next subset determines the locations of the transformation regions in the stress/temperature design space
(i.e. when does a given transformation begin/end).

Ms, Mf , As, Af –The zero-stress transformation temperatures found from the intersections of the
transformation surfaces with the stress axis (see Fig. 5).

CA|σ, CM |σ –Stress influence coefficients which describe the general slope of the transformation
surfaces. Derived at a stress level of 300MPa and determined by the slopes of the
transformation regions into austenite (CA|σ=300), and into martensite (CM |σ=300), as
plotted on the phase diagram (Fig. 5).

Finally, one remaining required parameter represents the maximum transformation strain created as the
material becomes fully martensitic.

Hcur (σ) –The maximum transformation strain as a function of stress. Determined from Fig. 4.
Assumed to be an exponential function of Von Mises stress.

The values for these parameters are given in Table 1. Note that the exponential curve fit for Hcur (σ) given in
the table matches that shown in Figure 4. Simple elastic modeling of a preliminary chevron-like problem suggested
that stress levels throughout the majority of the SMA material would be at or below 200MPa. Therefore, the
exponential curve was chosen to match stresses at or below 200MPa most accurately.

Table 1. Unified model material parameters as defined for Ni60Ti, trained material.

Parameter Value

EA 90GPA

EM 47GPA

ν 0.33

αM = αM 10e-6/◦C

Ms 34◦C

Mf -17◦C

As 23◦C

Af 57◦C

CA|σ=300 14.9MPa/◦C

CM |σ=300 10.6MPa/◦C

Hcur (σ) = 0.015[1 − exp(−.007σV M )]

To validate both the models and the chosen material parameters, the capability of the model to match the
tensile test experimental results was first assessed. A cube subjected to 1-D isobaric loading paths at two constant
stresses (90 and 200MPa) was modeled using one set of material parameters (see Table 1), and the results were
compared to experimental data. This is depicted in Figure 6 where a very close agreement is observed. After
validation of the model, the variable geometry chevron problem was modeled.
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Figure 6. Comparison of model and experimental results for constant stress loading (90, 200 MPA).

4. NUMERICAL MODELING OF THE BOEING VARIABLE GEOMETRY
CHEVRON

The prediction of the active Boeing VGC response to various thermal inputs provided a challenging boundary
value problem which required powerful numerical tools. The previously mentioned FEA implementation of the
unified model in an ABAQUS/Standard environment15 was used to simulate this system. The system modeled
consisted of multiple parts requiring complex conditions at their interfaces. The configuration of this assembly
and the analysis results will be described below.

4.1. Model Preparation and Processing

Recall that the active Boeing VGC consists of a laminate substrate onto which three identical SMA pre-curved
beams are attached. The substrate itself is assumed to be elastic and consisted of 15 layers, modeled using
ABAQUS’ SHELL SECTION, COMPOSITE command. The fully three dimensional solid model is meshed with
6-node triangular shell (STRI65) elements and is approximately 3.16mm thick.

The active shape memory alloy components used on the Boeing VGC are varying cross-section, precurved
shape memory alloy beams EDM cut from the center of a larger bulk plate. The material composition is the
same as that discussed above (3.3). For finite element modeling, 3-D solid models of such beams are meshed
using quadratic “brick” elements with reduced integration (C3D20R), as such elements are noted by ABAQUS
to be accurate in the modeling of bending. A total of 2100 elements were used to model each beam (70 along
the length, five across the width, and six through the thickness). The constitutive behavior of each element was
defined through the use of the aforementioned user material subroutine,15 calibrated with the parameters derived
via characterization (Section 3) and given in Table 1. This code is called at each integration point during the
solution process.

The proper assembly of these four total parts (one chevron substrate and three beams) involves several
considerations. These include the manner in which the beams will be forced flush with the substrate and
held there (“clamping”), how non-penetration or contact is enforced at the beam/substrate interface, and what
methods are used to prevent unreasonable beam rotations. Relative motion between the beams and substrate was
enforced using ABAQUS SLOT connector elements which can prescribe such motion along a single axis. In this
case the clamping axis was aligned with that of the bolts as installed on the flight tested chevron.4 Unreasonable
penetration of the SMA beams through the chevron substrate was prevented by defining contact regions on the
ends of each beam with matching regions being defined over a small local subset of the adjacent chevron surface.



Using ABAQUS’ own internal contact algorithms, this enforced that the beam tips could only slide tangent to
the chevron while the normal contact forces caused bending of the chevron. Note that frictionless sliding contact
was assumed in this analysis. Finally, unreasonable beam rotations about the bolt axis were prevented by the
use of SLIDE-PLANE connector elements which enforced that the beam tips only deform in a plane containing the
beam longitudinal axis (in the reference configuration) and the bolt axis. The fully assembled 3-D FEA model
is shown below in Figure 7, with the connector elements being schematically illustrated.

ONLY
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Frictionless contact 
enforced ( X 6)

Fwd

Figure 7. Assembled 3-D FEA model of the VGC system (clamping connector elements schematically shown).

Four thermomechanical loading steps were applied to the chevron system. These included one step to model
system assembly (Step 1) and an additional three to model a full cycle of system actuation. The loading steps
applied to the FEA model were as follows:

1. Clamp the beams in the martensitic state onto the substrate until fully flush.

2. Heat the beams through full transformation into austenite.

3. Cool the beams to a temperature as motivated by published Boeing experimental work5 (7◦C) during which
transformation into martensite is initiated but not fully completed.

4. Heat the beams through full transformation into austenite once again.

4.2. Numerical Analysis Results

The analysis was performed using ABAQUS/Standard 6.6-5. Total run time (wallclock time) was ∼ 6.5 hours.
Von Mises stress results for the three out of the four steps of the analysis are shown below in Figure 8. Note
that the state of the system at the end of second heating step was found to match that at the end of the first
heating step, and is therefore not shown.
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Figure 8. Von Mises stresses in the system at the end of various loading steps.

A very important system behavior considered during the design of this smart structure was the deflection of
the chevron, particularly along its centerline and at its tip. These two results are summarized below in Figure 9.
The plot indicates the immersion of the chevron tip into the fan flow (i.e. inwards, or down).

In order to validate the results of this numerical analysis, results were compared with published Boeing flight
test data for the actuated chevron.5 The chosen comparison data consists of a contour plot showing the topology
of the chevron in the fully heated, fully actuated state, with the reference point (0.0 point) being the location
at which the centerline of the chevron is mounted to the fan cowl. These results are shown in Figure 10. The
experimental image was constructed from photogrammetry data.5 While the system modeled is not strictly
identical to that flown, encouraging qualitative agreement is observed.

5. CONCLUSIONS

During the development of the Boeing VGC, a complex system was designed which performed impressively
during flight testing. However, many iterations of design/build/test cycles were required to eventually arrive at
this successful configuration. In this work, a new design and analysis methodology has been presented which
will reduced the number of such complicated experimental cycles in the future. This new method provides
accurate estimates of system behavior by incorporating straightforward characterization techniques applied to
material specimens of limited size which are then used to calibrate representative 3-D models implemented in
powerful FEA frameworks. It has been shown that such tools can be used to predict system behavior, and it is
proposed that these same tools could be useful during system design optimization. As this work continues, more
detailed model validation will be performed by comparing analysis results to those derived from experimental
characterization of the chevron system as performed under carefully controlled conditions. This validation will
assist in strengthening the capabilities of the model, its implementation, and its ability to accurately model the
smart structures of the future.
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