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Ion engines accelerate electrically charged plasma through two optic grids and emit the
ions as exhaust. The process facilitates propulsion without use of chemical propellants.
Braided carbon fiber reinforced composite (C(f)/C) optics are presently being considered for
use as the accelerator and screen grids in ion propulsion engines. In this study the
mechanical behavior of four candidate tow configurations proposed for the grids of NASA’s
Evolutionary Xenon Thruster (NEXT) were examined. A new bi-axial optical extensometer
based on Digital Image Correlation (DIC) was developed and employed in determining the
in-plane strain distribution resulting from uniaxial tension. The effective elastic modulus
ranged from 4 GPa to 10 GPa at the onset of deformation. The stiffness either increased or
decreased with further elongation as a result of bending of the axial tows and
corresponding unit cell distortion. The transverse strain and Poisson’s ratio of the panels
were found to be a function of the tow dimensions and bonding between longitudinal and
transverse tows. C© 2004 Kluwer Academic Publishers

1. Introduction
Research efforts aimed at extending interstellar space
travel have recently been focused on the development
and performance of ion propulsion engines. One ap-
proach being pursued is an array of ion propulsion en-
gines. This design is similar to the successful thruster
developed by NASA’s Solar Electric Propulsion Tech-
nology Applications Readiness (NSTAR) program that
was flown on Deep Space One [1, 2]. Unlike tradi-
tional chemical rocket engines, ion engines exhaust
charged inert gasses to generate thrust forces. The cur-
rent technology incorporates Molybdenum accelera-
tor and screen grids through which ions from charged
plasma are accelerated. According to their intended
application and conditions of operation, the life of
these engines and ability for delivering sustained per-
formance are primary concerns.

As part of the NSTAR program the ion propulsion
grids have been subjected to an extended performance
evaluation and life assessment [3, 4]. Results from an
examination of the Molybdenum grids demonstrated
that sputter erosion was an outstanding problem that
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limited the operating life of ion optic engines [5].
NASA’s Evolutionary Xenon Thruster (NEXT) system
will require the engine to sustain high power (10 kW)
over roughly 100,000 h of service. These operating con-
ditions are far outside the scope of what presently ap-
pears possible with even state-of-the-art Molybdenum
grids. In addition to erosion resistance, the accelerator
and screen grids are separated by less than 1mm and
need to survive severe vibration and impact loads that
are experienced during launch.

Due to their exceptional resistance to sputter ero-
sion and high strength and stiffness to weight ratios
carbon fiber reinforced composites (C(f)/C) have been
considered as a viable material for the accelerator and
screen optic grids. Uniaxial carbon fiber dished, lay-ups
have previously been mechanically drilled [6], but the
drilling of so many holes severed the fibers causing dis-
tortion and severe weakening of the grids. Subsequent
vibration tests demonstrated a critical lack of structural
integrity in the hardware [7]. Continuous woven car-
bon fiber composites may serve as an ideal material
provided that an adequate grid geometry and screen
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configuration is obtained. The complex weave geome-
try of the grids has complicated the design and manu-
facture of these components. Furthermore, traditional
methods of evaluating the constitutive behavior are not
readily applicable due to the open cell network and ir-
regular surface geometry resulting from weaving. Thus,
there are outstanding manufacturing issues associated
with development of the required grid configurations
and consequent performance concerns that remain to
be addressed.

In this study the mechanical behavior of prototype
C(f)/C optical grids was investigated. The primary ob-
jective was to characterize the elastic properties and
to develop an understanding of differences in mechani-
cal behavior between four candidate tow configurations
recently proposed for the NEXT system grids. A bi-
axial optical extensometer was developed to evaluate
the in-plane response of the specialized weaves under
uniaxial tension. The optical extensometer is based on
principles of Digital Image Correlation (DIC). Results
from the experimental analysis were used to determine
the effective elastic constants and to examine constitu-
tive responses in terms of the unit cell behavior. Me-
chanical properties of the optic grids are presented and
advantages of the optical approach for evaluating the
mechanical behavior are highlighted.

2. Background
Extensometers are one of the most common instru-
ments used in characterizing the constitutive behavior
of engineering materials. The conventional electrical-
mechanical types are physically attached to the ma-
terial and are required to maintain contact through-
out deformation. However, compliant materials (e.g.
soft tissues) and materials with irregular surface ge-
ometry (e.g. woven composites) can complicate the
use of instruments requiring contact with the substrate.
Optical extensometers provide a non-contact method
for displacement or strain measurement and are often
based on interferometry (laser-based) or video track-
ing. Laser-based extensometers [8–12] generally re-
quire complicated surface preparation and are often
limited by the coherent length of the laser. Develop-
ment of the video extensometer [13–16] has expanded
the application of optical extensometers in engineer-
ing practice. Generally, two parallel reference lines are
placed onto the specimen’s surface, which are moni-
tored while the specimen undergoes deformation. Al-
though the surface preparation and associated system
is simple, video extensometers can only quantify the
average strain between the reference lines. As a result,
the strain distribution is assumed to be uniform within
the effective gage length, which is established by place-
ment of the reference markers.

The optical extensometer utilized in this investigation
is based on Digital Image Correlation (DIC) and over-
comes limitations of contact and video-based exten-
someters [17, 18]. Digital image correlation is a unique
optical technique that uses image recognition to quan-
titiatively analyze and compare digital images acquired
from the surface of a substrate. Depending on the natu-

ral contrast variation of the substrate, a simple surface
preparation may be used to enhance the grayscale dis-
tribution and establish a “speckled” surface with high
contrast. Digital images acquired before and after defor-
mation document the “speckle” distribution and can be
represented by the grayscale distribution. The light in-
tensity distribution at each point on the surface is unique
and the distribution in light intensity about a particular
point (x, y) can be described by the grayscale matrix
F(x, y) over a selected subset of the digital image. With
deformation of the object each position of the surface
(x, y) is assumed to exist at a new location (x∗, y∗).
The in-plane surface displacement can be determined
by finding the position of the light intensity distribu-
tion F∗(x∗, y∗) that most closely resembles the original
distribution F(x, y). A search is performed to find the
location on the “deformed” image (after deformation)
with grayscale distribution that is most consistent with
that on the original “undeformed” (before deformation)
image. The location of F∗(x∗, y∗) can be obtained by
finding the position with maximum correlation coeffi-
cient (C) according to

C = 〈F · F∗〉 − 〈F〉 · 〈F∗〉
[〈(F − 〈F〉)2〉 · 〈(F∗ − 〈F∗〉)2〉] 1

2

(1)

where F , and F∗ are the grayscale matrices of the subset
at position (x, y) in the undeformed image and (x∗, y∗)
in the deformed image, respectively. The symbol 〈〉 in
Equation 1 implies the mean value of the elements in
the matrix. The search for the point with maximum cor-
relation coefficient (Cmax) on the deformed image is ini-
tially implemented at integer pixel locations. When the
location with maximum correlation coefficient is found
the search may be continued in the sub-pixel domain
for increased precision. It is important to recognize that
the correlation is established at each pixel over the field
of view and is conducted using a subset of the image
(correlation window) according to Equation 1. For in-
stance, in a field of view of 25.4 mm by 20 mm docu-
mented with spatial resolution of 640 by 480 pixels, a
correlation window of 21 × 21 pixels is often used. To
increase precision futher, the search for location with
maximum correlation can be continued from the integer
pixel in successive search steps from 0.1 pixels, 0.01
pixels to a final step of 0.001 pixels. In that manner a
precision of 0.001 pixels can be achieved. There are
different search strategies available for finding the lo-
cation with maximum correlation coefficient, the most
common of which is the Newton-Raphson method
[19]. In this study a “fast-search strategy” was used
in identifying the position with maximum correlation
[20].

If the out-of-plane displacement is small and can be
neglected, the relationship between (x, y) and (x∗, y∗)
can be written as

x∗ = x + u + ∂u

∂x
�x + ∂u

∂y
�y

(2)

y∗ = y + v + ∂v

∂x
�x + ∂v

∂y
�y
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where u, v are displacements with respect to the x and
y axes; ∂u/∂x, ∂v/∂y are the strains in x and y direc-
tions and the combination of ∂u/∂y and ∂v/∂x represent
the shear strain at the location of (x, y), respectively.
Generally, the out-of-plane displacement should be lim-
ited to the deformation resulting from Poisson’s effects.
Note that the displacement components in Equation 2
are much greater than the corresponding partial deriva-
tives. Thus, strain in the x and y directions can be de-
duced from the displacement difference between two
locations with relative distance of dx and dy as

εx = du

dx
(3)

εy = dv

dy

Digital image correlation is generally used as a full-
field technique to quantify the displacement/strain dis-
tribution over the entire field of view. In application to
materials with an array of reinforcing ligaments and
open cells there are portions of the image where a cor-
relation would be meaningless since these areas are
not comprised of the substrate. In these instances DIC
cannot be applied in the conventional manner. The cor-
relation process can be performed using a selected set
of points that correspond to specific locations within
the field of view. In this study a unique approach was
adopted for selecting locations in the optical image of
the composite grids under investigation to quantify the
in-plane displacements and strains in two orthogonal
directions.

3. Materials and methods
One pair of braided C(f)/C optic grid test plates was
manufactured to enable an evaluation of the mechanical
properties. Each grid was approximately 15 cm square
and produced with two tow configurations that served as
candidate designs for the accelerator and screen grids.
Both of the grids were plain weaves incorporating T-300
carbon fibers oriented in a square array for ease of weav-
ing. The grid was woven onto a graphite mandrel around
alumina pins (Fig. 1a). The two orthogonal directions
defined by the weave geometry are referred to here as
the axial and transverse directions. The hole-to-hole
spacing was 4.60 mm with a 4.04 mm diameter and
2.39 mm diameter pin size for the screen and accelera-
tor grids, respectively. A carbon mat of approximately
25 mm width was placed around the edge of the grid on
both the upper and lower surfaces to stiffen the edges of
the woven grid during the Chemical Vapor Infiltration
(CVI) process (Fig. 1b). The woven fiber preforms were
placed horizontally into a vacuum chamber, evacuated
to approximately 5 torr and pyrolytic carbon deposited
for a period of approximately 60 h under dilute infiltra-
tion conditions.

In the screen grid two fiber variations were investi-
gated, one with 9 k fibers in both the axial and trans-
verse orientations and the other having 18 k fibers and
9 k fibers in the axial and transverse directions, respec-
tively. Similarly, two fiber variations of the accelerator

(a)

(b)

Figure 1 The braided composite screen grid: (a) accelerator grid on the
graphite mandrel woven about the alumina pins (oblique view) and (b)
the grid with carbon fiber mat border.

grid were investigated, one with 24 k fibers in both di-
rections and the other with 48 k fibers and 24 k fibers
in the axial and transverse directions, respectively. In
all four configurations under consideration the axial di-
rection was defined parallel to the tows with maximum
fiber count. The screen and accelerator grids with equal
axial and transverse fiber counts were considered “bal-
anced”, while the grids with unequal fiber count (i.e.
larger axial fiber count) were regarded as “hybrid” sys-
tems. Both grids were developed with the cells placed
in a square arrangement, which is consistent with the
NEXT requirements. The grid thickness was greater
than that envisioned for the NEXT design. Cell dimen-
sions of the grids are shown in Fig. 2a. The grids ex-
hibited a distinctly woven topography after CVI but
showed good fiber tow infiltration and a thin matrix
coating of approximately 10 to 20 microns.

Straight-sided tensile specimens were prepared from
the accelerator and screen grids. The longitudinal axis
was defined on each specimen by the panel’s axial tows
(direction of tows with maximum fiber count). As a
result of the different tow dimensions utilized, four dif-
ferent specimen types were prepared including a “bal-
anced” and “hybrid” configuration of the accelerator
and screen grids. The tensile specimens consisted of
four or five cells in the transverse direction resulting
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Figure 2 Cell dimensions and tow curvature of the grids. The system used for illustration in this figure is the screen grid: (a) tow spacing and (b) the
sinusoidal shape of a single tow (side view).

in specimens with 20 mm width and approximately
150 mm length including the gage and grip sections.
All sectioning was conducted using diamond impreg-
nated abrasive slicing wheels with #220 mesh under
continuous water-based flood coolant. A total of 8 ten-
sile specimens were sectioned from the 2 grids. In addi-
tion, single axial tows were cut from the balanced screen
(9 k fibers) and balanced accelerator grid (24 k fibers)
to examine mechanical behavior of the axial tows inde-
pendent of potential effects from the transverse fibers.
Since the panels were braided with plain weave, the tow
maintained a distinct sinusoidal shape as evident from
the size view of a single screen tow in Fig. 2b.

Aluminum end tabs were bonded to both ends of the
tensile specimens to facilitate the use of compression
grips for administering the axial loads. Grip surfaces
were prepared as described by Carlsson and Pipes [21]
and bonded using a high strength epoxy adhesive.1 In
addition, the surface of each specimen was prepared to
enable application of DIC. One surface of the speci-
mens was sprayed with matte white enamel paint, fol-
lowed by another very light coat of black enamel paint.
The procedure resulted in a matte white surface laden
with a random distribution of black dots.

Tension tests were performed using a universal test-
ing system2 with full-scale load range of 1200 N. The

1Devcon, ITW Performance Polymers.
2Instron Dynamite, Model 8841.

load was administered under displacement control at a
strain rate of 5×10−5 s−1 until reaching a maximum of
1000 N or failure of the specimen. A piece of paper was
attached to the back surface of the specimens (opposite
to that facing the camera) to eliminate problems associ-
ated with defocusing of the camera through open holes
of the grids. The universal test system offered output
of a 5 volt DC signal at the onset of the tension from
its digital I/O port. A connection was made from this
I/O port to the standard parallel I/O port of a second
computer that was used to capture digital images. The
axial load and DC output was used as a trigger signal to
initiate the data acquisition process. Synchronization
of digital images from the optical extensometer with
the axial load was achieved in this manner and insured
accuracy of the stress/strain response. The maximum
framing rate available from the image acquisition sys-
tem as configured was 9 Hz.

The optical equipment and accompanying items used
for acquisition of digital images include a Panasonic
CCD camera with 10X Computar zoom lens, a PCVI-
SION “plus” frame grabber and a DELL computer. An
incoherent light source was also used to uniformly il-
luminate the object’s surface. The CCD camera was
placed normal to the illuminated surface approximately
400 mm from the specimen. A picture of the exper-
imental arrangement is shown in Fig. 3. The load
and sequential digital images were both documented
with a sampling frequency of 0.5 Hz. The load history
and sequential digital images were stored on separate
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Figure 3 Experimental arrangement for the tensile tests.

Figure 4 Field of view for the tensile specimens. The window measures 25.4 mm by 20 mm and is digitized with spatial resolution of 640 by 480
pixels. Note that the field of view is comprised of 9 unique cells: (a) screen and (b) accelerator.

computers, which were synchronized by the digital I/O
of the universal test system. The actual field of view
acquired using the camera was 20 mm by 15 mm and
was digitized into a sample of 640 by 480 pixels with
256 gray levels. The camera placement and magnifica-
tion was chosen to ensure that the width of each single
tow was greater than 20 pixels (even for the balanced
screen grid). An example of the field of view for the
screen and accelerator grids is shown in Fig. 4; note
that the image is comprised of 12 individual cells.

The displacement distribution in each grid was de-
termined from the digital images acquired during the
tensile tests using DIC. The first image taken prior to
the application of an axial load represented the “un-
deformed object”. On the first image, a set of points
was selected on each of the axial and transverse tows.
The distance between adjacent point pairs established
the gage length used in estimating the corresponding
strain. Two concerns guided the choice of points. The
first concern was associated with the correlation win-
dow. It was necessary to select points such that the
subset of pixels surrounding the point (defining the cor-

relation window) all existed on the tow. For the hybrid
and balanced screen panel the selected correlation win-
dow was 19 × 19 pixels, whereas the subset size for
the accelerator grid was 21 × 21 pixels. The second
concern in choosing points was the contribution of ax-
ial and bending deformation to the displacement and
corresponding strain distribution. The perceived elon-
gation is a function of the axial strain induced by ten-
sion and bending strains caused by the sinusoidal tow
shape. The contribution from bending is dependent on
whether the selected points are on the tensile or com-
pressive portion of the tow. A side view of a single tow
is shown in Fig. 2b to illustrate this phenomenon. For
sake of discussion the camera is placed to the right of
the tow in this figure and perpendicular to the tow’s
primary axis. With the application of uniaxial tension,
the strain detected by DIC at location “A” would con-
sist of the axial strain due to tension and a compressive
component of bending strain induced by straightening
of the tow. In contrast, the strain detected at location
“B” would be larger than that at “A” due to the super-
position of the axial strain due tension and a tensile
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component of bending strain induced by straightening
of the tow.

Through proper choice of points for the correlation
process, either the microstrain distribution along the
tows or the effective strain response of the tows was
available. The microstrain distribution was available by
choosing a series of points along the tow, determining
the displacement of the individual points and then es-
timating the strain according to Equation 3. Similarly,
the effective axial response of the tows was available
from selection of a single pair of points that underwent
strain representative of the macroscopic response. In
both cases the search for location with maximum cor-
relation was continued to a final step of 0.001 pixels to
obtain a precision of 0.001 pixels.

Prior to estimating the elastic constants a preliminary
analysis of the strain distribution along the axial and
transverse tows was conducted with each grid to find
the minimum tow length that must be monitored to ac-
curately represent the effective response. It was found
that the strain of both axial and transverse tows was
adequately quantified by the total deformation occur-
ring over a minimum of two cells in length. In addition,
due to the bending component of strain as previously
described, the selected points should coincide with the
intersection of axial and transverse tows. Therefore, the
“effective” properties of the C(f)/C grids were defined
by the macroscopic strain occurring over a gage length
of two cells and the intersections between axial and
transverse tows were used as the gage marks. The uni-
axial strain for each grid was described by the average
strain in the axial tows documented within the field of
view.

The elastic modulus (E) and Poisson’s ratio (ν) of
each grid were calculated utilizing the strain measure-
ments. The elastic modulus was quantified using the
tangent method and defined over selected regions of
the uniaxial response in terms of the engineering stress
and engineering strain. Variation in the elastic modulus
and Poisson’s Ratio were defined in terms of the stan-
dard deviation and were evaluated in terms of variation
in the stress-strain and strain-strain pairs over the axial
load range of interest. In general, the specimens were
not taken beyond the proportional limit stress due to
the limitations of the universal test system. Two differ-
ent approaches were used in defining the cross-section
area of the grids, namely the “actual” and the “effec-
tive” tow section. Definitions for the cross-section were
important in quantifying the axial stress resulting from
the tensile loads. The actual cross section area was de-
fined as the tow cross-section area multiplied by the
number of tows, while the effective tow section was
defined as the panel thickness (summation of axial and
transverse tow thickness) multiplied by the width of
the tensile panel. A description of the tow geometry
and measurements used in defining the panel cross-
section are shown in Fig. 5. The Poisson’s ratio was
determined from the ratio of the average strain in the
transverse tows and the average strain in the axial tows.
The elastic constants for each grid (E, ν) were calcu-
lated for grid stresses greater than 2 Ksi to minimize
the potential effects of grip slip and seating.

Figure 5 Definition of the grid dimensions used in estimating the cross-
section area: (a) actual grid cross-section and (b) effective grid cross-
section.

4. Results
The uniaxial stress/strain responses for the specimens
prepared from the braided C(f)/C optic grids are pre-
sented in Fig. 6. In particular, the responses for the bal-
anced and hybrid screen grids are shown in Fig. 6a and
b, respectively. Similarly, the stress/strain responses of
the balanced and hybrid accelerator grids are shown in
Fig. 6c and d, respectively. The effective tow section
was used to estimate the axial stress in this figure. Note
that the uniaxial responses for the accelerator grids are
demarcated by two different slopes (E1 and E2) where
E1 ≤ E2. The response of the screen grids exhibited
a single effective modulus (E1) or a bilinear stiffness
where E2 ≤ E1. The elastic constants for the grids are
listed in Table I. Interestingly, the uniaxial responses
of the woven grids were not monotonic but rather os-
cillated with increasing load. Noise was heard ema-
nating from the specimens while the tensile test was
being performed; the noise occurred more frequently
with increasing load and was expected to result from
debonding of the transverse and axial fibers as well as
microcracking damage in the axial tows. Of the four
specimen configurations examined the hybrid acceler-
ator grids exhibited the largest primary elastic modulus
(E1). In both the screen and accelerator grids the spec-
imens with hybrid configuration (i.e. larger axial fiber
count) exhibited the largest primary elastic modulus.
For both the screen grids the elastic modulus decreased
with increasing strain while the stiffness of the accel-
erator grids increased with axial strain. Poisson’s ratio
was also estimated from the uniaxial response for the
four grid configurations and is presented in Table I.

Utilizing the optical extensometer it was possible to
examine the strain distribution in each of the axial and

TABLE I Summary of the elastic constants for the screen and accel-
erator grids

Grid E1 (GPa) E2 (GPa) ν12

Screen
Balanced 8.46 ± 0.70 (N/A) 0.47 ± 0.13
Hybrid 8.59 ± 0.70 2.46 ± 0.77 0.71 ± 0.21

Accelerator
Balanced 4.07 ± 0.93 9.30 ± 0.47 −0.12 ± 0.08
Hybrid 9.40 ± 1.12 18.41 ± 2.32 −0.32 ± 0.08
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Figure 6 Stress/strain response for the screen and accelerator grids: (a) balanced screen, (b) hybrid screen, (c) balanced accelerator, and (d) hybrid
accelerator.

transverse tows with axial loading. For instance, the ax-
ial stress-strain response in each of the axial tows for
the hybrid screen grid is shown in Fig. 7a; the averaged
axial response for this specimen was shown in Fig. 6b.
Note that the entire axial response is shown while the
averaged axial response in Fig. 6 was truncated at 10%
axial strain to facilitate a comparison with the other grid
configurations. The corresponding transverse strain re-
sponse in terms of the axial stress is shown in each of
the individual transverse tows of the hybrid screen grid
panel in Fig. 7b. Both Fig. 7a and b show that the load
distribution in the axial and transverse tows was not
uniformly distributed.

Based on differences in constitutive behavior of the
accelerator and screen grids and the oscillation in stiff-
ness evident in Fig. 6, the axial stress/strain response
in each tow of the accelerator grids was also examined.
The stress/strain response for individual tows of the bal-
anced accelerator panel is presented in Fig. 8; the aver-
aged response of the grid was shown in Fig. 6c. Plots
for the 5 tows are shown in Fig. 8a–e and correspond
to the tows labeled from left to right. Interestingly, the
magnitude of oscillation in stiffness is not equivalent in
the 5 tows. For example, the magnitude of strain vari-
ation in the fourth tow (Fig. 8d) is much less than that
of the third tow in Fig. 8c.

The unique constitutive behavior exhibited by the
grids and noise emanating from the specimens during

axial loading prompted further examination of the me-
chanical behavior. Therefore, the stress/strain behavior
for a single tow from the balanced screen and acceler-
ator grids was examined and is shown in Fig. 9a and
b, respectively. The actual tow cross section was used
in estimating the axial stress. In comparison to the uni-
axial response presented in Fig. 6, the oscillation in
stiffness with elongation of the tow was less significant
for the separate screen and accelerator tows than for
the tensile specimens comprised of a group of parallel
tows bound by transverse tows. In addition, the elastic
modulus of the single tows estimated for small strains
(ε ≤ 0.002 m/m) was much less than that for T-300
fibers (Eaxial = 370 GPa) indicating the significance
of bending deformation of the tows on the uniaxial re-
sponse. Both the individual screen and accelerator tows
in Fig. 9 were loaded to failure. Although the tows main-
tained their sinusoidal shape even after failure, the tows
had delaminated along the length due to interlaminar
shear as evident in Fig. 10.

5. Discussion
The mechanical behavior of specially designed woven
carbon fiber composite optical grids with four dif-
ferent tow configurations was investigated. Straight-
sided specimens were obtained from the grids and
subjected to uniaxial tension. The constitutive behavior
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Figure 7 Axial and transverse strain response of each individual tow in
a tensile specimen from the hybrid screen grid: (a) axial tows and (b)
transverse tows.

of the C(f)/C panels was not consistent with that
of typical monolithic engineering materials or woven
composites due to the open cell network. Thus, an
additional analysis was conducted to explore the effec-
tive uniaxial response in terms of the response of each
tow.

According to the uniaxial behavior of the grids pre-
sented in Fig. 6, a two-stage response can be used to
describe the fundamental mechanical response of the
grids. Within the first stage of loading the curved axial
tows were pulled in tension. Based on the sinusoidal
shape that resulted from braiding (Fig. 2b) the axial
tows were subjected to a combination of bending and
tension with axial loading. Due to the shear stress im-
posed by bending and the relatively low interlaminar
shear strength of the matrix the axial tows split along
the neutral axis. Since the tow thickness (0.76 mm) of
the accelerator grid was greater than that of the screen
(0.51 mm), the curvature in the accelerator grid was
larger and caused larger bending and interlaminar shear
stresses. As a consequence, the oscillation in stiffness
of the accelerator grids is far more pronounced than
that in the screen grids as evident in Fig. 6. Splitting
of the axial fibers resulted in a reduction of the curva-
ture (straightening). The second stage of loading oc-
curred as the delamination process reached saturation
and was reflected by an increase in stiffness. Note that

an increase in the effective stiffness is clearly evident
for both the balanced and hybrid accelerator grids in
Fig. 6c and d, respectively. The differences in axial
fiber counts between the balanced and hybrid config-
urations also promoted differences in the constitutive
behavior as reflected by the higher elastic modulus of
the hybrid grid in comparison to the balanced accelera-
tor grid. In contrast to the accelerator grids, the screen
grids did not exhibit an increase in stiffness within the
second stage of loading due to the lower fiber count and
corresponding lower tensile strength.

The stress/strain response from the single tows in
Fig. 9 was not fully consistent with the response for
the grid in Fig. 6. Both the magnitude and frequency of
oscillations in stiffness are less prevalent in the single
fibers then evident in each individual tow of the multiple
tow grids (Fig. 8). The differences suggest that the oscil-
lation in stiffness was not only the consequence of inter-
laminar shear failure and straightening of the axial tows.
It is reasonable to conclude that part of the oscillation in
stiffness is also caused by the influence of the transverse
tows, which are braided firmly with the axial tows. The
transverse strain response for the balanced screen grid
in Fig. 7b shows that one of the transverse tows had
larger negative strain compared with the others. This
particular transverse tow had debonded at some inter-
sections with the axial tows and the response was there-
fore dominated by bending deformation due to normal
forces imposed by straightening of the axial tows. In
addition, there are two axial tows evident in Fig. 7a that
underwent a larger deformation than the other tows. The
larger axial deformation of these tows with loading can
be attributed to debonding of these fibers from the trans-
verse tows and/or unequal load distribution amongst
the five tows of the specimen. It is useful to envision
each axial tow as a series of springs subjected to an
external load. If one of the springs in series undergoes
a decrease in stiffness (due to interlaminar shear fail-
ure), the elongation in the remaining springs decreases
even while the load is increasing. While this occurs,
the load is transferred to the adjacent tows, which can
also be considered as a system of springs in parallel.
As a result, oscillation in the stress/strain response for
each axial tow in the grid is more pronounced than that
for the single tow presented in Fig. 8 due to the trans-
fer of load from adjacent tows. For example, Fig. 8
shows the stress/strain response of each individual tow
of the balanced accelerator grids (from Fig. 6a). Again,
the tows were labeled “Tow #1” to “Tow #5” from the
left. Tow #1 and Tow #5 were restrained by the trans-
verse tows in only one direction and the oscillation in
stiffness was less obvious than for those restrained at
both sides. Thus, the unique constitutive response of
the grids is also attributed to the influence of transverse
fibers including displacement restraint and debonding.
It is reasonable to assume that when the braided com-
posites were subjected to tension the transverse tows
partially restricted the axial tows from bending. The
normal and shear stresses at all braided intersections
caused bending of the transverse tows as well as slid-
ing at the interface. This combined effect might lead to
either debonding at the intersection or splitting of the
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Figure 8 Axial response of the individual tows for the accelerator grid shown in Fig. 6c. The tows are identified from left to right: (a) tow 1, (b) tow 2,
(c) tow 3, (d) tow 4 and (e) tow 5.

transverse tow along the axial direction, whichever is
the weakest. Every time this happened a restraint was
released which fostered a redistribution in stress within
the axial tows. The events were evident through oscilla-
tion in the stress/strain response. Obviously, when the
tensile load increased, the phenomenon happened more
frequently as apparent by the increase in frequency of
stiffness oscillations for the accelerator grid in Fig. 6.
These aspects of mechanical behavior are important

factors that will contribute to the next generation of
grid designs. Without use of the optical biaxial ex-
tensometer it would have been almost impossible to
understand the complicated uniaxial behavior of these
systems.

The C(f)/C grids exhibited lighter weight and higher
moduli than their molybdenum counterparts and in con-
junction with predicted lower sputter erosion rates, ap-
pear to offer a viable alternative for “next generation”
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Figure 9 Uniaxial response of the carbon fiber tows tested in a single
fiber arrangement: (a) screen tow (9 k fibers) and (b) accelerator tow
(24 k fibers).

Figure 10 Delamination evident along the length of a single accelerator
tow after failure.

ion propulsion engines [22]. Present efforts are aimed
towards specific grid designs and improving the man-
ufacturing techniques to improve the overall grid
definition and woven surface topography. In the future,
the stiffer C(f)/C grids may allow the fabrication of
larger ion engines for higher power operation and mis-
sion lives in excess of 100,000 h.

6. Conclusion
Ceramic composite grid panels are presently being con-
sidered for use as the accelerator and screen grids in ion
propulsion rocket engines. Four candidate carbon fiber
composite (C(f)/C) grids proposed for use in NASA’s
Evolutionary Xenon Thruster were fabricated. The con-
stitutive behavior of the grids was examined under uni-
axial tension and the displacement/strain distribution
in the individual tows was determined using a spe-
cially designed optical extensometer based on digital
image correlation (DIC). According to results from
this experimental study the following conclusions were
drawn:

(1) The effective elastic modulus for both the bal-
anced and hybrid screen grids with axial fiber counts of
9 k and 18 k fibers was approximately 8.50 GPa. The
elastic modulus for the balanced and hybrid accelerator
grids ranged from 4.07 to 18.41 GPa.

(2) The stiffness of the screen grids decreased with
axial load while the stiffness of the accelerator grids
increased with axial load. The difference in mechan-
ical behavior was due to the difference in tow cross-
section of the screen and accelerator grids. The acceler-
ator grids had a larger tow cross-section, which resulted
in larger eccentric loads due to the tow curvature. The
accelerator grids underwent larger elongation at low
loads due to straightening of the fibers until a sufficient
reduction in curvature promoted an increase in the fiber
axial load.

(3) The biaxial optical extensometer based on DIC
provided significantly more quantitative data that was
useful in describing deformation of the axial and trans-
verse tows. The system enabled a fundamental under-
standing of the mechanical behavior, which could not
have been obtained with traditional measures of gage
section elongation.

Acknowledgements
The authors would like to thank the technical point of
contact, Fred Arnold at Wright Patterson Air Force
Materials Laboratory for supporting this work under
an IMWG funded PRDA Contract #F33615-01-C-5020
entitled “Low Cost C-C Ion Grids for High Power Ion
Propulsion Engines”. The authors would also like to
thank Prabhakar Rao, Robert Reprogel, Wei Zheng
and Dongliang Yang of the University of Maryland
Baltimore County for technical support.

References
1. J . S . S O V E Y, J . A . H A M L E Y, T . W. H A A G, M. J .

P A T T E R S O N, E . J . P E N C I L , T . T . P E T E R S O N, L . R .
P I N E R O, J . L . P O W E R, V. K. R A W L I N and C. J .
S A R M I E N T O , AIAA Paper 97-2778, July 1997.

2. V . K . R A W L I N, J . S . S O V E Y, J . A . H A M L E Y, T . A .
B O N D, M. M A T R A N G A and J . F . S T O C K Y , AIAA Paper
99-4612, Sept. 1999.

3. J . E . P O L K, J . R . A N D E R S O N, J . R . B R O P H Y,
V. K. R A W L I N, M. J . P A T T E R S O N, J . S O V E Y and
J . H A M L E Y , AIAA Paper 99-2446, June 1999.

4. G . C . S O U L A S , IEEE Aerospace Conference Paper 8.0303,
March 2000.

4504



5. Idem., IEPC Conference Paper 01-090, Oct. 2001.
6. J . M U E L L E R, J . R . B R O P H Y and D. K. B R O W N , AIAA

Paper 96-3204, 1996.
7. T . W. H A A G and G. S O U L A S , AIAA Paper 2002-4335,

2002.
8. W. N. S H A R P E J R . , Exp. Mech. 8 (1968) 164.
9. M. K U J A W I N S K A and L . S A L B U T , in Proceedings of SPIE—

The International Society for Optical Engineering (2000) Vol. 4101,
p. 380.

10. S . J . K I R K P A T R I C K and D. D. D U N C A N , in Proceedings
of SPIE—The International Society for Optical Engineering (2000)
Vol. 3914, p. 630.

11. L . S A L B U T , in Proceedings of SPIE—The International Society
for Optical Engineering (2002) vol. 4900, p. 1254.

12. T . L I U , F . A I -K H O D A I R I , M. W U, M. I R L E and G. F .
F E R N A N D O , in Proceedings of SPIE—The International Society
for Optical Engineering (1996) Vol. 2895, p. 279.

13. C . T . P Y E and J . M A R T I N , Sensors 11 (1993) 10.
14. Idem., Materials World 10 (1993) 557.
15. S . D A I C O S and D. W I E S E , Exp. Tech. 2 (1995) 13.

16. D . C O I M B R A, R. G R E E N W O O D and K. K E N D A L L ,
J. Mater. Sci. 35 (2000) 3341.

17. W. H. P E T E R S and W. F . R A N S O N , Opt. Eng. 21 (1982) 427.
18. T . C . C H U, W. F . R A N S O N, M. A. S U T T O N and W. H.

P E T E R S , Exp. Mech. 25 (1985) 232.
19. H . A . B R U C K, S . R . M CN E I L L , M. A. S U T T O N and

W. H. P E T E R S , ibid. 29 (1989) 261.
20. D . Z H A N G and D. A R O L A , in Proceedings of the SEM An-

nual Conference on Theoretical, Experimental and Computational
Mechanics, Milwaukee, WI, June 2001, Paper No. 80.

21. L . A . C A R L S S O N and R. B . P I P E S , “Experimental Char-
acterization of Advanced Composite Materials (Prentice-Hall,
Englewood Cliffs, NJ, 1987).

22. M. C . L . P A T T E R S O N, P . W I L B U R, W. Z I M B E C K,
F . A R N O L D, P . G . C H A R A L A M B I D E S , D. A R O L A and
N. M E C K E L , in Proceedings of the JANNAF Propulsion Meeting
(Orlando, FL, Nov. 2002) p. 1.

Received 5 August 2003
and accepted 14 April 2004

4505


