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ABSTRACT

The paper describes a new technique for automated measurement of crack initiation, growth and propagation in composite
materials during Mode | DCB testing. The proposed method detects change in geometry and electromagnetic properties
(dielectric or magnetic) along a transmission line that can be embedded in or bonded to a material or structure. Crack initiation
and propagation cause gross changes in properties and are easily detected. Traditional methods have relied on time and labor
consuming optical techniques or electrical techniques resulting in limited resolution and accuracy of test data. The proposed
technique is fully automated and has much better resolution and accuracy than currently available techniques. It can also be
used to perform Mode | fracture toughness measurements in composite materials under extreme environment conditions (hot-
wet, elevated temperature etc).

INTRODUCTION

Fracture toughness is an important parameter in composite materials, as it relates to the ability of the material to resist crack
propagation. Fracture in composites typically occurs due to interlaminar stress concentrations, whether it is due to a free edge,
ply drops, joints or notches. The most common method for measuring fracture toughness of composite materials is the Mode |
Double Cantilever Beam (DCB) method, as described in ASTM 5528 [1]. Mode | fracture relates to out of plane forces causing
the crack to propagate in the plane of the material.

In the DCB test method, the ends of the specimen are pulled apart forcing a crack to propagate down the length of the beam.
The progress of the crack is monitored as a function of the load, and used to calculate the fracture toughness of the material.
There are several methods currently in use to monitor the progress of the crack during the test. The most common method is a
visual technique using a monoscope or a traveling microscope. This method requires marking of the side of the test specimen
and monitoring of the crack progression by arrival at each mark. It is a time-consuming method that has limited resolution and
somewhat subjective in nature. Several techniques have been developed to automate the process and are primarily optical or
electrical-based methods.

Uhlig et al. [2, 3] developed an automated optical crack tracing system that uses a CCD camera to monitor the crack front
during the test, with real-time image processing to obtain crack propagation data. A fully automated system is available [3] that
requires no additional sample preparation time, has a high degree of accuracy and can complete the test rapidly. However,
this method requires direct view of the tested specimen, which may not be possible for extreme environment testing.

Crack gages are available from several sources, and though they have different configurations, they essentially rely on change
in electrical properties of a surface bonded system, as the crack propagates through it. One version uses a foil configuration
[4], which cracks during the test, and a second version [5] uses an array of conductive wires that break in sequence as the
crack front moves through the gage. Crack gages are mounted on the side face of the DCB test specimen and can get
expensive for longer beam type coupons. The foil-based gage requires substantial thickness for mounting (> 0.5"), while the
conductive wire array gage is limited in resolution and cost. Both gage methods require substantial specimen preparation, prior
to testing.

None of these methods combine low cost, non-intrusive or in-situ, usability under extreme conditions and simplified specimen
preparation, at the same time. In this paper, we demonstrate a Time-Domain Reflectometry (TDR) based technique as a novel
automated sensing technique for crack propagation measurement that meets all these requirements. The sensors can be
integrated into the composite specimen during manufacture and only need to be connected to the TDR system to begin
testing. In addition any conductive material (metal wires, carbon fibers, metal-clad fibers etc) can function as the sensor
material, with little performance degradation. The system can be fully automated and perform in extreme environments.



BACKGROUND

Time-Domain Reflectometry (TDR) is method of sending a fast pulse down a controlled-impedance transmission line, and
detecting reflections returning from impedance and geometric discontinuities along the line (Figure 1). Time scales are fast, so
reflections occurring at different positions in the line are separated by time-of-flight, forming a "closed-circuit radar".
Frequencies are in the communications range, so the measurement is commonly used in locating faults in networking and
cable TV systems. TDR has gained popularity in recent years in infrastructure applications [6]. The transmission line is
embedded in a bridge or highway structure, such that a flaw in the surrounding structure causes a mechanical distortion in the
line, which produces an impedance discontinuity, which is located by time-of-flight. Similar methods are used in groundwater
level detection, where the line is embedded in a soil layer such that a water level causes an impedance change, which is again
located by propagation delay.

TDR has not yet been applied to smaller applications such as composite parts since the propagating pulse is not sufficiently
localized. Typical infrastructure applications use pulse widths around 500 ps with input bandwidths near 2 GHz, producing
pulse spreading in the line around 100 mm. This resolution is sufficient for infrastructure applications, but for composite parts
is an order of magnitude too high. Composites parts require pulse localization below 10 mm, and such instrumentation with
pulse widths around 35 ps and input bandwidths near 20 GHz is only now becoming available. The basic TDR layout is shown
below. On the left is the TDR oscilloscope, which both supplies the input voltage step and captures the returning reflection.
The scope has a 10ps/cm maximum sweep speed and a 20 GHz input bandwidth, with a 35 ps risetime step applied internally
to the input. Extending from the input is the thin planar transmission line, embedded within the composite part, which is used
as a sensor.
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Figure 1 Schematic of Typical Time-Domain Reflectometry (TDR) System
Current Application of TDR to Compaosites

Recently, TDR sensors have been developed and evaluated for resin flow monitoring, cure during composite manufacturing as
well as structural health monitoring [7]. Any dielectric and/or geometrical discontinuity between the transmission line and the
ground plane changes the characteristic impedance, and introduces a voltage reflection at a particular time and magnitude.
The system has been proven out to accurately measure distributed parameters such as the resin flow position, degree of cure,
defect detection and strain measurement. The transmission line can be embedded into the part and on the surface or
integrated into the tooling making it reusable as well as sensing through gel coats commonly applied on the mold surface. TDR
sensors are unique due to the fact that they are lineal sensors and can be used to interrogate changes along the entire length
of the sensor, rather than at a point (for example: fiber optic sensors). This reduces the number of sensor lines and associated
acquisition hardware.

TDR for Crack Propagation Measurement

TDR sensors can be very good crack propagation detection sensors, as the propagation of the crack alters both the
electromagnetic properties, as well as the dimensions of the structure. If the sensor is configured such that the crack
propagation is between the signal and the ground planes, the TDR sensor can not only detect the crack front, but also the
relative movement of the planes of the crack. The transmission line is typically an electrically conductive material and a variety
of material choices are available, such as metal wires or graphite fibers. To minimize material impact when embedded into a
composite material, metal coated structural fibers can also be used, such as metal coated carbon or Kevlar fibers.

A DCB test involves a moving crack front between two planes and the inclusion of the transmission line in one plane and the
ground in the other plane will enable accurate detection of both location and velocity of the crack front (Figure below). In this
method the time shift (Atc) of the electromagnetic signal due to the crack propagation is monitored. At a given crack location,
Atc can be measured based on a reference signal (when the applied load is zero), which indicates the position of the starter
crack or initial delamination. The crack length Lc will be simply taken as V*(Atc /2), where V is the speed of the signal in the
sensor material.
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Figure 2 TDR Sensor Configuration for Mode | DCB Test
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Figure 3 TDR Sensor Response during Mode | DCB Test

Traditional methods of tracking crack propagation involve visual tracking with a monoscope, video camera based systems, and
the application of electrical conductivity-based crack gauges. Typical crack gauges long enough for DCB samples can cost up
to $180 each [8], making their cost prohibitive for a large series of tests. The TDR method has the potential to be a fully
automated indicator of crack growth, much lower in sensor cost than crack gauges with significantly higher resolution.

EXPERIMENTAL

In this effort, double cantilever beam (DCB) specimens were fabricated to evaluate the ability of TDR sensors for automating
crack growth measurement during the test. DCB specimens were fabricated for two tests: the first set consisted of three (3)
adhesively bonded DCB coupons for direct comparison of visual or optical technique with TDR sensor and the second was a
“blind” test in a glass/epoxy DCB configuration to measure the epoxy fracture toughness. Two sensor types were evaluated,
with the first set using carbon fiber thermoplastic prepreg tape (IM7/PEI) and the second using ARACON (conductive Kevlar)
fiber tow, to demonstrate the flexibility in sensor material. Table 1 lists the specifications for all the DCB specimens tested.

Table 1 Specifications of the DCB Test Specimens

DCB Test Type Adherend or Substrate TDI\/T Sef‘sor Crack Sensor NUBET @
aterial Tests
Adhesive DCB S IM7/PEI 3mm Visual
Hysol 9539.3 NA Sﬂj ?g?.i\l,émgggcé'og erl]lr g(l)”pely unidirectional (monoscope) & 3
Adhesive ' ' prepreg tape TDR
8 layers S2 glass fabric, 24
Resin DCB oz/yd®, SC 79 epoxy resin ARACON fiber TDR 1
SC 79 Resin VARTM process, 250 F post tow
cure 4hr




Materials

DCB specimens were prepared in accordance with ASTM D5528-94a. The initial delamination was made by insertion of a 50
micron thick Kapton film between the two adherends in the adhesive case and at the mid-plane of the laminate for the resin
case. Specimens were manufactured as listed in Table 1. Aluminum cubes (25mm by 25mm) were then bonded to each side
of the specimen where the initial delamination was made. An overnight room-temperature cure adhesive was used for this
operation. The edge of the specimens were then painted white with enamel and marked at 5mm intervals for visual monitoring
of the crack length during the test, except for the Resin DCB test which only had the TDR sensor.

TDR Sensor Description

A TDR sensor for crack propagation detection consists of a signal line and ground plane straddling the crack plane (Figure 2).
Two sensor types were evaluated: a 3 mm wide carbon fiber thermoplastic prepreg tape (IM7/PEI) and conductive Kevlar
(ARACON) tow. In the Adhesive DCB test, the carbon tape was placed axially down the center of each coupon location in the
laminate, between the 15th and 16th plys (center of the coupon). In the Resin DCB test, the ARACON tow was placed one (1)
layer below the top surface for the signal line and one (1) layer from the bottom surface for the ground plane, in the 8-layer
fabric laminate. The TDR pulse was injected into the composite specimen via a flexible 1mm diameter copper clad
transmission line. The termination of the conductive fiber lines were crimped with a small copper ring and a SMA type
connector was attached by solder.

Test Method and Data Acquisition

The specimens were mounted in a fixture to load the end blocks (Instron 4484 static load frame) and the end of the specimens
was supported in order to keep the beam orthogonal to the direction of the applied load. The load and ram displacement were
recorded. The crosshead speed was 0.01mm/min for the loading cycle. Crack propagation as a function of distance was
monitored using the conductive fiber transmission line and compared to results of visual observation using a traveling
microscope.

Crack propagation was observed by microscope at 12 marks each 5 mm apart on the bondline. The time at which the crack
passed each mark was noted and recorded with the TDR record number at that time. Crosshead speeds of 0.01mm/min and
0.05mm/min were used during the loading and the unloading cycles, respectively. The load and displacement data were noted
for crack growth measured every 1 mm from the tip of the insert, for the first 40mm, then every 5mm for a total length of about
60mm. The crack length was measured along the edge of the specimen with a traveling microscope. The specimens were not
pre-cracked, and the initiation and propagation values were determined in one loading-unloading cycle.

The equipment used for recording data from the TDR sensor was an Agilent Technologies HP54750 digitizing oscilloscope
with a 54754A differential TDR plug-in. This equipment has a 10ps/cm maximum sweep speed and a 18 GHz input
bandwidth, with a 35 ps risetime step applied internally across the input. Each TDR scan had 4096 points per scan, which
essentially means that the sensor length can be resolved into 4096 points. This represents the highest resolution of the
oscilloscope. Scan rate was performed at 1 Hz or one scan per second and is a function of the hardware capability. Higher
scan rates can be achieved using a pc-card based system or improved data handling in the scope. In order to reduce noise
and improve signal characteristics, averaging was performed on each set of 16 scans, to provide a single data point. This
averaging technique resulted in approximately 200-270 data points (crack locations) per DCB test. Reduced averaging can
increase the number of data points significantly, to well over 1000 data points per test which is much higher than is possible
with any current sensor.

RESULTS AND DISCUSSION
Crack propagation Measurements for adhesive DCB

A typical measured signal sequence from the TDR sensor during the DCB test is shown in Error! Reference source not
found.. The initial baseline before loading is the reference, and shows the usual signal injection on the left and open-circuit
reflection on the right. As loading begins the signal rises from this initial baseline on the right, as the signal-ground spacing and
impedance increases toward the loaded end of the coupon. The position along the time axis at which this initial rise occurs is a
function of crack propagation, and moves to the left along the time axis as the crack propagates to the left. The propagation
can be quantified by setting a threshold for the vertical signal increase and picking off the delay at which this threshold is
exceeded. A threshold of 5% deviation was selected to minimize noise and the appropriate delay times determined.
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Figure 4 Typical TDR Measurement Sequence showing Crack Front Movement

A comparison of the visual crack location and the location as measured by the TDR sensor is shown in Table 2. For all three
specimens, the correlation between the TDR measurement of crack location and the visual measurement is excellent with
some variations in isolated instances, which may in fact be due to error during visual measurements. Given the excellent
correlation between visual and TDR crack propagation measurements, similar correlation is expected in the fracture toughness

calculation.

Table 2 - Crack Propagation Measurement during DCB Test |

Specimen 1 Specimen 2 Specimen 3
TDR (mm) Visual (mm) TDR (mm) Visual (mm) TDR (mm) Visual (mm)
0.00 0 0 0 0 0
0.38 1 0.8 1 0.8 1
1.82 2 2.9 3 2.23 2
4.70 4 4.4 4 3.66 4
5.42 5 7.9 8 6.52 7
7.58 7 9.4 9 14.38 15
14.78 15 10.1 10 20.10 20
19.82 20 15.1 15 24.39 25
25.58 25 19.4 20 30.11 30
29.90 30 24.4 25 32.97 35
34.22 35 28.0 30 40.12 45
41.42 40 33.0 35 48.70 50
56.54 55 39.41 40 52.28 55
59.42 60 44.41 45 60.14 60
65.18 65 47.99 50 65.15 65
68.06 70 53.71 55 70.15 70




The mode I critical fracture energy, Gic, was calculated from:
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where the expressions for y, F and N may be found in [9].

As expected, the calculated G,c curve for both measurement techniques is identical (Figure 5) for Specimen 1, given the
similarity in crack locations for both methods. Specimens 2 and 3 also show similar results. During the three tests, TDR sensor
data was only recorded for the same time steps as visual recording for comparison purposes. However, as described
previously, the TDR sensor is capable of significantly higher resolution in terms of crack front movement.
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Figure 5 Calculated Fracture Resistance Curves comparing TDR and Visual Methods
Crack Propagation Measurement for “Blind” Test

In this test, crack growth in the DCB specimen was measured using the TDR sensor, at high resolution. The sensor geometry
and location was similar to the previous case, with the signal and ground lines straddling the crack plane. Measured crack
front movement is shown in Figure 6. As described previously, the TDR sensor is capable of high resolution measurement of
crack front movement in the specimen compared to the visual method. In the visual method, a total of fifteen (15) crack
locations are monitored, where as in the TDR method 260 crack locations are automatically measured. This can be further
increased by reducing the averaging during TDR data acquisition, however a corresponding increase in noise can be
expected.

It is also interesting to note that the TDR method has enough resolution to track the stick-slip behavior that is characteristic of
fabric-reinforced composites. Further refinements in both the data acquisition strategy, averaging and sensor optimization can
lead to more accurate measurements for tracking stick-slip behavior. Figure 7 shows the calculated fracture resistance curve
for the specimen, which also has higher resolution (23 data points) compared to the visual method (15 data points). For this
test, specimen preparation was relatively simple, with the sensors embedded in the composite during fabrication. Preparation
for DCB test involves connecting the signal and ground lines to the TDR system. Care is required during this process, due to
the high-frequency electronics involved and possible electrostatic discharge (ESD) problems that can damage the electronics.
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Figure 7 Calculated Fracture Resistance Curve with Higher Resolution compared to Visual

In summary, the TDR method has the ability to measure crack propagation rate and location using a single non-intrusive
(conductive fiber) low-cost sensor at high resolution and accuracy. The entire measurement process can be fully automated to
show load-crack growth during the DCB test. TDR sensors can also monitor stick-slip behavior that is characteristic of
composite materials. One can also envision multiple TDR sensors in a single DCB test to monitor the shape of the crack front,



as the assumption during testing is that of a uniform crack front movement. The proposed method can be applied to all non-
conducting materials — plastics, ceramics and composites. In the case of electrically conductive systems, especially with
carbon fiber reinforcement, the proposed method needs to be modified to account for material conductivity and is a topic of
current research. The automation and ease of sensor installation and setup allow the proposed technique to be used in
extreme environments — temperature, humidity, corrosive etc. Demonstrations of the TDR method for hot-wet fracture
toughness measurement and elevated temperatures for resins such as BMI's and polyimides are in progress.

CONCLUSIONS

A Time-Domain Reflectometry based low-cost, in-situ and non-intrusive solution has been demonstrated for crack detection
and propagation measurements during Mode | DCB testing of composite structures. The TDR technique detects change in
geometry or electromagnetic properties along a transmission line that can be embedded in or bonded to a material or
structure. Crack initiation and propagation cause gross changes in these properties and hence are easily detected, with high
resolution. The proposed method has the potential to detect the development and propagation of cracks during the test,
regardless of temperature, humidity and other external conditions. It is a fully automated crack sensor with no visual
observation required as in current techniques.

The proposed methodology could also be adapted for Mode Il, Mode Il and mixed Mode fracture tests, as well as real time
crack detection and monitoring in materials and structures. The TDR technique also has significant capabilities in the structural
health monitoring field. Since this method does not require visual access, hard to reach zones in composite structures can be
monitored easily with this technique. The sensor has been successfully used to monitor the manufacture and cure of
composite structures and can later be used for health monitoring, providing a cradle-to-grave capability unlike any other
system.
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