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Description

FIELD OF THE INVENTION

[0001] This invention relates to methods and systems
for nondestructive testing of materials.

BACKGROUND OF THE INVENTION

[0002] Originally, naturally available and relatively light
materials, such as wood, were the most common mate-
rials used for constructing aircraft. However, with the de-
velopment of new alloys the aircraft construction industry
shifted from one of carpentry to one of metal shaping.
[0003] Relatively recently, a new generation of mate-
rials known as "composites" or "composite materials"
were developed. Certain composite materials often pro-
vide an excellent strength-to-weight ratio as compared
to metals, and their acceptance into the various aircraft
industries is near universal.
[0004] Generally, there are two major genres of com-
posite materials: honeycomb structures and laminates.
Honeycomb structures are exceeding light materials that
provide unequalled structural support (for their weight)
when placed in wings and other strategic locations in a
given aircraft. Laminate materials, while usually not as
light as honeycomb structures, are often lighter than any
commercially viable metal equivalent, and typically far
stronger than any honeycomb structure.
[0005] As with all materials, laminates are subject to
damage from abuse and high-speed impacts. Unfortu-
nately, the true extent of any resultant damage of a high-
speed impact can not always be seen. That is, there are
often instances where an impact to a laminate-type struc-
ture may only superficially mar its surface, but nonethe-
less result in extensive damage deep in the laminate’s
structure where it can not be readily detected. While var-
ious diagnostic tools, such as ultrasonic imagers, are
available to assess such hidden damage, these existing
tools can be very expensive and require a substantial
amount of training to properly use. Accordingly, new
methods and systems for detecting damage in laminate
structures are desirable.
[0006] One of the many advantages of using the below-
described approaches is that inexpensive diagnostic
equipment can be made that is portable, exceedingly
simple to use, yet reliable and accurate.
[0007] For example, a method for evaluating damage
to a laminate structure having a front-surface and a back-
surface is described, the method including calibrating a
diagnostic device using an undamaged portion of the
laminate structure to determine one or more calibration
parameters, and then performing one or more test cycles
to a suspect portion of the laminate structure using the
one or more of the calibration parameters.
[0008] In one example there is a method for ultrason-
ically testing a laminate structure having a front-surface
and a back-surface described that include the steps of

performing a test cycle on a suspect portion of the lam-
inate structure based on an ultrasonic echo-profile, and
determining whether the suspect portion of the laminate
structure conforms to calibration parameters taking into
account that
the calibration parameters provide information about an
undamaged portion of the particular laminate structure
under test.
[0009] Another example relates to a method for cali-
brating a diagnostic device capable of detecting latent
damage in a laminate structure that includes the steps
of emitting an ultrasonic pulse into the laminate structure,
detecting an echo-profile of the laminate structure and
determining one or more calibration parameters, the cal-
ibration parameters providing information about an un-
damaged portion of the laminate structure under test.
[0010] A diagnostic apparatus for evaluating an
amount of damage to a laminate structure is another ex-
ample. In various examples, the diagnostic apparatus
can include a test manager coupled to a data-acquisition
device and a sonic transducer, and configured such that
the diagnostic apparatus employs a calibration cycle and
a test cycle, the calibration cycle produces one or more
calibration parameters, and the test cycle uses the one
or more of the calibration parameters to evaluate whether
a portion of the laminate structure is damaged.
[0011] US 4215583 states in the abstract techniques
for ultrasonically evaluating damage to a laminate struc-
ture include use of a diagnostic device having at least
two modes of operation including a calibration mode and
a test mode with the calibration mode providing calibra-
tion parameters specific to the laminate structure under
test.
[0012] Aspects are set out in the independent claims,
with some optional features set out in the claims depend-
ent thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]

FIG. 1 depicts an exemplary laminate structure.
FIGS. 2A-2D depict the laminate structure of FIG. 1
with differing amounts of damage.
FIG. 3 is a block diagram of a diagnostic tool useful
for detecting hidden damage in laminate structures.
FIG. 4 is a block diagram of an exemplary embodi-
ment of the manager of FIG. 3.
FIG. 5 is a timing diagram of various activities within
the diagnostic tool of FIG. 3.
FIGS. 6A-6D are exemplary timing diagrams depict-
ing ultrasonic echo-profiles of the respectively lam-
inates depicted in FIGS. 2A-2D.
FIG. 7 depicts an exemplary display incorporated
within the diagnostic tool of FIG. 3.
FIG. 8 is a flowchart outlining a first exemplary op-
eration according to the present disclosure.
FIG. 9 is a flowchart outlining a second exemplary
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operation according to the present disclosure.
FIG. 10 is a flowchart outlining a third exemplary op-
eration according to the present disclosure.

DETAILED DESCRIPTION

[0014] As mentioned above, various diagnostic tools,
such as ultrasonic imagers, are available to assess such
hidden damage to laminate structures. Unfortunately,
such tools are very expensive and require a substantial
amount of training to properly use. However, the methods
and systems discussed below outline an approach to
overcoming the expense and training issues. That is, the
below-referenced methods and systems can enable an
operator to diagnose hidden damage in a process so
simple and straightforward that, in various embodiments,
can be reduced to merely touching a small hand-held
tool to a structure under test, then referring to the state
of a single light emitting diode.
[0015] FIG. 1 depicts an exemplary laminate structure
100 capable of being used on any number of structures,
such as those found on airplanes, automobiles and other
vehicles, or any other structure that can benefit from a
light, yet strong material. As shown in FIG. 1, the laminate
structure 100 has a front-surface 120 and a back-surface
130 and is composed of ten individual laminate sheets
110-1 to 110-10; such laminate sheets 110-1 to 110-10
being joined together by a compatible bonding material
(not shown).
[0016] The exemplary laminate sheets 110-1 to 110-10
are composed of sheets of graphite fibers, and the ex-
emplary bonding material (not shown) is composed of an
ester based resin.
[0017] In the course of normal use, laminate materials
are subject to accidental damage. For example, various
high-speed aircraft using laminate materials to cover the
front surfaces of their wings can expect impact damage
from birds and various airborne debris with every flight.
Obviously, in some instances the resultant damage will
be very light while in other instances the damage may
be moderate to severe. For example, as shown in FIG.
2A the laminate structure, 100 of FIG. 1 is depicted as
being so lightly damaged that only a superficial marring
results at impact site 210.
[0018] However, similar impacts may cause damage
that may not be readily apparent. For example, as shown
in FIG. 2B, the same impact discussed with respect to
FIG. 2A may produce a first damaged area 210 that in-
cludes identical marring at impact site 210, but further
includes the number of hidden fissures, including fissure
220 positioned between laminate sheets 110-2 and
110-3.
[0019] Generally, it should be understood that a fissure
can be a crack either between two laminate sheets or
through a particular laminate sheet that does not result
in any open gap. While appearing to be of minor concern,
even minor fissures can sometimes represent a substan-
tial threat to the integrity of a laminate structure as lam-

inates derive their strength from their bonded layering.
[0020] Still further, as shown in FIG. 2C, an even heav-
er impact can result in a second damaged area 214,
which depicts a traumatized than the substrates 100 de-
picted in FIGS. 2A and 2B. As shown in FIG. 2C, the
second damaged area 210 includes superficial marring
210 (which may still look exactly like the superficial mar-
ring of FIGS. 2A and 2B), a number of fissures and a void
230. In contrast to fissures, a void is a type of damage
where two laminate sheets that should be joined now fail
to make contact altogether. Voids are sometimes caused
when a fissure develops between two individual laminate
sheets and at least one laminate sheet is so damaged
as to be permanently warped away from the other lami-
nate sheet.
[0021] Continuing to FIG. 2D, it should be appreciated
that a high-speed impact may leave only a superficial
marring on a laminate’s surface, but nonetheless result
in severe damage below the surface. As shown in FIG.
2D, a third damaged area 216 is depicted as having a
superficial marring at impact site 210, a large network of
fissures including the fissure 250 and a void 260. As fur-
ther shown in FIG. 2D, severe hidden damage can result
with portions of one or more laminate sheets being en-
tirely ripped away from the back-surface 130.
[0022] In view of FIGS. 2A-2D, it should be appreciated
that the amount of superficial damage to a laminate struc-
ture is a poor indicator of any true amount of hidden dam-
age. Accordingly, it should be appreciated that it is ad-
vantageous to have inexpensive yet highly accurate di-
agnostic tools that can be effectively detect unseen dam-
age to such suspect areas around superficial marrings.
[0023] FIG. 3 is a block diagram of an exemplary di-
agnostic tool 300 capable of detecting hidden damage
to various solid structures, including laminate structures
such as those depicted in FIGS. 1-2D. As shown in FIG.
3, the diagnostic tool 300 includes a manager 310, a
pulse generator 320, a transducer 330, a data acquisition
device 340, a display 350 and a number of activators
360. The data acquisition device 340 includes an ampli-
fier (AMP) 342, an analog to digital converter (ADC) 344
and a first-end-first-out buffer (FIFO) 346. While the ex-
emplary diagnostic tool 300 is a collection of various in-
tegrated circuits and other components coupled together
on a single circuitboard, it should be appreciated that,
the diagnostic tool 300 can take other forms. For exam-
ple, the pulse generator 320, as well as the FIFO 346
and ADC 344 may be incorporated into a bussed struc-
ture such as that is commonly used on many processor-
based systems. Additionally, it should be appreciated
that practically all of the various components 310-360
may be incorporated on a single integrated circuit, with
the understanding that any display, transducer or activa-
tor might be more practically located off-chip.
[0024] For the exemplary diagnostic tool 300 of FIG.
3, there can be two main modes of operation: a calibration
mode executing calibration cycles and a test mode exe-
cuting test cycles.
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[0025] The calibration mode of diagnostic tool 300 is
substantially different from any form of calibration for
competing types of test devices in that the diagnostic tool
300 of the present system uses its calibration mode to
calibrate itself against a particular laminate structure, as
to the more commonly used form of calibration where
individual components within a device are "tweaked" (or
otherwise compensated for) such that a diagnostic de-
vice will have a greater overall accuracy. One of the ad-
vantages to calibrating against specific laminates is that
it can be far less expensive than the alternative. For ex-
ample, the diagnostic tool 300 of FIG. 3 can be calibrated
by a completely untrained operator by merely pressing
the transducer 330 against an undamaged portion of a
laminate structure under test. In comparison, the latter
form of calibration can require that a particular test device
be returned to a factory where trained technicians may
spend hours characterizing the various component within
the test device any form of compensation may even be-
gin.
[0026] To start the compensation cycle, an operator
using diagnostic tool 300, can initially press the trans-
ducer 320 against an undamaged portion of a substrate
and press one of the activators, e.g., a button, which will
in turn provide the manager 310 with an indication that
a calibration cycle is desired. In response, the manager
310, will generate a command signal to the pulse gener-
ator 320. The pulse generator 320, in turn, can receive
the command from manager 310 and generate an exci-
tation pulse having a particular amplitude and duration
to the transducer 330.
[0027] In the exemplary diagnostic tool 300 of FIG. 3,
the pulse generator 320 can accept a TTL-compatable
signal, such as a low-to-high transition, and generate an
excitation pulse having an amplitude of about 25-30 volts
and a duration of about 200 nanoseconds. However, it
should be appreciated that other types of input com-
mands and the output excitation pulses associated with
the pulse generator 320 can change in other examples.
[0028] Once the excitation pulse is initialized, the trans-
ducer 330 can receive the excitation pulse, which will
cause the transducer 330 to emit a burst of ultrasonic
energy to a given structure, with which the transducer
330 makes contact.
[0029] During operation, the transducer 330 will per-
form not only the role of providing an outgoingpulse of
ultrasonic energy, but also will detect energy that is ech-
oed back to the transducer. As the transducer 330 detects
this of the same frequency returned signal energy, the
transducer 330 will transform such ultrasonic energy into
an electrical form that can be sensed by any number of
electrical or electronic device. Accordingly, it should be
understood that the transducer 330 will pass an amount
both outgoing and detected signal energy to the data
acquisition device 340.
[0030] As various signal energies are received by the
data acquisition device 340, such energies are first re-
ceived by the amplifier 342 which can buffer, amplify and

filter the received energies, then pass the resultant signal
to the ADC 344. The ADC 344, in turn, will convert the
received signal to digital form. Subsequently, the digi-
tized data can be passed to FIFO 346, where it can be
stored until extracted by manager 310.
[0031] After data acquisition has started, the manager
310 can extract information from the FIFO 346, determine
any number of calibration parameters, such as parame-
ters relating to the amplitude and timing of any returned
pulses, and store such calibration parameters in a local
memory for use in a test cycle.
[0032] Once a user has performed a calibration cycle
with the diagnostic tool 300, the operator can press the
transducer portion of the diagnostic tool 300 against a
portion of the laminate device that is suspect for hidden
damage and press a second activator button. In re-
sponse, the activator 360 will pass an appropriate signal
to manager 310 to start a test cycle. As with the calibration
mode, a manager 310 will generate a command to the
pulse generator 320, which will in turn generate an exci-
tation pulse of substantially the same amplitude and du-
ration as the excitation pulse of the calibration cycle. In
response, the transducer 330 will emit an outgoing ultra-
sonic signal detect any returned signal energy, and pass
the outgoing and detected signals to the data acquisition
device 340 and manager 310.
[0033] Once the manager 310 has received informa-
tion regarding the immediate test cycle, the manager can
perform any number of operations and calculations nec-
essary to determine whether such data taken during the
test cycle substantially conforms within the parameters
acquired during the calibration cycle. The manager 310
compares the amplitude of any return signal pulse and
compare it to the return signal pulse of the calibration
cycle, and/or in another example the manager can de-
termine whether such a returned signal pulse occurs at
substantially the same relative timing (with respect to the
outgoing pulse) as the return signal pulse of the calibra-
tion cycle. If the data of the test cycle acceptably con-
forms with the date of the calibration cycle, the manager
can provide display 350 with an indication that the sus-
pect laminate structure is undamaged. The display 350,
in turn, can receive the indication, and provide an oper-
ator with a visible indication that the diagnostic tool did
not detect any damage to the suspect area tested.
[0034] As shown in FIG. 3, the display 350 can include
but a single light emitting diode to indicate whether a
particular portion of a laminate structure is damaged or
undamaged, and optionally include a second light emit-
ting diode to indicate whether the diagnostic tool 300 had
been properly calibrated. However, it should be appreci-
ated that while the diagnostic tool 300 requires a far sim-
pler display than any known competing product, the par-
ticular form of display chosen for any particular embod-
iment can vary as a design choice.
[0035] FIG. 4 is a block diagram of the manager 310
of FIG. 3. As shown in FIG. 4, the manager 310 includes
a controller 410, a memory 420, a calibration device 430,
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a testing device 440, a comparing device 450 and an
input/output port 490. The various portions 410-490 of
the manager 310 are coupled together via data/address
bus 402. While the exemplary manager 310 is depicted
as a device having a bussed architecture with various
peripherals, it should be appreciated that the manager
310 can appear as a single-chip processor with integrat-
ed components, a general purpose processor, a digital
signal processor or any other system capable of execut-
ing a series of instructions from a memory. Further, it
should be appreciated that the manager 310 can take
the form of any number of discreet logic circuits capable
of performing the various required functions as described
herein. Still further, it should be appreciated that, portions
of the manager 310, such as the calibration device 430,
the testing device 440 and the comparing device 450 can
take the form of various programs and routines embed-
ded in memory 420.
[0036] In operation, the manager 310 generally starts
by coordinating a calibration cycle. In such a calibration
cycle, the manager 310 typically receives an indication
from an external device, such as a push button, received
via the input/output port 490. In response, the manager
310 can then issue a command to a pulse generator sys-
tem, such as the pulse generator 320 shown in FIG. 3,
as well as a "capture data" command to a data capturing
system, such as the data acquisition device 340 on FIG.
3. Assuming that the appropriate data has been captured,
the controller 410 can subsequently import the captured
data via the input/output port 490, and store the captured
data in the memory 420.
[0037] Subsequent to data import, the controller 410
can then move the data from the memory 420 to the cal-
ibration device 430. As the data calibration 430 receives
the data, the calibration device 430 can perform any
number of operations designed to measure or qualify var-
ious aspects of an echo-profile, such as determine the
amplitudes of an outgoing and return signal pulse, deter-
mine relative timing of pulses, characterize pulse shape
information, and phase information, etc.
[0038] Generally, for calibration cycles, the calibration
device 430 should detect but two appreciable pulses: the
outgoing pulse and a return signal pulse that results when
the outgoing pulse reflects from a back-surface of a lam-
inate structure, i.e., the "back-surface return pulse."
While the back-surface return pulse will generally under-
go a certain amount of distortion and otherwise be con-
taminated with various amounts of noise, it should be
appreciated that with the appropriate processing, such
distortion and noise can be readily abated or otherwise
compensated.
[0039] Once the calibration device has performed its
initial processing on the outgoing and return pulses, the
calibration device can determine the absolute and/or rel-
ative amplitude of both pulses as well as the absolute
and/or relative timing between pulses, which for the pur-
pose of this disclosure, such amplitude and timing infor-
mation can be referred to as possible "calibration param-

eters." Once the calibration device 430 has completed
its processing and determined the relevant calibration
parameters, the calibration device 430 can send a signal
to an external device, such as a light emitting diode, in-
dicating that an appropriate calibration cycle has been
completed and that calibration parameters have been
established.
[0040] It should be noted that in various instances, the
outgoing and return signal energy may be corrupted by
excessive noise, or various some artifacts may appear,
such as echos caused by unknown defects, fissures or
voids. Assuming that such excessive noise or artifacts
do occur during a calibration cycle, the calibration device
430 can be appropriately designed to recognized that
received data is problematic and subsequently issue an
indication to a display, that a problem with the calibration
cycle has occurred. Assuming that an operator receives
such an indication, the operator can perform a second
calibration cycle on another portion of the subject lami-
nate structure until a good calibration cycle is performed
and valid calibration parameters are established.
[0041] While the exemplary manager 310 performs a
single round of generating an outgoing pulse and detect-
ing return signal energy, the manager 310 can opt to use
a plurality of calibration rounds (with appropriate statis-
tical processing) to better determine calibration param-
eters and qualify any variations of amplitude and timing
data for more reliable testing.
[0042] As discussed above, during normal operation
one or more test cycles will generally be performed after
a given calibration cycle. During a test cycle, the process
will generally start with an operator providing an indica-
tion to the controller 410 via a button (not shown) and
input/output port 490. In response, the controller 310,
can generate a command to a pulse generator and data
acquisition device, then store any resultant data in mem-
ory 420.
[0043] Subsequently, such test data can be provided
to the testing device 440 where such information can be
appropriately processed to determine whether any sub-
stantially pulses are detected, as well as determine the
timing between such pulses occur relative to an initially
outpoint pulse. As with the calibration cycle, the testing
cycle can be accomplished with a single round of pulses
with multiple rounds.
[0044] Once the calibration device 430 and the testing
device 440 have both performed their respective task to
identify various peak energy points and timing informa-
tion such data can be delivered to the comparing device
450.
[0045] The comparing device 450 can receive the cal-
ibration parameters from the calibration device 430, as
well as the testing data from the testing device 440, and
perform any number of operations necessary to deter-
mine whether the test data appropriately conforms to the
calibration data. For example, the comparing device 450
will determine whether the return pulse of a test cycle
occurs within a defined, usually narrow time range cen-
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tered on the respective timing parameter, and further de-
termine whether the amplitude of such a return pulse is
approximately the same, e.g., within 10%, of the return
pulse of the calibration cycle. Assuming that the back-
surface return pulse measured during a testing cycle ad-
equately conforms with the return pulse of a calibration
cycle, the comparing device 450 can send a signal to an
indicator, such as a "damage/undamaged" indicator via
input/output port 490.
[0046] While in a various embodiments, a dam-
aged/undamaged indication can be made using only data
relating to a single back-surface return pulse, it should
be appreciated that in other embodiments, the comparing
device 450 may use other criteria to make its determina-
tion. For example, the comparing device 450 may look
for any number of substantial pulses that may occur be-
tween an outpoint pulse and a back side return pulse,
the amount and nature of any noise present or any other
aspect of an echo-profile that can be detected. Accord-
ingly, it should be appreciated that the number and nature
of calibration parameters will change as different data is
used. That is, while a set of calibration parameters can
include but one or two numbers representing timing and/o
amplitude information, other calibration data can take the
form of a complete echo-profile, a statistically derived
echo-profile, a Fourier transform of portions of an echo-
profile and so on.
[0047] FIG. 5 is a timing diagram depicting the steps
taken to generate an outgoing pulse of a transducer such
as the ultrasonic transducer 330 of FIG. 3. As shown in
FIG. 5, an excitation pulse 520 is depicted as following
a command pulse 510. As further shown in FIG. 5, the
excitation pulse 520 has an established amplitude Ae as
well as a distinct duration τe. For the exemplary embod-
iment of FIG. 3, such an excitation pulse 520 will generally
have an amplitude of 25-30 volts and a duration of about
200 nanoseconds. However, it should be appreciated
that in various embodiments, the particular amplitude and
duration of an excitation pulse can vary as desired or
otherwise found advantageous taking into account any
number of significant variables, such as the electrical
properties and resonant frequency of a transducer.
[0048] As is further shown in FIG. 5, a bell-shaped out-
going pulse 530 is depicted as occurring shortly after the
excitation pulse 520. While the outgoing pulse 530 is de-
picted as a smooth bell-shaped pulse, it should be ap-
preciated that the outgoing pulse 530 actually represents
an envelope describing an amplitude of a high frequency
oscillation occurring within the bell-shaped pulse 530.
For example, assuming that the width of the bell-shaped
pulse (τp) is one microsecond, and further assuming that
the transducer used has a resident frequency of five meg-
ahertz, the outgoing pulse 530 will actually describe a
modulation of four to five cycles of five-megahertz ultra-
sonic energy with the peak amplitude (A0) occurring
about the third cycle.
[0049] While the exemplary diagnostic tool 300 of FIG.
3 will generally have an output pulse of one microsecond

with a resident frequency of five megahertz, it should be
appreciated that pulse width as well as oscillation fre-
quency can vary depending on the characteristics of the
transducer used. For example, in various embodiments
the inventors of the systems and methods of this disclo-
sure have determined that a five megahertz ultrasonic
transducer works exceedingly well and that a range of
frequencies varying from 2.5 megahertz to 10 megahertz
are all very good candidates for use with the methods
and systems of the present disclosure. While lower fre-
quencies below 2.5 megahertz can also be used, it should
be appreciated that such lower frequencies will result in
proportional decreases in resolution. Further, while fre-
quencies above 10 megahertz are also viable, higher fre-
quencies will undergo substantial attenuation proportion-
al to frequency increases.
[0050] FIG. 6A is a first timing diagram of an echo-
profile that includes an outgoing and back-surface return
pulse of a laminate structure, such as one of the laminate
structures shown in FIGS. 1 and 2A. As shown in FIG.
6A, an outgoing pulse having amplitude A0 and centered
around time t0 is followed by a back-surface return pulse
630, the back-surface return pulse 630 having an ampli-
tude Ab and occurring at time tb. As the back-surface
return pulse 630 is depicted as occurring 20 microsec-
onds after the outgoing pulse 530, it should be appreci-
ated that the laminate structure represented should be
approximately 30 mm thick (1 ¨ inches), assuming that
the speed of sound in a solid laminate material is approx-
imately 3 mm/microsecond. Generally, the echo-profile,
of FIG. 6A is the desired profile sought in a calibration
cycle as well as the profile expected during any testing
cycle of an undamaged laminate structure.
[0051] In contrast, FIG. 6B depicts a second timing di-
agram of an echo-profile as might be expected from the
slightly damaged laminate structure shown in FIG. 2B.
As shown in FIG. 6B, the echo-profile includes the initial
outgoing pulse 530, and expected back-surface return
pulse 630 occurring at the same time tb as the back-
surface return pulse of FIG. 6A, but further includes a
"fissure return pulse" 632 that (in the present example)
is caused by fissure 220 of FIG. 2B. A review of the echo-
profile of FIG. 6B reveals that the fissure 220 of FIG. 2B
not only generates a distinct pulse having a particular
timing and amplitude, but also indicates that the exist-
ence of fissure 220 can cause a change in the amplitude
of the back-surface return pulse 630, which is generally
to be expected given that the fissure return pulse 220
utilizes energy that would have otherwise been used for
the back-surface return pulse 630.
[0052] FIG. 6C is a timing diagram represent a third
echo-profile that might be expected from the moderately
damaged laminate structure of FIG. 2C taking into ac-
count the effects of void 230. As shown in FIG. 6C, the
third echo-profile includes an outgoing pulse 530 as well
as a void return pulse 634 (occurring at time tv1 and hav-
ing an amplitude Av1) that results from the outgoing pulse
bouncing off the front-surface of void 230. While the echo-
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profile of FIG. 6C depicts an intermediate pulse occurring
between the outgoing pulse time (t0) and the expected
time of the back-surface return pulse (tb) it should be
noted that the echo-profile of FIG. 6C depicts no energy
at the 20 microsecond mark. Such a complete absence
of a back-surface return pulse is caused by the relevant
physics of the situation, i.e., voids will generally not allow
the passage of ultrasonic energy from one side to the
other.
[0053] A review of FIGS. 6B and 6C reveal two signif-
icant points. The first point being that a particular area of
damage can be categorized as a fissure verses a void
based on whether an expected back-surface return pulse
is substantially attenuated verse completely eliminated,
and that the relative depth of the damaged area can be
determined based on the relative timing of a return pulse.
For example, the return time (tf1) of the fissure return
pulse 632 of FIG. 6B indicates that the fissure has oc-
curred at a relatively shallow depth of 6 mm below the
surface 120 of laminate structure 100, while the timing
of the void return pulse (tv1) indicates that the void is
roughly in the center of the substrate 100 occurring ap-
proximately 13-14 mm below the front-surface 120. Ac-
cordingly, it should be appreciated that echo-profiles can
not only provide an indication that damaged has oc-
curred, but also can provide indication of the particular
type of damage as well as the depth of the damage, which
may be information useful to a technician or field engineer
who must determine whether the laminate structure can
be repaired on-site or must be returned to a particular
facility having been repair facilities.
[0054] FIG. 6D is a timing diagram depicting an echo-
profile as might be expected from a severely damaged
laminate structure, such as the damaged depicted on
FIG. 2D. As shown on FIG. 6D the echo-profile includes
the outgoing pulse 530, a fissure return pulse 642, a void
return pulse 644 and an amount of exemplary clutter 646.
[0055] Regardless of the severe amount of clutter and
damage represented in FIGS. 2D and 6D, it should be
appreciated that the echo-profile shown in FIG. 6D can
reveal substantial information upon closer analysis. For
example, the return pulse 642 shown at time tf2 indicates
that an appreciable fissure is present a few millimeters
below the front-surface 120, as opposed to a void as a
void would eliminate any substantial echo information
after time tf2. Conversely, using similar rationale pulse
644 can be determined as a void return pulse as there
is little or no signal of any type detected after time tv2.
Additionally, as with the previous example, the timing of
the fissure return pulse 642 indicates fissure damage oc-
curring at a depth of 6 mm and further indicates that there
is a void damage location occurring at a depth of about
22-23 mm below the front-surface of a laminate structure.
[0056] FIG. 7 is an exemplary diagnostic display 350
capable of being used in the diagnostic 300 of FIG. 3 and
capable of displaying various amounts of relevant infor-
mation. As shown in FIG. 7, the display 350 has a first
indicator 710 that can be used to indicate whether a par-

ticular portion of a laminate structure is deemed to be
undamaged, and also includes a second indicator 720
that can be used to provide an indication that the diag-
nostic device has recently been calibrated against a
known, undamaged substrate.
[0057] In this example, indicators 710 and 720 are but
simple LED’s. However, in other examples, the indicators
710 and 720 can be multicolored LED’s, e.g., green for
good/undamaged and red for damaged. In, still further
examples, the indicators can take the form of a portion
of a liquid crystal display or any other display capable of
displaying the various information relevant to the meth-
ods and systems of this disclosure.
[0058] In addition to the first two indicators 710 and
720, the diagnostic display 350 also includes a number
of "damage depth" indicators 730, which can provide both
an indication of the type of damage as well as the relative
depth that such damage occurs in relation to the front
and back-surfaces of a laminate. For example, in an un-
damaged laminate all of the damage indicators can re-
main deactivated. However, in instances of light damage
such as that shown FIG. 2B, the top LED might be acti-
vated to indicate the detection of a shallow fissure. In
contrast, the void 230 of FIG. 2C could cause the
third/middle depth indicator to activate to inform an op-
erator that there is damage in the middle of a laminate
structure, and possibly activate in a different way, e.g.,
using a different color or blinking rate, to indicate a void
has occurred as opposed to a fissure. In still other situ-
ations, such as that depicted by the heavily damaged
substrate in FIG. 2D with its echo-profile shown in FIG.
6D, the various damage indicators can be appropriately
activated to represent the shallow fissure return pulse
642 and the relatively deep void return pulse 644 by using
the first and fourth damage depth indicators 730 activated
in distinctly different ways.
[0059] FIG. 8 is a flowchart outlining an exemplary op-
eration according to the present disclosure for using a
diagnostic device, such as the diagnostic tool 300 shown
in FIG. 3. The process starts at step 810 where a diag-
nostic device is calibrated using an undamaged portion
of a laminate structure. As discussed above, such cali-
bration can be accomplished in a single round of outgoing
and return pulse or alternatively can be accomplished
using a series of outgoing and return pulses to assure
statistically consistent and accurate calibration data.
Control then continues to step 820.
[0060] In step 820, the operator then positions the di-
agnostic device to a suspect area of the laminate that
may have a latent damaged portion beneath the surface.
Next, in step 830, the operator can activate the diagnostic
device to test the suspect area using the previously de-
termined calibration parameters as testing criteria. As
discussed above, such testing can take the form of a
single round of outgoing and return pulses or alternatively
can take the form of a plurality of outgoing and return
pulses with appropriate statistical processing) to assure
better accuracy. Control then continues to step 840.
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[0061] In step 840, the operator can review, analyze
and make determinations based on the displayed infor-
mation. While the exemplary operation envisions that dis-
played data will generally conform to that with regard to
FIGS. 3 and 7 it should be appreciated that in various
embodiments it is entirely foreseeable to use other dis-
plays. Control then continues to step 850 where the proc-
ess stops.
[0062] FIG. 9 is a flowchart outlining an exemplary op-
eration for calibrating a diagnostic device according to
the present disclosure. The process starts at step 910
where a diagnostic device, such as the diagnostic device
300 of FIG. 3, receives a calibration instruction. Next, in
step 912, in response to the received instruction an ul-
trasonic transducer is excited to produce an outgoing ul-
trasonic pulse, and a data acquisition process is started
such that any outgoing and return pulse energies can be
detected and stored. Then, in step 914 the outgoing and
return pulse energies are appropriately detected and
captured. As discussed above, it may be desirable to use
only a single round of outgoing and return pulse to per-
form a calibration cycle or may alternatively be desirable
to employ a plurality of outgoing and return pulses to
make the appropriate calibration determinations. Accord-
ingly, steps 912 and 914 can be repeated as necessary
to satisfy such criteria. Once the appropriate data has
been captured, control then continues to step 916.
[0063] In step 916, the data captured in the previous
steps can be appropriately processed to determine a
number of calibration parameters including parameters
relating to the timing and amplitude of a back-surface
return pulse. Control then continues to step 918.
[0064] In step 918, the determination is made as to
whether the data captured and processed in the previous
steps is suspect. That is, whether the data is consistent
with an undamaged substrate or whether the data cap-
tured is indicative of a substrate having internal damage.
If the data is suspect, control continues to step 930: oth-
erwise, control continues to step 920.
[0065] In step 920, which assumes that the data cap-
tured and processed during the calibration cycle con-
forms with an undamaged substrate, an indicator can be
activated notifying an operator that a calibration cycle
has been performed and that the resultant calibration da-
ta is consistent with an undamaged substrate. Next, in
step 922, the relevant calibration parameters, e.g., pa-
rameters indicative of the the amplitudes and timing of
the outgoing and return pulses, can be determined. Con-
trol then continues to step 950 where the process stops.
[0066] In step 930, which assumes that the data gen-
erated during a calibration cycle is suspect, i.e., that the
data that was captured is consistent with a damaged sub-
strate, an appropriate error indication is displayed to an
operator, and control then continues to step 950 where
the process stops.
[0067] FIG. 10 is a flowchart outlining an exemplary
operation according to the present disclosure, for an ex-
emplary test cycle. The process starts in step 1010 where

an instruction to start a test cycle is received. Next, in
step 1012, an ultrasonic transducer is excited and a data
acquisition process is started in response to the instruc-
tion. Then, in step 1014, the appropriate data covering
one or more rounds of outgoing and return pulse is cap-
tured. As with the analogous calibration steps 912 and
914, it may be desirable to employ a single round or mul-
tiplicity of rounds of measuring outgoing and return puls-
es. Control then continues to step 1016.
[0068] In step 1016, the data captured in step 1014, is
appropriately processed to look for any significant return
pulses, their peak energies and relative timing with re-
spect to a respective outgoing pulse. Next, in step 1018,
the data captured and processed in the above steps is
compared against a number of calibration parameters.
Then, in step 1020, a determination is made as to whether
the data captured and processed during the test cycle
conforms with the calibration parameters. If the test data
appropriately conforms, control jumps to step 1030: oth-
erwise; control continues to step 1022.
[0069] In step 1030, which assumes that the test data
substantially conforms with the calibration parameters
and/or that no unexpected return pulses were received,
an appropriate indicator is activated, and control contin-
ues to step 1050 where the process stops
[0070] In contrast, in step 1022 which assumes that
the test data did not conform to the calibration parame-
ters, and/or that various ultrasonic artifacts indicating in-
ternal damage were detected, the type of damage, i.e.,
fissure or void, as well as the depth of damage is deter-
mined. Next, in step 1024, appropriate damage indicators
are activated indicating whether damage has occurred,
and optionally indicating the type and relative depth of
such damage. Control then continues to step 1050 where
the process stops.
[0071] While the above steps of the test cycle 1010
through 1050 are depicted as occurring a single time, it
should be appreciated that the test cycle of FIG. 10 can
take the form continuously repeated process thus ena-
bling an operator to envision a profile of latent damage
as the operator slides his diagnostic tool across the sur-
face of a laminate structure.
[0072] Where the above-described systems and/or
methods are implemented using a programmable device,
such as a computer-based system or programmable log-
ic, it should be appreciated that the above-described sys-
tems and methods can be implemented using any of var-
ious known or later developed programming languages,
such as "C", "C++", "FORTRAN", Pascal", "VHDL" and
the like.
[0073] Accordingly, various storage media, such as
magnetic computer disks, optical disks, electronic mem-
ories and the like, can be prepared that can contain in-
formation that can direct a device, such as a computer,
to implement the above-described systems and/or meth-
ods. Once an appropriate device has access to the in-
formation and programs contained on the storage media,
the storage media can provide the information and pro-
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grams to the device, thus enabling the device to perform
the above-described systems and/or methods.
[0074] For example, if a computer disk containing ap-
propriate materials, such as a source file, an object file,
an executable file or the like, were provided to a compu-
ter, the computer could receive the information, appro-
priately configure itself and perform the functions of the
various systems and methods outlined in the diagrams
and flowcharts above to implement the various functions.
That is, the computer could receive various portions of
information from the disk relating to different elements of
the above-described systems and/or methods, imple-
ment the individual systems and/or methods and coordi-
nate the functions of the individual systems and/or meth-
ods to test laminate structures.

Claims

1. A method for ultrasonically evaluating damage to a
laminate structure (100) having a front-surface (120)
and a back-surface (130), the method comprising:

calibrating a diagnostic device using an undam-
aged portion of the laminate structure to deter-
mine a plurality of calibration parameters in re-
sponse to a transducer (330) being pressed
against the undamaged portion of the laminate
structure and only a calibration button being
pressed, wherein the calibration parameters in-
clude a return calibration pulse amplitude and a
return calibration pulse timing; and
performing one or more test cycles to a suspect
portion of the laminate structure using the one
or more of the calibration parameters in re-
sponse to the transducer being pressed against
the suspect portion of the laminate structure and
an activation button being pressed, wherein the
one or more test cycles includes transmitting a
pulse into the laminate structure and sensing a
plurality of test parameters, the test parameters
including a return testing pulse amplitude and a
return testing pulse timing;
comparing the return calibration parameters to
the test parameters; and activating a damage
indicator in response to the comparison of the
return calibration parameters to the test param-
eters being such that the data of the test cycle
acceptably conforms with the data of the cali-
bration cycle.

2. The method of claim 1, wherein the diagnostic device
emits an ultrasonic pulse having a first frequency,
and wherein the diagnostic device is configured to
detect returned pulse energy of the first frequency.

3. The method of claim 2, wherein the first frequency
is between from about 2.5MHz to about 10 MHz.

4. The method of claim 3, wherein the first frequency
is about 5MHz.

5. The method of claim 2, wherein the emitted ultrason-
ic pulse has a generally bell-shaped amplitude pro-
file.

6. The method of claim 1, wherein the step of calibrating
includes touching the diagnostic device to the sur-
face of the laminate structure at the undamaged por-
tion.

7. The method of claim 6, wherein performing a test
cycle includes touching the diagnostic device to the
surface of the laminate structure at the suspect por-
tion.

Patentansprüche

1. Verfahren zum Bewerten von Schäden an einer La-
minatstruktur (100) mittels Ultraschall, welche eine
Vorderfläche (120) und eine Rückfläche (130) hat,
wobei das Verfahren Folgendes aufweist:

Kalibrieren einer Diagnosevorrichtung unter
Verwendung eines unbeschädigten Abschnitts
der Laminatstruktur zum Bestimmen mehrerer
Kalibrierungsparameter als Reaktion darauf,
dass ein Wandler (330) gegen den unbeschä-
digten Abschnitt der Laminatstruktur gedrückt
wird und nur ein Kalibrierungsknopf gedrückt
wird, wobei die Kalibrierungsparameter eine
Amplitude des Rückkehr-Kalibrierungsimpul-
ses und eine zeitliche Steuerung des Rückkehr-
Kalibrierungsimpulses enthalten; und
Durchführen eines oder mehrerer Testzyklen
auf einem verdächtigen Abschnitt der Lami-
natstruktur unter Verwendung des einen oder
der mehreren Kalibrierungsparameter als Reak-
tion darauf, dass der Wandler gegen den ver-
dächtigen Abschnitt der Laminatstruktur ge-
drückt wird und ein Betätigungsknopf gedrückt
wird, wobei der eine oder die mehreren Testzy-
klen das Übertragen eines Impulses in die La-
minatstruktur und das Erfassen von mehreren
Testparametern enthalten, wobei die Testpara-
meter eine Amplitude des Rückkehr-Testimpul-
ses und eine zeitliche Steuerung des Rückkehr-
Testimpulses enthalten;
Vergleichen der Rückkehr-Kalibrierungspara-
meter mit den Testparametern; und Aktivieren
einer Schadensanzeige als Reaktion auf den
Vergleich der Rückkehr-Kalibrierungsparame-
ter mit den Testparametern, die so sind, dass
die Daten des Testzyklus den Daten des Kalib-
rierungszyklus in akzeptabler Weise entspre-
chen.
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2. Verfahren nach Anspruch 1, wobei die Diagnosevor-
richtung einen Ultraschallimpuls mit einer ersten
Frequenz emittiert und wobei die Diagnosevorrich-
tung konfiguriert ist, um Rückkehr-Impulsenergie der
ersten Frequenz zu erfassen.

3. Verfahren nach Anspruch 2, wobei die erste Fre-
quenz zwischen etwa 2,5 MHz und etwa 10 MHz
liegt.

4. Verfahren nach Anspruch 3, wobei die erste Fre-
quenz bei etwa 5 MHz liegt.

5. Verfahren nach Anspruch 2, wobei der emittierte Ul-
traschallimpuls ein im Allgemeinen glockenförmiges
Amplitudenprofil hat.

6. Verfahren nach Anspruch 1, wobei der Kalibrie-
rungsschritt enthält, dass die Diagnosevorrichtung
die Oberfläche der Laminatstruktur an dem unbe-
schädigten Abschnitt berührt.

7. Verfahren nach Anspruch 6, wobei das Durchführen
eines Testzyklus enthält, dass die Diagnosevorrich-
tung die Oberfläche der Laminatstruktur an dem ver-
dächtigen Abschnitt berührt.

Revendications

1. Procédé d’évaluation par ultrasons des dommages
à une structure laminée (100) ayant une surface
avant (120) et une surface arrière (130), le procédé
comprenant de :

étalonner un appareil de diagnostic en utilisation
une partie non-endommagée de la structure la-
minée pour déterminer plusieurs paramètres
d’étalonnage en réponse à une pression d’un
émetteur-récepteur (330) contre la partie non-
endommagée de la structure laminée et un seul
bouton d’étalonnage étant pressé, les paramè-
tres d’étalonnage incluant une amplitude d’im-
pulsion en retour d’étalonnage et un chronomé-
trage d’impulsion en retour d’étalonnage ; et
effectuer au moins un cycle de test à une partie
suspecte de la structure laminée en utilisant l’au
moins un paramètre d’étalonnage en réponse à
une pression de l’émetteur-récepteur contre la
partie suspecte de la structure laminée et à la
pression d’un bouton d’activation, l’au moins un
cycle de test incluant de transmettre une impul-
sion dans la structure laminée et de détecter plu-
sieurs paramètres de test, les paramètres de
test incluant une amplitude d’impulsion en retour
d’étalonnage et un chronométrage d’impulsion
en retour d’étalonnage ;

comparer les paramètres d’étalonnage en retour aux
paramètres de test ; et
activer un indicateur de dommages en réponse à ce
que la comparaison des paramètres d’étalonnage
en retour avec les paramètres de test est telle que
les données du cycle de test sont conformes de fa-
çon acceptable aux données du cycle d’étalonnage.

2. Procédé selon la revendication 1, dans lequel l’ap-
pareil de diagnostic émet une impulsion ultrasonique
ayant une première fréquence, et dans lequel l’ap-
pareil de diagnostic est conçu pour détecter l’énergie
d’impulsion en retour de la première fréquence.

3. Procédé selon la revendication 2, dans lequel la pre-
mière fréquence est entre environ 2,5 MHz et environ
10 MHz.

4. Procédé selon la revendication 3, dans lequel la pre-
mière fréquence est d’environ 5 MHz.

5. Procédé selon la revendication 2, dans lequel l’im-
pulsion ultrasonique émise a un profil d’amplitude
globalement en cloche.

6. Procédé selon la revendication 1, dans lequel l’étape
d’étalonnage inclut de faire toucher l’appareil de dia-
gnostic à la surface de la structure laminée au niveau
de la partie non-endommagée.

7. Procédé selon la revendication 6, dans lequel effec-
tuer un cycle de test inclut de faire toucher l’appareil
de diagnostic à la surface de la structure laminée au
niveau de la partie suspecte.
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