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[57] ABSTRACT 
An ultrasonic nondestructive system and method for 
monitoring resin cure during composite sheet material 
fabrication is described which comprises a ?rst trans 
ducer for directing a plurality of ultrasonic pulses of 
preselected pulse frequency along a selected propaga 
tion axis onto a ?rst surface of the material during the 
curing of the resin, a second transducer near the second 
surface of the material for receiving transmitted pulses 
and for providing output signals characteristic of the 
transmitted pulses, and electronic signal processor and 
display equipment responsive to signals from the second 
transducer for analyzing the signals and providing out 
put corresponding to the amplitude and duration of the 
transmitted pulses. 

4 Claims, 2 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more speci?c information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 
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ACOUSTO-ULTRASONIC MONITORING 

RIGHTS OF THE GOVERNMENT 

The invention described herein may be manufactured 
and used by or for the Government of the United States 
for all governmental purposes without the payment of 
any royalty. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to nonde 
structive testing methods utilizing ultrasonics, and more 
particularly to improved system and method for in-pro» 
cess monitoring of resin cure within composite sheet 
material during fabrication. 
The invention provides system and method for acous 

to-ultrasonic monitoring of the cure of resin impreg 
nated fabric composite materials during fabrication 
thereof. The invention is useful particularly for moni» 
toring the cure of phenolic resin based composite mate 
rials in the processing environment. In accordance with 
the teachings hereof, composite sheet material being 
monitored is impressed with an ultrasonic pulse and the 
attenuation of the resultant transient elastic stress wave 
is observed after it has passed through the material. The 
incident ultrasonic wave is generated by applying a 
voltage pulse across a ?rst piezoceramio transducer. 
The compression wave thus produced is received by a 
second piezoceramic transducer which generates an 
output voltage signal characteristic of the attenuation of 
the wave passing through the material. Change in out 
put of the second transducer is directly related to propa 
gation ef?ciency of the medium between the ?rst and 
second transducers. For a given material, the propaga 
tion efficiency is directly related to the condition of the 
material along the propagation path. 

It is therefore a principal object of the invention to 
provide an improved ultrasonic nondestructive testing 
system and method. 

It is a further object of the invention to provide an 
improved nondestructive ultrasonic testing system and 
method for in-process testing of composite materials. 

It is yet another object to provide system and method 
for in‘process monitoring of resin cure during compos 
ite fabrication. 
These and other objects of the invention will become 

apparent as the detailed description of representative 
embodiments proceeds. 

SUMMARY OF THE INVENTION 

In accordance with the foregoing principles and ob 
jects of the invention, an ultrasonic nondestructive sys 
tem and method for monitoring resin cure during com 
posite sheet material fabrication is described which 
comprises a ?rst transducer for directing a plurality of 
ultrasonic pulses of preselected pulse frequency along a 
selected propagation axis onto a ?rst surface of the 
material during the curing of the resin, a second trans 
ducer near the second surface of the material for receiv 
ing transmitted pulses and for providing output signals 
characteristic of the transmitted pulses, and electronic 
signal processor and display equipment responsive to 
signals from the second transducer for analyzing the 
signals and providing output corresponding to the am 
plitude and duration of the transmitted pulses. 
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2 
DESCRIPTION OF THE DRAWINGS 

The invention will be clearly understood from the 
following detailed description of representative em 
bodiments thereof read in conjunction with the accom 
panying drawings wherein: 
FIG. 1 is a schematic of the acousto-ultrasonic system 

of the invention, including a representative test ?xture 
useful in practicing the method of the invention; 
FIG. 2 is an illustration of a characteristic signal 

produced in the practice of the method of the invention; 
FIG. 3 is a graph of the correlation of acousto-ultra 

sonic signal with dynamic viscosity; 
FIG. 4 is a graph of change in mean peak amplitude 

for autoclave cure of phenolic/carbon prepreg; and 
FIG. 5 is a graph of various acousto-ultrasonic pa 

rameters versus temperature for autoclave cure of FM 
5064. 

DETAILED DESCRIPTION 

Referring now to the drawings, FIG. 1 is a schematic 
of a representative acousto-ultrasonic system 10 of the 
invention. System 10 comprises a ?rst ultrasonic trans 
ducer 11 for generating ultrasonic pulses of preselected 
frequency to be impressed onto composite sheet sample 
13 for producing elastic displacements within sample 
13. In the practice of the invention, sample 13 may 
comprise thermally cured resin formulations of substan 
tially any type the method being particularly applicable 
to monitoring cure of condensation polymers in com 
posite sheet material of from about 0.10 to 2.54. mm in 
thickness and cured at temperatures of up to about 165° 
C. Sample 13 may be held within a suitable test ?xture 
15. The elastic displacements produced within sample 
13 by the transmission of ultrasonic pulses from trans 
ducer 11 are directed along a propagation axis A sub 
stantially normal to the surfaces of sample 13 for detec 
tion by a second acoustic emission transducer 17 which 
senses short duration elastic displacements within sam 
ple 13 and transduces them to electrical output signals 
19 characteristic of the ultrasonic energy transmitted 
through sample 13. Signal 19 is transmitted to preampli 
?er 21 and further to suitable electronics including sig 
nal processor 23 for analyzing signal 19 and providing a 
corresponding output to display 24 or recorder/moni 
tor 25. 

In a system 10 built in demonstration of the invention, 
each transducer 11,17 comprised a lead zirconate tita 
nate piezoceramic crystal (PZT-SA, Physical Acoustics 
Corporation); preampli?er 21 Was a model AET 160B 
(Acoustic Emission Technology Corporation) which 
provided 60 db>< 103 of gain and also bandpassed signal 
19 from transducer 17; the bandpass ?lter was Model 
FL25 with a bandpass of 250 to 500 kHz. The gain 
added to signal 19 by preampli?er 21 made the total 
system sensitive to very low (12 db) amplitude signals. 
Processor 23 was a microcomputer based model AET 
5000. Pulser transducer 11 had a one pulse per second 
repetition rate which generated a 250 V spike. Pulse 
frequency for system 10 may, however, range from 
about 100 to 300 Hz in the practice of the method of 
the invention. . 

A typical signal 19 from sensing transducer 17 is 
shown in FIG. 2, including various characteristic fea— 
tures monitored by processor 23. The features of signal 
19 are affected by the condition of the composite sample 
through which a given pulse from transducer 11 is 
transmitted. Features providing parameters for analysis 
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of the condition of the sample according to the inven 
tion include ultrasonic pulse peak amplitude and event 
duration, rise time and slope to peak amplitude, ring 
down counts, signal level and threshold level for trans 
ducer 17. Rise time and event duration are measured 
during the time interval that the signal level exceeds 
threshold. The parameters most sensitive to ultrasonic 
wave propagation analysis are peak amplitude, event 
duration, ringdown counts, and an energy dependent 
term (velocity and amplitude). These parameters are 
included in an analyses of examples described below in 
relation to FIGS. 4 and 5. ' 

In the examination of composite samples 13 in dem 
onstration of the invention, test ?xture 15 comprised a 
substantially ?at 4X4 inch frame 27 as shown in FIG. 1, 
including upper plate 27a and lower plate 27b de?ning 
therebetween opening 28 for receiving sample 13 of 
about 0.625 cm thickness for examination. A ?rst open- } 
ing 29 was de?ned in lower plate 27b for receiving and 
holding transducer 11 in contact with a ?rst surface .of 
sample 13; a second opening 30 in upper plate 27:: held 
transducer 17 in contact with the second surface of 
sample 13 and in registration with transducer 11. Fix 
ture 15 was con?gured so that several signal paths 
through sample 13 could be accommodated. 

Experiments were conducted utilizing system 10 to 
determine the feasibility of using transducers 11,17 to 

~ monitor cure of phenolic resin in correlating ultrasonic 
signal with viscosity of resin during cure utilizing actual 
rheological measurements, primarily to determine if 
volatiles emitted during the phenolic cure process 
would form surface bubbles, and therefore discontinuit 
ies, at the sample/transducer interfaces which would 
distort the transmitted signal. Test ?xture 15 was ?lled 
with liquid resin and ?tted with transducers 11,17 and 
placed into an oven at ambient pressure and heated to 
cure the resin. Two such experiments were conducted 
at isothermal cure temperatures of 93° C. and I22‘ C. 
Standard viscosity measurements on the samples were 
made using a Rheometrics viscoelastic tester at the same 
temperatures utilizing 50 mm diameter plates with a 0.6 
mm sample gap at a strain rate of 10 radians per second 
to about 50% maximum strain. During heating, the resin 
was monitored for peak amplitude and energy changes. 
In the 93° C. tests, severe bubbling and void pocket 
formation occured. Increasing the temperature to 121° 
C. resulted in more rapid removal of the solvent from 
the resin, which reduced the corresponding signal dis 
tortion. FIG. 3 shows a plot 31 of peak amplitude versus 
viscosity resulting from the foregoing experiments in 
the correlation of acousto~ultrasonic signal with dy 
namic viscosity showing a rapid increase in signal with 
viscosity. 

Samples 13 of FM 5064 prepreg phenolic resin im 
pregnated graphite broadgoods (U.S. Polymeric Corp) 
were tested in system 10 within an autoclave to demon 
strate the applicability of the invention to testing of 
composite materials. The resin in these samples was 
B-staged on the carbon fabric to preclude to the extent 
practicable the production of volatiles during cure. 
FIG. 4 shows a plot 41 of change in mean peak ampli 
tude for autoclave cure of the prepreg, indicating de? 
nite changes in peak amplitude during cure. Plot 43 
shows the autoclave temperature program. Prior to 
?ow of the B-staged resin, the signal is poor. Once 
wetting has occurred during the flow period at the ?rst 
hold temperature (80° C.) the signal becomes greatly 
improved. As the temperature rises above the 80° C. 
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4 
hold, the signal strength drops, corresponding to a loss 
in resin viscosity. The peak amplitude reaches a mini 
mum as higher temperatures are reached, correspond 
ing to an increase in viscosity due to resin advancement. 
Finally, at the end of the cycle, the peak amplitude plot 
41 reaches substantially constant value upon cure com 
pletion. 
For the monitoring of composite laminates by ultra 

sonics, 20 plies of FM 5064 prepreg were placed in the 
test ?xture. The layup consisted of prepreg, three plies 
of bleeder cloth, and one ply of breather material. Two 
thermocouples were inserted between the plies of the 
prepreg. A vacuum bag was placed over the top ?xture. 
The ?xture was then placed in an autoclave and sub 
jected to predetermined pressure and temperature con 
ditions which represent the standard cure cycle. A total 
of nine experimental runs were made: one for sensor 
calibration, two on epoxy/ graphite prepreg to con?rm 
the previous baseline, and six on the phenolic/carbon 
prepreg. 
FIG. 5 is a graph of various acousto-ultrasonic pa 

rameters versus temperature for autoclave cure of the 
FM 5064 samples. Several signal features were moni-v 
tored, each showing the same type of transition occur 
ring, though minor variations in curve shape and degree 
of data scatter exist between parameters. Plot 51 shows 
the temperature program for cure of the samples. Plot 
52 shows change in peak amplitude of transmitted 
pulses with cure time, plot 53 shows ringdown counts 
with cure time, and plot 54 shows change of event 
duration with cure time. 

It is therefore seen that cure of resin impregnated 
composite sheet materials at cure temperatures in the 
range of from about 145° to 165° C. may be monitored 
according to the teachings of the invention. Composite 
sheet thickness of about 0.635 to 2.54 cm may best be 
accommodated. The invention may be particularly ap 
plicable to monitoring the cure of composites compris 
ing condensation polymers or resins of the polyimide 
and phenolic types. 
The invention as herein described therefore provides 

an acousto-ultrasonic system and method for monitor 
ing resin cure during composite fabrication. It is under 
stood that modi?cations to the invention as described 
may be made as might occur to one with skill in the ?eld 
of the invention within the scope of the appended 
claims. All embodiments contemplated hereunder 
which achieve the objects of the invention have there 
fore not been shown in complete detail. Other embodi 
ments may be developed without departing from the 
spirit of the invention or from the scope of the appended 
claims. 

I claim: 
1. A system for monitoring resin cure in the fabrica 

tion of composite sheet material, comprising: 
(a) ?rst transducer means for directing a plurality of 

ultrasonlc pulses of preselected pulse frequency 
along a selected propagation axis onto a ?rst sur 
face of composite sheet material containing resin 
for curing; 

(b) second transducer means disposed along said axis 
near the second surface of said material for receiv 
ing the ultrasonic pulses transmitted through said 
material and for providing output signals charac 
teristic of the transmitted pulses received by said 
second transducer means; and 

(0) electronic means responsive to said signals from 
said second transducer means for analyzing said 
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signals and providing output corresponding to the 
amplitude and duration of said transmitted pulses. 

2. The system recited in claim 1 wherein said prese 

lected frequency is in the range of from about 100 to 

about 300 KHz. 

3. A method for monitoring resin cure in the fabrica 

tion of composite sheet material comprising the steps of: 
(a) directing a plurality of ultrasonic pulses of prese 

lected pulse frequency along a selected propaga~ 

6 
tion axis onto a ?rst surface of composite sheet 
material containing resin for curing; 

(b) receiving the ultrasonic pulses transmitted 
through said material and providing output signals 

5 characteristic of the transmitted pulses; and 
(c) analyzing said signals and providing output corre 
sponding to the amplitude and duration of said 
transmitted pulses. 

4. The method recited in claim 3 wherein said prese 
10 lected frequency is in the range of from about 100 to 

about 300 KHz. 
l t t i i 
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