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[57] ABSTRACT 
Reference materials of differing indices of refraction or 
acoustic impedances are incorporated into liquid com 
positions to monitor the solidification process of these 
liquid compositions. Light or acoustic waves are used to 
indirectly measure the difference between the index of 
refraction or acoustic impedance of the solidfying com 
position and the reference material. The method pro 
vides an accurate in situ indication of the completion of 
the solidification process as well as a monitor of the 
degree of solidification during the solidification process. 

8 Claims, 2 Drawing Sheets 
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METHOD OF MONITORING SOLIDIFICATION 
OF A LIQUID COMPOSITION 

This is a divisional of the prior application Ser. No. 
07/147,234 filed Jan. 22, 1988, now U.S. Pat. No. 
4,904,080, issued Feb. 27, 1990. The benefit of the filing 
date of which are hereby claimed under 35 U.S.C. § 120. 

BACKGROUND OF THE INVENTION 
The present invention relates to a method for moni 

toring the solidification of a liquid composition as it 
passes from a liquid phase to a solid phase. 
The change of a liquid composition from a liquid 

phase to a solid phase occurs in many chemical reac 
tions such as the polymerization of liquid monomers to 
a solid polymer, curing of thermoset resins such as 
epoxy resins or polyimides, and cross-linking of single 
chain polymers. Monitoring the degree of solidification, 
i.e., completion, of these exemplary types of reactions is 
advantageous to ensure that the solid product has the 
desired chemical and physical properties associated 
with the completion of the reaction, as well as to mini 
mize the energy and time costs associated with main 
taining the process conditions past the point of comple 
tion. 
For example, precision curing conditions are required 

in the production of cured thermosettable materials and 
composite materials containing these cured thermoset 
table materials that are finding increasing use in a vari 
ety of advance materials applications. The precision of 
the curing process is important because the ultimate 
mechanical properties of these materials depends pri 
marily on completely and uniformly curing these mate 
rials. For instance, in a large molded structure of a 
thermoset resin, the degree of cure may vary from place 
to place within the structure due to the lack of homoge 
neity of the starting materials, the exothermic nature of 
the curing reaction, the thermodiffusivity of the mate 
rial, and the thermal characteristics of the curing oven 
or the geometry of the mold. 
A common method for characterizing the degree of 

cure of thermosettable materials involves the measure 
ment of the glass transition temperature (Tg) by one of 
a number of different techniques. Examples of these 
techniques include differential scanning calorimetry 
and thermoexpansion measurements. The equipment 
associated with these bulk methods are hard to adapt to 
local in situ measurements, that are necessary to accu 
rately monitor the curing process throughout a large 
body. - 

A technique known as dielectric spectroscopy has 
undergone development resulting in a method for the in 
situ measurement of the local dielectric properties of 
curing materials. A frequency range of 0.005 to 10,000 
Hz is used to monitor changes in the dielectric loss 
factor that have been shown to correlate with different 
stages of the curing process. Another technique recog 
nizes that the intensity and wavelength of fluorescence 
of certain molecules are dependent upon the viscosity of 
the environment surrounding the molecules. Because 
the viscosity of a composition changes with the degree 
of cure, it is possible to monitor the degree of cure by 
indirectly monitoring the change in the viscosity of the 
thermosettable composition and detecting the resultant 
effect on the fluorescence of the molecules. In still an 
other technique, the attenuation and phase velocity of 
ultrasonic waves in thermosettable materials is known 
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2 
to vary during the curing process primarily due to the 
change in viscosity of the materials. An ultrasonic spec 
tral analysis technique has been used to measure the 
frequency dependence of the ultrasonic velocity and 
attenuation during the curing process of a thermosetta 
ble composition at a fixed temperature. 
The prior techniques show the onset of the curing 

reaction in thermosettable materials. However, during 
the curing process, properties of the thermosettable 
material, such as viscosity, conductivity and glass tran 
sition temperature, change drastically at the onset of 
curing and then saturate at an upper bound as the curing 
process continues and nears completion. For example, 
as methylmethacrylate polymerizes and cures, the in 
stantaneous glass transition temperature changes from 
—102.8° to 70° C., and the viscosity rises from about 0.1 
to 1 × 1011 centipoise. Using a fluorescent probe 
method, a fluorescent probe molecule added to the 
methylmethacrylate system exhibits an intensity change 
from 4 to 75 relative units. Unfortunately, by the time 
the glass transition temperature has reached 40°C., the 
viscosity has reached only 2X 104 centipoise and the 
fluorescent intensity has already reached 72.5. The final 
stages of the curing process must be measured by the 
remaining 2.5 relative units of the fluorescent intensity 
and therefore the final stages of the curing process are 
not observable with adequate resolution. The glass tran 
sition temperature and dielectric spectroscopy methods 
of monitoring the curing of thermosettable resin com 
positions also suffer from similar limitations, in addition, 
both these methods are not readily adaptable to in situ 
measurements of large structures, where the monitoring 
of the solidification process is most important. 

SUMMARY OF THE INVENTION 

The present invention addresses the inadequacies of 
the prior methods used for the in situ monitoring of the 
solidification of a liquid composition, such as thermoset 
resins. The invention provides an accurate monitor of 
the solidification process that ensures the solid product 
will have the desired properties associated with the 
fully and uniformly solidified product. The method 
relies upon monitoring the difference between the index 
of refraction or acoustic impedance of the liquid com 
position and a reference material that are subjected to 
conditions that cause the liquid composition to solidify. 
In a preferred embodiment, the solidification process is 
monitored using an optical or acoustical waveguide that 
passes through the liquid composition. The waveguide 
has an index of refraction or an acoustic impedance that 
is greater than the index of refraction or acoustic impe 
dance of the composition in a liquid state. When the 
composition is fully-solidified, it has an index of refrac 
tion or acoustic impedance that is substantially equal to 
the index of refraction or acoustic impedance of the 
waveguide. While the liquid composition containing the 
optical or acoustic waveguide is subjected to solidifying 
conditions, light or sound waves are introduced into the 
portion of the waveguide that passes through the liquid 
composition. Because several of the transmission char 
acteristics of the waveguide (e.g., critical angle, mode 
structure and attenuation) are dependent on the differ 
ence between the index of refraction or acoustic impe 
dance of the waveguide and the liquid composition, the 
degree of solidification is monitored by determining at 
least one transmission characteristic of the waveguide 
passing through the solidifying composition. For exam 
ple, when the difference between the index of refraction 
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or the acoustic impedance of the waveguide and the 
liquid composition is at its greatest, that is, before the 
liquid begins to solidify, the intensity of the introduced 
light or sound waves transmitted through the wave 
guide is at its maximum; however, as the liquid compo 
sition solidifies and the difference diminishes, the inten 
sity of the transmitted light or sound waves proportion 
ally decreases because increasing light or sound power 
is coupled out of the waveguide. Thus, the relative 
intensity of the light or acoustic energy transmitted 
through the waveguide provides an indication of the 
degree of solidification of the composition. 
A solidification process may also be monitored by 

dispersing particles having an index of refraction n1 in 
the liquid composition having an index of refraction n2. 
The index of refraction n1 is unequal to the index of 
refraction n2. The composition in its fully-solidified 
phase, has an index of refraction ng that is substantially 
equal to ni. The difference between the indices of re 
fraction ni and n2 cause the particles to scatter light that 
is introduced into the solidifying composition until the 
solidification process provides a solid product having 
an index of refraction n; that is substantially equal to n1; 
the scattered light is detected and used to determine the 
degree of solidification of the liquid composition. Simi 
larly, particles having an acoustic impedance Z1 can be 
dispersed in the liquid composition having an acoustic 
impedance Z2 different from Z1. The liquid composition 
in its fully solidified phase has an acoustic impedance 
Z3 that is substantially equal to Z1. The difference be 
tween the acoustic impedances Z1 and Z2 cause acoustic 
waves introduced into the solidifying composition to be 
scattered until the solidification process provides a solid 
product having an acoustic impedance Z3 that is sub 
stantially equal to Z1. The scattered acoustic waves are 
detected and used to determine the degree of solidifica 
tion of the liquid composition. 

In accordance with the present invention, another 
method of monitoring a solidification process includes 
providing a transparent ellipsoidal sensor structure hav 
ing an index of refraction n1 and a first and second fo 
cus. A first optical waveguide is terminated at the first 
focus and a second optical waveguide is terminated at 
the second focus. The longitudinal axes of the optical 
waveguides at their termination within the ellipsoidal 
sensor and the major axis of the ellipsoidal sensor struc 
ture are coplanar. In addition, the first and second opti 
cal waveguides are preferably arranged so that light 
may not pass directly from one waveguide to the other, 
but instead, the light emanating from the end of the first 
waveguide and reflected from the surface of the ellip 
soidal sensor structure would optimally enter and be 
guided in the second waveguide. The ellipsoidal sensor 
structure is surrounded by a liquid composition having 
an index of refraction n2, such that n2 does not equal n1. 
The solidified liquid composition has an index of refrac 
tion ng, such that n2 is substantially equal to ni. Light 
that is transmitted to the first focus through the first 
optical waveguide is reflected by the interface between 
the ellipsoidal sensor structure and the solidifying com 
position, and refocused by the ellipsoidal interface onto 
the second focus. The difference between the indices of 
refraction n1 and n2 cause the light transmitted to the 
first focus to be reflected by the interface between the 
ellipsoidal sensor structure and the solidifying composi 
tion until the solidification process provides a solid 
product having an index of refraction ng that is substan 
tially equal to ni. The light reflected is transmitted away 
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4 
from the second focus by the second optical waveguide. 
The intensity of light in the second optical waveguide is 
detected and used to monitor the degree of solidifica 
tion of the liquid composition. 

Other objects, features, and advantages of the present 
invention will be readily apparent from the following 
description of certain preferred embodiments thereof, 
taken in conjunction with the accompanying drawings. 
It is understood that variations and modifications may 
be affected without departing from the spirit and scope 
of the novel concepts of the disclosure. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic diagram of a first apparatus 

constructed in accordance with a preferred embodi 
ment of the present invention. 
FIG. 2 is a schematic diagram of a second apparatus 

constructed in accordance with the present invention. 
FIG. 3 is a schematic diagram of a third apparatus in 

accordance with the present invention. 
FIG. 4 is a graph illustrating the relationship between 

the curing process and the intensity of transmitted light 
in accordance with a preferred embodiment illustrated 
in FIG. 1. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is generally applicable to any 
process wherein it is desired to monitor a change of a 
liquid composition from a liquid phase to a solid phase. 
Examples of these types of processes include reactions 
wherein liquid monomers such as styrene, phenol-for 
maldehyde or phenolics are polymerized to solid poly 
mers, liquid resins are cured to solid resins such as 
epoxy resins and polyimides and straight chain liquid 
polymers are cross-linked to solid polymers. Also in 
cluded are other materials that undergo a physical 
change, particularly when passing from a liquid phase 
to a solid phase. These materials include metals, plastics, 
cement, concrete and the freezing of various liquids. 
Though not intended to be limited to a particular chem 
ical reaction or family of liquid compositions, the pres 
ent invention will be described with reference to the 
particular family of liquid compositions known as ther 
mosettable resins. 

Thermosetting resins are well-known and are widely 
used as matrices for advanced composite materials and 
structural adhesives. The fabrication of strong compos 
ite materials or uniform adhesive joints requires curing 
the resin material under proper thermal and pressure 
conditions to an optimal degree. Thermoset resins are 
generally high polymers that solidify or set irreversibly 
when heated. This property is usually associated with a 
cross-linking reaction of the molecular constituents 
induced by heat or radiation. During the curing reac 
tion, the thermosetting resin transforms from the vis 
cous liquid state to a gel and then vitrifies to the solid 
glass state. In some instances, it may be necessary to add 
conventional curing agents such as organic peroxides 
and the like. Phenolics, alkyls, amino resins, polyesters, 
epoxides and silicones are usually considered to be ther 
mosetting resins, but the term may also apply to materi 
als where additive induced cross-linking is possible. 
An epoxy resin is a specific example of a thermoset 

resin. The most common epoxy resins are made from 
epichlorohydrin and bisphenol A, however, aliphatic 
polyols such as glycerol may be used instead of the 
aromatic bisphenol A. Epoxy resins of this type have 
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glycidol ether structures in the terminal positions, many 
hydroxyl groups, and cure readily with amines. An 
other type of epoxy resin is made from polyolefins oxi 
dized with acetic acid. These epoxy resins have more 
epoxide groups within the molecule as well as in termi 
nal positions, and can be cured with anhydrides at high 
temperatures. The epoxy resins form a tight cross 
linked polymer network, and are characterized by 
toughness, good adhesion, corrosion resistance, chemi 
cal resistance, and good dielectric properties. Many 
modifications of both types of epoxy resins are available 
commercially. 
Another example of thermoset resins include the 

polyimides. Polyimides are derived from a pyromellitic 
dianhydride and an aromatic diamine. The polyimides 
exhibit excellent frictional characteristics, good wear 
resistance at high temperatures, and resistance to radia 
tion and combustion. The thermosettable polyimides 
have found widespread application in high-temperature 
coatings, laminates and composites for aerospace vehi 
cles, and as adhesives. 

In the present discussion, the term “liquid composi 
tion” generally includes the thermoset resin in an un 
cured state. The term “solidifying composition” gener 
ally includes the thermosetting resin that is subjected to 
curing conditions and is passing from the liquid phase to 
the solid phase. The term “solid composition” generally 
includes the thermoset resin in a cured solid form. 
When referring to other liquid compositions, it should 
be understood that the term “uncured composition” can 
be used interchangeably in the present specification and 
claims with the term “liquid composition.” Likewise, 
the term “curing composition” can be used interchange 
ably with the term “solidifying composition” and the 
term “cured composition” can be used interchangeably 
with the term “solid composition.” The term “solid 
product” or “cured product” refers to the product of 
the solidification process that is being monitored. 
The method of the present invention, as it applies to 

thermosetting resins, relies upon monitoring the differ 
ence between the index of refraction or acoustic impe 
dance of the solidifying composition and the index of 
refraction or acoustic impedance of a reference material 
during the curing, i.e., solidifying process in the resins. 
The method incorporates a reference material having a 
known index of refraction or acoustic impedance into 
the uncured composition and monitors the difference 
between the indices of refraction or acoustic imped 
ances of the reference material and the curing composi 
tion by detecting the waveguiding, reflecting, or scat 
tering effects on light or sound waves passing through 
the curing composition or the incorporated reference 
material. The reference material is preferably chosen so 
that its index of refraction or acoustic impedance is 
substantially equal to the index of refraction or acoustic 
impedance of the cured product. The term “substan 
tially equal to” as used herein means that the difference 
between the index of refraction or the acoustic impe 
dance of the reference material and the cured product is 
such that light or sound waves passing from the cured 
product, having a first index of refraction or acoustic 
impedance, to the reference material, having a second 
index of refraction or acoustic impedance are virtually 
unaffected by the difference in the indices of refraction 
or acoustic impedances. The index of refraction or 
acoustic impedance of the reference material provides 
the baseline or reference standard to which the index of 
refraction or acoustic impedance of the curing composi 

tion or cured product is indirectly compared. A direct 
measurement of the indices of refraction or acoustic 
impedances is not made, but rather the difference be 
tween the index of refraction or the acoustic impedance 
of the curing composition or cured product and the 
reference material is measured by monitoring the reflec 
tion or scattering of light resulting from the differing 
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indices of refraction or the reflection or scattering of 
acoustic waves due to differences between the acoustic 
impedances or the optical or acoustical waveguiding 
properties of certain structures fabricated preferably 
from the reference material and incorporated in the 
curing composition. 

In accordance with a preferred. embodiment of the 
present invention, an optical or acoustical waveguide is 
passed through the uncured composition and used to 
monitor the degree of cure in the curing composition. 
The optical waveguides useful in the present invention 
are generally fibers of circular cross-section having a 
waveguiding composition at least on the periphery of 
the waveguide. These fibers range in diameter from 
about 10 to about 1000 microns and may be made from 
materials such as glass, plastic and the like. The optical 
waveguide must have a lightguiding region when sur 
rounded by the uncured or curing composition. In addi 
tion, the transmission characteristics of this lightguiding 
region must be sensitive to changes in the index of re 
fraction of the curing composition. Therefore, one may 
use a fiber of uniform composition having an index of 
refraction n1 greater than the index of refraction n2 of 
the uncured composition. The optical waveguide is 
preferably an optical fiber made of the uncured compo 
sition in a cured form. This ensures that the optical 
waveguide has an index of refraction n1, that is substan 
tially equal to the index of refraction ng, of the cured 
product and greater than the index of refraction n2, of 
the uncured composition. The use of optical wave 
guides of the cured composition is also desirable be 
cause the index of refraction of the waveguide is af 
fected by the process conditions, for example, pressure 
and temperature, in the same manner as the index of 
refraction of the cured product. Therefore, any error in 
monitoring the curing process attributable to the differ 
ing effect of the process conditions on the index of 
refraction of the waveguide and the cured product is 
eliminated by using waveguides prepared from the 
cured composition. 

Light is supplied to the optical waveguide at a first 
end from a conventional light source. Examples of such 
conventional light sources include a laser, a light emit 
ting diode and the like. The light source supplies the 
light to the optical waveguide that will be preferably 
detected at the second end of the waveguide and used to 
determine the transmission characteristics of the wave 
guide such as the critical angle, mode structure or the 
attenuation of the waveguide. Any wavelength of light 
waves that the waveguide will transmit may be used, 
although the wavelength of the light should be such 
that its attenuation in the waveguide surrounded by the 
curing composition is not excessive, preferably, the 
wavelength is about 400 to about 1500 nanometers. 

In order for an optical waveguide to effectively trans 
mit light, the index of refraction n2, of the medium 
surrounding the optical waveguide must be less than the 
index of refraction ni, of the optical waveguide so that 
a light ray traveling within the optical waveguide and 
striking the surface of the waveguide at an angle of 
incidence, measured with respect to the direction per 
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the medium surrounding the acoustical waveguide must 
be less than the acoustic impedance Zl, of the acoustical 
waveguide. The sound waves will be guided by the 
waveguide in a manner entirely analogous to the guid 
ing of light waves in the optical waveguides. Because of 5 
the difference between the acoustic impedance of the 
uncured composition and the acoustical waveguide at 
the beginning of the curing process, a fraction of the 
sound waves introduced into the acoustical waveguide 
are transmitted by the acoustical waveguide through 
the curing composition. As the degree of cure increases 
and the acoustic impedance Z2, of the curing composi 
tion increases and approaches the acoustic impedance 
Zl, of the acoustical waveguide, the intensity of sound 
waves transmitted by the acoustical waveguide through 
the curing composition diminishes. The decrease in the 
intensity of sound waves transmitted by the acoustical 
waveguide through the curing composition is a result of 
an increasing intensity of the introduced sound waves 
escaping the acoustical waveguide. The intensity of 
sound waves transmitted by the acoustical waveguide 
can be detected by the ultrasonic transducer positioned 
on the end of the acoustical waveguide opposite the 
sound source. The detected intensity of sound waves 
transmitted by the acoustical waveguide through the 
curing composition is compared to reference standards 
to monitor the degree of cure during the curing process. 
These reference standards for a given acoustic source 

provide a relationship between the intensity of detected 
sound waves transmitted by the acoustical waveguide 
and the degree of cure during the curing process. The 
relationships can be established by simultaneously mon 
itoring the degree of cure by an independent means 
such as differential scanning calorimetry or differential 
thermal analysis, and relating this information to the 
intensity of sound waves transmitted by the acoustical 
waveguide during the curing process. 
When the acoustical waveguide is employed, it is 

possible to determine the complete curing of the resin 
without referring to the reference standards. Because 
the acoustical waveguide has an acoustic impedance Z1, 
substantially equal to the acoustic impedance Z3, of the 
cured product, when the curing of the resin is complete 
and the acoustic impedances of the waveguide and 
curing composition are substantially equal, most of the 
sound waves will escape the acoustical waveguide and 
only a minimal intensity of sound waves will be de 
tected as sound waves that have been transmitted 
through the curing composition. Therefore, the com 
pletion of the curing of the resin is indicated by a sub 
stantial absence of any detectable intensity of sound 
waves being transmitted by the acoustical waveguide 
through the cured product. 
The degree of cure can be monitored in any portion 

of the uncured composition by passing the optical or 
acoustical waveguide through that particular region of 
the uncured composition. It is within the scope of the 
present invention to use more than one optical or acous 
tical waveguide to monitor the degree of cure in differ 
ent regions of the curing composition. Because the opti 
cal or acoustical waveguides will remain in the cured 
product when the curing process is completed, the opti 
cal or acoustical waveguides are preferably positioned 
so as not to hinder the strength or function of the cured 
product. 

Referring to FIG. 1, an optical waveguide 10 passes 
through the curing composition 16. The first end of the 
optical waveguide 10 is optically coupled to a light 
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10 
source 2 by means of an input fiber 6 that is clad to 
prevent the escape of light from the input fiber 6. Light 
that is introduced into the optical waveguide 10 by the 
input fiber 6 is transmitted by internal reflection 
through the unclad optical waveguide 10 to its second 
end where it enters an output fiber 8 that is optically 
coupled to a photodetector 4. The output fiber 8 is clad 
in a similar manner as the input fiber 6 to prevent any 
escape of the transmitted light 12 that enters the output 
fiber 8 from the optical waveguide 10. The transmission 
characteristics of the optical waveguide 10 are deter 
mined from the transmitted light 12 that is detected by 
the photodetector 4 and provides information that may 
be related to reference and control standards to deter 
mine the degree of cure in the curing composition 16. 
As the curing process approaches completion, the 
amount of light introduced into the optical waveguide 
10 from input fiber 6 that escapes within the curing 
composition (as represented by arrows 14) increases 
until substantially all of the light that is introduced into 
the optical waveguide 10 passing through the curing 
composition 16 escapes within the curing composition 
16. This results in a substantial absence of transmitted 
light 12 being detected by the photodetector 4. 
The reference materials that are inserted into the 

uncured composition to monitor the degree of cure can 
also be in the form of particles. When used in conjunc 
tion with light waves, the index of refraction n1, of the 
particles should be unequal to the index of refraction n2 
of the uncured composition, and substantially equal to 
the index of refraction n?, of the cured product. When 
used in conjunction with sound waves, the reference 
particles should have an acoustic impedance Zi, that is 
unequal to the acoustic impedance Z2, of the uncured 
composition and substantially equal to the acoustic im 
pedance Z3, of the cured product. The size of the parti 
cles should be as nearly comparable to the wavelength 
of the optical or acoustical excitation as possible in 
order to enhance the scattering efficiency of the parti 
cles. Generally, when light waves are used, the size of 
the particles is about 0.1 to about 10p and preferably, 
the size ranges from about 0.5 to about 2p. When sound 
waves are used, the wavelength of the acoustic excita 
tion varies over four orders of magnitude, therefore, the 
size of the reference particles can vary over a wide 
range, with the prime concern being the effect of the 
particle size on the curing process and the properties of 
the cured product. In order to ensure that the particles 
have an index of refraction or acoustic impedance sub 
stantially equal to the cured product, it is preferred that 
the particles be prepared from the cured composition. 
The use of reference particles of the cured composition 
is desirable because, as discussed, the index of refraction 
or acoustic impedance of the particles is affected by the 
process conditions in the same manner as the index of 
refraction or acoustic impedance of the cured product. 
Therefore, any error in monitoring the degree of cure 
attributable to the differing effect of the process condi 
tions on the indices of refraction or acoustic impedances 
is eliminated by using reference particles prepared from 
the cured composition. If the particles are produced 
from a material other than the cured composition, the 
material should be such that the particles do not ad 
versely affect the properties, such as strength, adhesion, 
flexibility and the like or the function of the cured prod 
uct. 

Prior to subjecting the uncured composition to cur 
ing conditions, the particles are uniformly dispersed 
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throughout the uncured composition in an amount 
ranging from about 0.001 to about 10 percent. When 
using the particles, the degree of cure in the curing 
process is determined by relying on the difference be 
tween the index of refraction or the acoustic impedance 
of the reference particles and the curing composition in 
a manner similar to that discussed with regard to the 
waveguides. The particles, rather than waveguides are 
used as a reference material against which the index of 
refraction or acoustic impedance of the curing composi 
tion is indirectly compared by monitoring the scattering 
or reflection of light or acoustic waves by the particles 
within the curing composition. 

Specifically, when light waves are used in conjunc 
tion with the reference particles to monitor the degree 
of cure, light can be introduced from the exterior of the 
curing composition, for example, by a laser beam or to 
the interior of the curing composition by an optical fiber 
terminated within the curing composition. When the 
particles are employed as the reference material, the 
absorption of light that is introduced into the curing 
composition should be minimal to ensure the detectabil 
ity of the scattered light. The introduced light will 
generally have a wavelength of about 0.4 to about 10 
microns. Because of the difference between the index of 
refraction of the particles and the curing composition, 
the light that is introduced into the curing composition, 
internally or externally, will be reflected and scattered 
by the particles. The reflected and scattered light will 
be readily detectable with photodetectors that trans 
forms the light signal into an electrical signal. Because 
the scattering and reflecting of the light introduced into 
the curing composition is dependent upon the differ 
ence between the index of refraction of the particles and 
the curing composition, as the degree of cure increases 
and this difference decreases, the amount of reflected 
and scattered light will decrease. That is, as the index of 
refraction of the particles and the curing composition 
approach each other, the curing composition becomes a 
homogeneous optical medium through which the light 
will pass without being reflected and scattered. When 
the resin is completely cured, the index of refraction of 
the particles and the cured composition are substantially 
equal to each other and therefore, the light that is intro 
duced into the cured composition is no longer reflected 
or scattered by the particles and passes through the 
cured product. 
The light that is reflected and scattered by the parti 

cles can be monitored from the exterior of the curing 
composition by conventional means such as the unaided 
eye if the light is in the visible range or a photodetector. 
The reflected and scattered light in a particular region 
of the curing composition can be guided from the inte 
rior of the curing composition to a photodetector by 
terminating an optical waveguide within the curing 
composition. The reflected and scattered light that is 
detected by the detection means can be compared to 
predetermined reference standards to determine the 
degree of cure. The reference standards for a given light 
source provide a relationship between the intensity of 
light reflected and scattered and the degree of cure. The 
reference standards can be obtained as discussed herein 
before with regard to the optical waveguides. 
As with the optical waveguides, detecting the com 

pletion of the curing of the resin does not require a 
comparison to the reference standards. The index of 
refraction of the particles and the curing composition 
become substantially equal as the degree of cure ap 
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12 
proaches completion, and therefore the reflection and 
scattering of the light that is introduced into the curing 
composition diminishes. As a consequence, the comple 
tion of the curing of the resin is evidenced by a substan 
tial absence of any detectable intensity of light being 
scattered or reflected within the cured product. 
The reference particles can also be used in conjunc 

tion with acoustic waves to monitor the degree of cure 
in a curing process. When the acoustic waves are used 
to monitor the degree of cure, the acoustic impedance 
Z1, of the reference particles is substantially equal to the 
acoustic impedance Z3, of the cured product. The parti 
cles are dispersed throughout the uncured composition 
in the same manner and in the same amount as discussed 
with regard to the dispersing of the particles used when 
light waves are used to monitor the curing process. 
The acoustic waves are introduced to the interior of 

the curing composition using an acoustical waveguide 
or to the exterior of the curing composition by attach 
ing an acoustical waveguide to the surface of the curing 
composition. The acoustic waves introduced into the 
curing composition containing the particles has a fre 
quency of about 10 kHz to about 10 MHz. 

Because of the difference between the acoustic impe 
dance of the reference particles and the curing composi 
tion, the acoustic waves will be reflected and scattered 
by the particles in much the same manner as the light 
waves are reflected and scattered by the particles. The 
reflection and scattering will continue until the acoustic 
impedance of the curing composition becomes substan 
tially equal to the acoustic impedance of the particles. 
As with the light waves and the index of refraction, the 
scattering of the acoustic waves provides an indirect 
measure of the difference between the acoustic impe 
dance of the particles and the acoustic impedance of the 
curing composition. The reflection and scattering of the 
acoustic waves can be monitored from the exterior of 
the curing composition by conventional means such as 
pulsed acoustic transmission and range gated receivers. 
The reflected and scattered acoustic waves may also be 
detected from the interior of the curing composition 
using acoustical waveguides for receiving and transmit 
ting acoustic waves to an acoustic detector such as an 
acoustic transducer. The intensity of scattered acoustic 
waves that is detected is compared to reference stan 
dards for a given sound source to monitor the degree of 
cure in the curing process. The reference standards 
provide a relationship between the detected intensity of 
acoustic waves that is scattered and reflected by the 
particles and the degree of cure in the curing composi 
tion. These reference standards are established by 
means described hereinbefore with regard to the optical 
and acoustical waveguides. 

In order to determine the completion of the curing of 
the resin using sound waves and the reference particles, 
it is not necessary to refer to the reference standards. 
Because the acoustic impedance of the particles and the 
acoustic impedance of the cured product are substan 
tially equal, the completion of the curing of the resin is 
indicated by a substantial absence of any detectable 
intensity of reflected and scattered acoustic waves. 
When using the particles as the reference material, 

the cured product should be substantially free of intrin 
sic inhomogeneities such as bubbles in the cured prod 
uct or extraneous foreign materials that would cause 
background scattering. If it is desired to monitor the 
curing of compositions including reinforcing fibers or 
other materials which render the curing composition 
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optically or acoustically inhomogeneous, it is preferred 
that the methods using optical or acoustical waveguides 
be used, since detection of the transmission characteris 
tics of the waveguides, unlike the detection of the inten 
sity of scattered waves is substantially unaffected by the 
discontinuities in the curing composition. If reference 
particles are used in conjunction with a curing composi 
tion which is optically or acoustically inhomogeneous, 
the scattering of light or acoustic waves from the inho 
mogeneity of the curing composition may be larger than 
the scattering from the reference particles, and there 
fore the scattering from the reference particles will not 
be measurable with sufficient accuracy to provide a 
means for monitoring the curing of the composition. 

Referring to FIG. 2, the numbering in FIG. 1 has 
been adopted for those items in FIG. 2 that are consis 
tent with the items in FIG. 1. Reference particles 18 are 
dispersed throughout the curing composition 16. Light 
from light source 2 is introduced into the optical wave 
guide 22 through input fiber 50. The input fiber 50 is 
preferably clad to prevent escape of light therefrom 
prior to entering the optical waveguide 22. The optical 
waveguide 22 is terminated within the curing composi 
tion so that light may be introduced to the interior of 
the curing composition 16. 

Light that is introduced into the interior of the curing 
composition 16 is reflected by the particles 18 (as repre 
sented by arrows 20) and is detected by photodetector 
4. As the curing process approaches completion, and 
the index of refraction of the particles 18 and the curing 
composition 16 approach each other, the intensity of the 
scattered light waves 20 decreases and substantially all 
of the introduced light is transmitted (as indicated by 
arrow 12) through the curing composition 16. The in 
tensity of the scattered light waves 20 that is detected 
by the photodetector 4 can be related to reference and 
control standards to provide an indication of the degree 
of cure in the curing composition 16. 
Another method for monitoring the degree of cure 

that takes advantage of the reflective properties of an 
interface between two materials having a different 
index of refraction employs a transparent ellipsoidal 
shaped sensor of a material that has an index of refrac 
tion n1, that is unequal to the index of refraction n2, of 
the curing composition and substantially equal to the 
index of refraction ng, of the cured product. Preferably, 
the ellipsoidal sensor structure is prepared from the 
uncured composition in a cured form. The use of an 
ellipsoidal sensor structure prepared from the cured 
composition is desirable because the index of refraction 
of the sensor structure is affected by the process condi 
tions in the same manner as the index of refraction of the 
cured product. Therefore, any error in monitoring the 
degree of cure attributable to the differing effect of the 
process conditions on the indices of refraction is elimi 
nated. If the ellipsoidal sensor is prepared from a mate 
rial other than the cured composition, the material 
should be of the type that does not adversely affect the 
properties or function of the cured product and is not 
adversely affected by the curing conditions. 

Referring to FIG. 3, the numbering in FIGS. 1 and 2 
has been adopted in FIG. 3 for those items in FIG. 3 
that are consistent with the items in FIGS. 1 and 2. An 
ellipsoidal sensor 24 having a first optical waveguide 40 
and a second optical waveguide 42 terminated at the 
first focus 26 and the second focus 28 respectively, is 
surrounded by a curing composition 16. The longitudi 
nal axes 46 and 48 of the waveguides 40 and 42 at their 

10 

14 
termination within the ellipsoidal sensor structure 24 
and the major axis 32 of the ellipsoidal sensor structure 
24 are preferably coplanar. In addition, the first 40 and 
second 42 optical waveguides are preferably arranged 
so that light may not pass directly from one waveguide 
40 to the other waveguide 42, but instead the light ema 
nating from the end of the first optical waveguide 40 
and reflected from the surface of the ellipsoidal sensor 
structure 24 would optimally enter and be guided in the 
second waveguide 42. Because of the difference be 

- tween the index of refraction of the ellipsoidal sensor 24 
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and the curing composition 16 and the known principle 
that rays originating from one focus of an ellipsoid will 
be reflected by the boundary of the ellipsoid to the 
second focus, a portion of the light that is introduced 
into the sensor structure 24 at one focus 26 by the first 
optical waveguide 40 coupled to the light source 2 is 
reflected back to the second focus 28 of the ellipsoidal 
sensor 24. A fraction of the reflected light 30 is guided 
out from the sensor structure 24 by the second optical 
waveguide 42 that is terminated at the second focus 28, 
and detected by conventional means, such as a photo 
cell 4. Preferably, in order to detect as much of the 
reflected light 30 as possible, the first 40 and second 42 
optical waveguides should be positioned at the first 26 
and second 28 focus respectively, so that the extensions 
of their longitudinal axes 46 and 48 beyond their termi 
nations at the foci 26 and 28, intersect the boundary of 
the ellipsoidal sensor structure 24 at the same point 52, 
and the tangent 34 to the boundary at this point 52 in the 
plane of the longitudinal axes 46 and 48, forms equal 
angles 36 and 38 with the extensions of the longitudinal 
axis 46 of the first optical waveguide 40 and the longitu 
dinal axis 48 of the second optical waveguide 42. 
The intensity of reflected light 30 that is guided by 

the second optical waveguide 42 and detected by the 
photodetector 4 is compared to reference standards for 
a given light source 2 similar to those described herein 
before, to determine the degree of cure in the curing 
composition 16. As the curing of the resin approaches 
completion, the difference between the index of refrac 
tion of the ellipsoidal sensor 24 and the curing composi 
tion 16 decreases until the indices of refraction are sub 
stantially equal. When the indices of refraction are sub 
stantially equal, the intensity of light 30 reflected by the 
boundary of the sensor 24 back to the second focus 28 
decreases because most of the light escapes the sensor 
(indicated by arrow 14). The completion of the curing 
of the resin is indicated by a substantial absence of any 
detectable intensity of light being reflected back to the 
second focus 28. Therefore, when it is desirable to only 
determine the completion of the curing of the resin 
rather than monitor the curing process, comparison of 
the intensity of detected light to the reference standards 
is not necessary. 
The frequency and wavelength of the light intro 

duced into the ellipsoidal sensor structure may vary 
over the same ranges referred to with regard to the 
optical waveguides and reference particles. Where the 
ellipsoidal sensor is used to monitor the degree of cure 
in the curing composition, and the curing composition 
contains other materials that will reflect light, such as 
plies of reinforcing fibers, the intensity of light reflected 
back to the focus by these materials should be mini 
mized in order to ensure accuracy of the measurement. 
For example, when reinforcing fibers are employed, the 
reflection of light by the reinforcing fibers is minimized 
by using light having a wavelength that is highly ab 
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sorbed by the curing composition and the cured prod 
uct. The absorption of the light results in the range of 
propagation of the light being smaller than the distance 
between adjacent plies of the reinforcing fibers, there 
fore reducing the potential for the undesired reflection. 

It is to be understood that modifications and changes 
to the preferred embodiment of the invention herein 
described and shown can be made without departing 
from the spirit and scope of the invention. The follow 
ing examples are set forth to illustrate the present inven 
tion. They are not, however, to be considered as limita 
tions thereof. 

EXAMPLE 

An optical waveguide one (1) cm in length and ta 
pered from 1 mm to about 0.5 mm in diameter is fabri 
cated from DEVCON (8) 5-Minute (6) Epoxy, available 
from Devcon Corp., Danvers, Mass., by drawing a fiber 
from a pool of the partially cured epoxy resin and per 
mitting the fiber to cure. The fiber has a gentle S-bend 
shape, similar to an integral sign. Each end of the fiber 
is epoxied to a 600 pucore step index plastic fiber avail 
able from Poly-Optical Products, Inc., Santa Ana, Calif. 
The input plastic fiber attached to the 1 mm diameter 
end of the epoxy fiber is illuminated with a GaAs laser, 
available from General Optronics, Edison, N.J., and the 
output plastic fiber attached to the 0.5 mm diameter end 
of the epoxy fiber directs the transmitted light to a 
silicon photodetector, available from United Detector 
Technology, Hawthorne, Calif. Reference is made to 
FIG. 1 for a schematic illustration of the apparatus. 
The GaAs laser was modulated at 1000 Hz, and the 

output of the silicon cell is detected using a lock-in 
amplifier to remove any effect from ambient lighting. In 
air, the epoxy resin fiber transmits light with a detect 
able signal of 470 relative units. 
The epoxy resin fiber is then immersed in a freshly 

mixed pool of the 5-Minute (3) Epoxy. The detected 
signal level immediately falls to 90 relative units and as 
the pool of 5-Minute (3) Epoxy is cured under ambient 
conditions, the detected signal decreases and falls to six 
relative units after about 5 minutes. The relationship 
between the degree of cure as a function of time (X-axis) 
and the intensity of transmitted light (Y-axis) is illus 
trated in FIG. 4 by line 44. Referring to FIG. 4, as the 
degree of cure increases with time, the intensity of the 
light decreases from 90 relative units to about 6 relative 
units, this decrease in transmitted light provides ade 
quate resolution, to accurately monitor the final stages 
of the curing process using the method in accordance 
with the present invention. 

Particular embodiments of the present invention de 
scribed above are to be considered in all respects as 
illustrative and not restrictive. The scope of Letters 
Patent granted thereon is to be limited only by the defi 
nition set forth in the appended claims and equivalents 
thereof. 
The embodiments of the invention in which an exclu 

sive property or privilege is claimed are defined as 
follows: 

1. A method of monitoring a process wherein a liquid 
composition passes from a liquid phase to a solid phase 
comprising the steps: 
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16 
(a) dispersing particles having an acoustic impedance 
Z1 in the liquid composition having an acoustic 
impedance Z2, such that Zi and Z2 are unequal, the 
solid phase of the liquid composition having an 
acoustic impedance Z3 that is substantially equal to 
Z1; 

(b) providing a solidifying composition by subjecting 
the liquid composition containing the particles to 
conditions that cause the liquid composition to 
solidify; 

(c) introducing acoustic waves into the solidifying 
composition containing the particles; and 

(d) detecting the introduced acoustic waves scattered 
by the particles. 

2. The method of claim 1, further comprising: 
(e) comparing the acoustic waves detected in step (d) 

with reference standards to determine the degree 
of solidification of the liquid composition. 

3. The method of claim 1, wherein the particles in 
clude the liquid composition in a solid phase. 

4. The method of claim 1, wherein step (d) comprises: 
(d) detecting the introduced acoustic waves scattered 
by the particles, the intensity of the introduced 
acoustic waves scattered by the particles decreas 
ing as the degree of solidification increases. 

5. The method of claim 1, wherein step (d) comprises: 
(d) detecting the introduced acoustic waves scattered 
by the particles, the completion of the solidification 
of the liquid composition being indicated by a sub 
stantial absence of scattering of the introduced 
acoustic waves by the particles. 

6. The method of claim 1, wherein the liquid compo 
sition is a thermosettable resin composition. 

7. A method of monitoring a process wherein a liquid 
composition passes from a liquid phase to a solid phase 
comprising the steps: 

(a) passing an acoustical waveguide having an acous 
tic impedance Z1 and including the liquid composi 
tion in a solid phase through the liquid composition 
having an acoustic impedance Z2, such that Z2 is 
less than Z1, the solid phase of the liquid composi 
tion having an acoustic impedance Z3, such that Z3 
substantially equals Z1; 

(b) subjecting the liquid composition containing the 
acoustical waveguide to conditions that cause the 
liquid composition to solidify; 

(c) transmitting acoustic waves through the acousti 
cal waveguide; and 

(d) detecting the intensity of acoustic waves transmit 
ted through the portion of the acoustical wave 
guide passing through the solidifying composition, 
the intensity of acoustic waves transmitted through 
the acoustical waveguide decreasing as the degree 
of solidification increases, completion of the solidi 
fication of the liquid composition being indicated 
by a substantial absence of any detectable intensity 
of acoustic waves being transmitted by the acousti 
cal waveguide through the solidifying composi 
tion. 

8. The method of claim 7, further comprising the step: 
(e) comparing the intensity of acoustic waves de 

tected in step (d) with reference standards to deter 
mine the degree of solidification of the liquid com 
position. 

* * * * * 
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