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METHOD OF CONTROLLING A RESIN CURING
PROCESS

ORIGIN OF THE INVENTION
The invention described herein was made in the per-
formance of work under a NASA contract and is sub-
ject to the provisions of Section 305 of the National
Aeronautics and Space Act of 1958, Public Law 35-568
(72 Stat. 438; 42 U.S.C, 2457).

BACKGROUND OF THE INVENTION

1. Field of the Invention

The use of fiber-reinforced composite materials with
thermosetting resins is increasing in the aerospace in-
dustry. Fibers such as glass, boron, graphite, and carbon
are combined with resins such as epoxy, phenolic, poly-
imide and the like to achieve composites with high
strength-to-weight ratios. The drawback of these com-
posites is fabrication costs. Since the basic composite
characteristics of strength, thickness, resin content and
porosity are established at cure, finding an inexpensive
cure control method, that would assure the desired
property, has been a difficult task.

When a manufacturer receives a fabric that is impreg-
nated with resin (prepreg), the resin is within an inter-
mediate reaction state called the B-stage. The prepreg is
pliable or will soften when warmed. With time and
temperature the resin reaction will continue. Molecular
weight increases due to polymer formation and cross
linking as the resin advances through the B-stage state.
At full advancement, the end of the B-stage reaction is
reached when vitrification of the elastomeric structure
occurs and the resin is no longer plastic when hot.
Therefore, the layup and molding of production parts
must be accomplished while the prepreg is still within
the B-stage and is plastic when heated.

Cure of thermosetting resins is often done in an auto-
clave. One type of autoclave operating technique is to
initially set the pressure at a low or moderate level. The
part temperature is then increased, and the resin reac-
tion advances within the B-stage state 10 a selected
degree of polymer formation at which time the anto-
chvepmmrexstmdwcrmdmmdphynmlchar-
acteristics in the laminate. These characteristics are
resin content, thickness, strength, and minimum micro-
porosity. If the proper application of pressure in the
autoclsve is to produce a certain thickness or other
physical property, for example, then that pressure must
be applied when the resin has advanced to the proper
amount of polymer formation but while it is still plastic
and fusible. It is necessary therefore, to develop a
method of monitoring and controlling the resin ad-
vancement within the B-stage while the resin is still
plastic when hot.

As the resin advances in polymerization, the molecu-
lar weight increases. Viscosity also increases, and at-
tempts have been made by other investigators to moni-
tor viscosity change, by either dielectric changes or
ultrasonic attenuation methods, to determine the pres-
sure application point. But these methods are not with-
out drawbacks, since viscosity is a function of tempera-
ture as well as advancement within the B-stage state.
This means laminates at different temperatures that
have the same viscosity reading could actually be at
different states of advancement. Therefore, viscosity
measurements would have to be correlated with ther-
mal history to know the actual degree of advancement.
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2
This adds to the complexity of using viscosity measure-
ments as an indication of resin advancement. Dielectric
change measurements are aiso impractical when the
reinforcing fibers are electrically conductive or when
conductive fillers are added to the resin.

Autoclave operational techniques also have severe
limitations since quite often a single autoclave cure
cycle will be developed for use with all of the existing
production parts. In this type of cycle, the temperature-
time history and the pressure-time history, including the
pressure application point, are preselected. Variation
from laminate to laminate occurs in this type of cure
even though the same amount of B-stage advancement
is added in each antoclave run. This limitation is caused
by the laminates coming to the autoclave at different
degrees of advancement because of variations in their
accumulated time-temperature histories, during the
lay-up process.

These limitations indicate the need for a better tech-
nique to monitor resin advancement from the start of
layup through cure so that consistent desired properties
may be achieved.

2. Background art-

A review of the prior art reveals the following U.S.
patents which relate to technology more or less perti-
nent to some aspects of the present invention.

U.S. Pat. No. 3,718,721 to Gould, et al. discloses a
method for controiling the state of cure in a mold which
involves the monitoring of the temperature as a function
of time. The state of cure of a predetermined site in the
article is computed from the temperature measure-
ments.

U.S. Pat No. 3,049,410 to Warfield, et al. shows a
method of determining the optimum temperatures for
bulk curing of resins. It involves determining minimum
curing time and determining the effect of temperature
on the rate of cure using measurement of changes in
electrical resistivity of samples during polymerizaton.

U.S. Pat. No. 3,413,836 to Nadeau, et al. discloses an
apparatus for detecting a change of state in a liquid
sample, such as a gel point or freezing point, involving
detection of changes in amplitude of oscillatory motion
of a liquid sample and a reference fluid within two
containers.

U.S. Pat. No. 4,312,212 to Clendenin shows an appa-
ratus for measuring the length of time necessary to heat
an epoxy resin prepreg to a tacky condition.

None of the prior art including the above patents
relate however specifically to a percent gel parameter
for controlling an autoclave nor do they relate to a
process which includes such features as (1) determining
the initial state of cure of a sample, together with (2)
determining the amount of total energy (time and tem-
perature) required to complete gellation, (3) accounting
for the resin cure advancement at all stages of process-
ing so that (4) final processing steps (typically auto-
clave) may be adjusted to achieve pressure application
at the optimum point in the processing cycle prior to
100% gellation. None of the prior art teaches a method
sensitive enough to achieve uniform product resuits
despite differences in the layup history of various
batches.

SUMMARY OF THE INVENTION

This invention relates to a process control technique
used as an analytical tool for controlling the curing
process of fiber-reinforced composite materials formed
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using thermosetting resins. The technique has been used
during the development of advanced carbon-carbon
(ACC) material for the Space Shuttle Orbiter’s Leading
Edge Structural Subsystem (LESS). The process con-
trol method is based upon percent gel. Percent gel mea-
sures the advancement state of the resin, and the calcu-
lation is related to the resin reaction rate. Achieving a
desired physical characteristic in a composite is based
on percent gel as a parameter during layup and cure to
control the time pressure increase during cure.

The need for more control of composite cure pro-
cesses has been noted, and even though the same auto-
clave cure cycle is used, the resulting laminates may
have different properties. In the cure of large complex
shapes, differences are found within a single production
part. The objective has been to find a controlling pa-
rameter that produces a uniform production part and
assures uniformity from one cured production part to
the next. Accounting for percent gel has been found to
be an analytical tool useful to control the curing pro-
cess.

The percent gel technique provides an analytical
method to monitor the accumulated advancement of a
thermosetting resin. Not only does it provide a useful
method during autoclave cure, but it also provides a
mechanism to caiculate resin advancement during
layup. By virtue of the present invention the degree of
pre-autoclave resin advancement can now be deter-
mined. The autoclave cure cycle hoid time can be ad-
justed to bring the production part to the selected per-
cent gel point for autoclave pressure increase. This
assures consistent laminates from run to run regardless
of the differences in pre-autoclave histories. Knowing
the preautoclave percent gel, the only measurement
required to perform this is laminate temperature varia-
tion with elapsed time. Therefore, this technique is
convenient to initiate since it uses existing measure-
ments. Although the percent gel method is well suited
for use with a computer-controlled autoclave, such
control is not a requirement. It is equally useful for
other autoclaves since the required calculations can be
done manually. Percent gel, therefore, is an analytical
tool which sums the resin advancement from its as re-
ceived condition until it is no longer “plastic when hot”
and can be used to assure consistent laminates from one
autoclave run to the next.

The invention also relates to a process control tech-
nique for controlling the curing process of fiber-rein-
forced composite materials formed using thermosetting
resins. The technique involves determining by test the
amount of energy (time at temperature) required for
100% gellation of a particular prepreg material, ac-
counting for the accumulated time-temperature energy
which a laminate is subjected to during its history, and
controiling the rate of further time-temperature energy
additions in concert with additional processing steps, in
order to increase autoclave pressure at the optimum
point in the manufacturing process prior to 100% gela-
tion.

In a more specific embodiment of the invention, there
is featured a method of monitoring and controlling the
curing process in an autoclave of fiber-reinforced ther-
mosetting resin composite materials in order to establish
at cure predetermined composite characteristics of
strength, thickness, resin content and porosity, in a
production part comprising the steps of developing a
time-to-gel equation as a function of temperature for the
resin to be subjected to a cure cycle in the autoclave,
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4

determining a rate-of-gel equation from the time-to-gel
equation in the previous step, calculating a percent gel
as a controiling parameter for the cure cycle of the
autoclave from the rate-of-gel equation, selecting a
series of desired properties of the resin to be subjected
to the cure cycle of the autoclave as a function of the
percent gel so calcuiated, and controlling the operation
of the autoclave cure cycle system in accordance with
the percent gei parameter in order to achieve the se-
lected desired resin properties.

Another feature of the present invention includes the
autoclave control system which is fully automated and
has input parameters of accumulated percent gel prior
to the autoclave run, the desired percent gel when the
autoclave pressure is raised, the time-temperature pro-
file and the autoclave pressure profile, and the process
further includes the steps of measuring the autoclave
pressure, air temperature, and the temperature of the
production part during the autoclave cycle, providing
elapsed time for caiculating the percent gel and for loop
control logic calculations, employing the percent gel
calculations in the pressure control logic and in the
temperature control logic of the control system, and
employing the production part temperature control
logic to signal completion of the heating phase and the
completion of the autoclave cycle.

Other advantages of this invention will be apparent
from the descriptions which follow in conjunction with
the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a graph showing the time-to-gel relationship
for graphite fabric impregnated with HEXCEL R120
phenolic resin.

FIG. 2 is a graph illustrating the rate-of-gel relation-
ship for graphite fabric impregnated with HEXCEL
R120 phenolic resin.

FIG. 3 is a flow chart in the form of a functional
representation of a calculation procedure for percent
gel.

FIG. 4 is a graph showing the percent gel analysis of
an autoclave run on six flat panels fabricated with HEX-
CEL R120/ACC prepreg.

FIGS. 5-7 are graphs similar to FIG. 4 but showing
the variation in some of the properties of the panels with
percent gel. The properties shown are ply thickness,
porosity, and flexure strength.

FIG. 8 is a functional representation of a typical auto-
clave automatic control system using percent gel in
accordance with the principals and precepts of the pres-
ent invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Layup and molding of composite shapes is done
while the prepreg is in the B-stage state where the resin
softens and is plastic while hot. The end of the *“plastic
while hot” phase is defined to be 100% gel. The time
required for the resin to advance from the as received
condition to the 100% gel condition depends on the
resin temperature history. The higher the temperature
the shorter the time to 1009% gelation. One method is to
determine the time required to reach 100% gel is the
flow or no-flow test. Small prepreg samples are staged
at constant temperature for varying lengths of time. As
a sample is removed from staging, it is quickly pressed
to check for resin squeeze out beyond the boundary of
the fabric. When no resin is squeezed out, the 100% gel
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point has been reached. An alternative method to deter-
mine the time-to-gel is the constant temperature Rheol-
ogy test.

By obtaining time-to-gel data at several temperatures,
sufficient data is gathered so that a time-to-gel equation
is developed as a function of temperature. The proce-
dure is to plot the time-to-gel data on semi-logarithmic
graph paper in the Arrhenius form shown in FIG. 1.
The abscissa is the reciprocal of the absolute tempera-
ture where temperature is expressed in ‘R or ‘K. The
ordinate is the time-to-gel on a logarithmic scale. For
each data point, the time-to-gel is plotted at the recipro-
cal of the test temperature. Plotted in this form, the
nme-uo-gddmaefonndtobehavelikeamgle,m—
perature-dependent reaction. A straight line is then
drawn through the data points. Using standard analytic
geometry techniques, such as the point-siope method,
an equation may be written for the line. The equation
may then be reduced to a convenient form. For exam-
ple, tests on PAN based, heat stabilized, graphite fabric
impregnated with HEXCEL R120 phenolic resin indi-
cate the time-to-gel to be 3.5 to 3.75 hours at 180° F.
These and additional data have been plotted in the Ar-
rhenius form, and the time-to-gel equation has been
determined to be:

0=2.486x 10— 12 EXP (20586/T)
where 0 is the time-to-gel in minutes and T is the abso-
lute temperature in ‘R. Values for the HEXCEL R120

matemlnowdabovearesetforthmHG 1 and as
follows:

Temperature, °F. Time-to-gel
40 3.6 years
70 128 days

178 298 minutes

250 10 minutes

Determining the rate-of-gel follows from knowing
the time-to-gel. For example, at a given temperature,
the time-to-gel equation predicts 1009% gel in 6 minutes.
Therefore, at that the rate-of-gel (percent
per minute) is 1009 divided by 6 minutes. The rate-of-
gel(t,)eqnaﬁoncanthusbewrittenintheArrhenius
‘orm:

132 K EXP (-E/RT)

where:
rg==rate-of-gel, % per minute
K =specific reactivity, % per minute
E=Activation eaergy, BTU/Ib-mole
R=gas constant, BTU/Ib-mole-R*
T =Temperature, ‘R
For the HEXCEL R120 example above:

K=4023%1013,

E/R=20586, and

rg=4.023 X 1013 EXP (—20586/T) % per minute.

The rate-of-gel for the HEXCEL R120 is presented
in FIG. 2.

Percent gel is therefore the product of rate-of-gel
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times the time. When the temperature-time history of 65

the prepreg is known and the rate-of-gel equation is
known, these values can be combined to give rate-of-gel
versus time. The area under such curve is the percent

6
gel. This method lends itself to calculator or computer
methods to sum the incremental amounts of percent gel
with time to track the accumulated percent gel.

The rate-of-gel equation for the HEXCEL R 120 resin
shows the rate of advancement to double with every 10°
F. rise in temperature. It becomes necessary then to
account for all the time-at-temperature to which the
material is exposed from the time it is received to the
point of 1009 gel. When the prepreg is under refrigera-
tion, the advancement rate is sufficiently low that it is
negligible. The following is a list of situations for which
an accounting for percent gel is necessary:

A. out time at room temperature,

B. elevated temperature pre-bleed operations, if any,

C. hot debulk steps, if any,

D. staging temperature history, if any,

E. autoclave temperature-time profile.

The amount of advancement (% gel) accumulated in
these various operations has been found to be additive.
That is, the percent gel due to out time may be calcu-
lated separately and then added to the percent gel due
to prebleeds, etc. Accounting for these layup events
shows that various laminates arrive at the autoclave at
different degrees of advancement. For this reason, a set
autoclave cycle will not result in consistent production

If the autoclave pressure is to be raised when the
laminate is at a certain degree of advancement, adjust-
ments must be made based on the pre-autoclave history
of the laminate.

Percent gel calculations for an autoclave run can be
made using the flow chart of FIG. 3. Input require-
ments are: the temperature-time history and the percent
gel that has been accumulated prior to the autoclave
run. The program would set: (1) the “time increment”,
(2) “time” equal to zero, and (3) the “accumulated per-
cent gel” equal to the initial percent gel. Calculations
begin by finding the temperature at the current time.
Based on temperature, the rate-of-advancement is then
calculated. The increment of percent gel is calculated
by multiplying the rate-of-gel times the time increment.
This amount of gel is added to the previous total to
arrive at the current vaiue. If the accumulated percent
gel is less than 100%, the elapsed time is increased by
the time increment and the calculations must continue.
When the accumulated percent gel reaches 100%, the
calculations stop.

Percent gel is used to determine the pressure applica-
tion point to optimize properties for a given application.
For example, six flat panels were fabricated using the
HEXCEL R120/ACC prepreg previously mentioned.
The panels were staged to different amounts of percent
gel prior to the autociave run. All six panels were cured
on the same platen. The percent gel analysis of the
autoclave run is shown in FIG. 4. The initial variation in
percent gel was created by differential staging during
layup. Because of this, the panels ranged from 67% gel
to 100% gel when the autoclave pressure was raised.
Thus the pre-autoclave history of a laminate has an
influence on the cured production part. The resulting
variations in some of the properties are shown in FIGS.
5-7. F1G. § shows the per ply thickness variation with
percent gel at pressure application. This data is used 1o
determine when to apply pressure to achieve a given
thickness of laminate. The total porosity variation with
percent gel is given in FIG. 6, and is relatively flat from
67% gel 10 87% gel and then exhibits a significant in-
crease. There is some scatter in the flexure strength
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values of FIG. 7 which indicate a minimum value when
the pressure is increased at 80-90% gel.

To achieve a desired property in a production part,
test panels similar to those noted are built using the
composite materials. The variation in properties with
percent gel is determined (similar to FIGS. 5-7). The
amount of percent gel at pressure application is then
determined to produce the desired result. Producing the
desired result in a production part is then a matter of
accounting for the accumulated percent gel. Caiculat-
ing the pre-autoclave advancement due to out time, hot
debulks, staging and the like yields the accumulated
percent gel at the start of the autoclave cure. When this
initial vajue is subtracted from the desired percent gel at
pressure application, the amount of percent gel to be
added in the autoclave is determined. The proper
amount of advancement in the autoclave is added by
varying the length of a constant temperature hold step
so that the proper amount of advancement is achieved
before the autociave pressure is increased.

From the above, it should be apparent that percent
gel is a useful method of tracking thermosetting resin
advancement from the time the resin is received until it
is no longer plastic when hot. The only measurement
needed in order to track the accumulated advancement
(percent gel) is the resin (laminate) temperature versus
time. Laminate physical properties have also been
shown to be a function of percent gel when the auto-
clave pressure is raised. Thus a desired physical prop-
erty is therefore achieved by use of percent gel to deter-
mine the pressure application point. Hence by tracking
the accumulated percent gel during layup and cure, the
pressure application point is duplicated from produc-
tion part to production part even when the production
parts arrive at the autoclave at different states of ad-
vancement.

Operation

The percent gel technique is useful in the cure of any
thermosetting resin whose B-stage advancement is a
function of time and temperature. Once the time-to-gel
has been determined as a function of temperature, the
procedure can be carried out with available time and
temperature measurements. Better control of resin cure
is thereby provided since all of the advancement is
monitored with set autoclave cure cycles producing
varied results, and hence the pre-autoclave advance-
ment is the tool to render cure cycle adjustments which
assure consistent results.

“Percent gel” is therefore a process control parame-
ter applicable to autoclave control in several ways. The
first is to perform manual caiculations during the auto-
clave run by reading production part temperatures from
the chart recorder and making real-time calculations
using a calculator or computer not connected to the
autoclave operation. These calculations follow the cal-
culation procedure of FIG. 3 and are used to determine
the pressure application point in the autoclave run.

A second procedure is to preselect the time at which
to raise the autoclave pressure. This approach is used,
for example, when a given autoclave temperature-time
profile is used to build production parts. In this case, the
production part temperature transient and temperature
during a constant temperature hold period are repeat-
able from run to tun. Since the temperature is known
with respect to autoclave time, the percent gel with
autoclave time is determined using the procedure of
FIG. 3. The result is the accumulated percent gel that is
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added in the autoclave as a function of autoclave time.
The amount of percent gel accumulated in layup is then
subtracted from the percent gel desired at pressure
application to determine the percent gel to be added in
the autoclave prior to the pressure application. The
elapsed time in the autoclave prior to the pressure appli-
cation point is then selected.

Percent gel may also be used as the process control
parameter of a fully automated autoclave control sys-
tem 20 similar to that shown in FIG. 8. The input pa-
rameters 10 would include the accumulated percent gel
prior to the autoclave run and also the desired percent
gel when the autoclave pressure is raised. Additional
input paramecters would be the time-iemperature profile
and the autoclave pressure profile. Using this technique,
only autoclave pressure 11, autoclave temperature 12,
and production part temperature 13 are required to be
measured during the run. Memory 14 is required for
storing values to check against control limits. A clock
15 provides elapsed time for the percent gel calculations
and loop control logic 16. The percent gel caiculations
16A are used in the pressure controi logic 17 and also
the temperature control logic 18. The production part
temperature control logic 19 signals the completion of
the heating phase and the completion of the autoclave
run.
The system of FIG. 8 also includes the standard type
data recorders 21 and data display equipment 22, as well
as control features 23A-D for transmitting signals to the
autoclave. A heater signal control 24 also feeds control
feature 23D in order to adjust the operation of the auto-
clave heater in response to the production part tempera-
ture control logic 19.

While a single embodiment of the invention has been
described, variations thereof can be made without de-
parting from the teachings of the invention. Therefore it
is intended that the scope of the invention be limited
only by the claims which follow.

I claim:

1. The method of monitoring and controlling the
curing process of fiber-reinforced thermosetting resin
composite materials in order to establish after cure,
predetermined composite characteristics of strength,
thickness, resin content and a porosity, which are uni-
form from one article to the next despite variations in
the percent gel, or state of gelation, of the different
articles, due to their different histories of temperature
and time-at-temperature prior to a heating phase com-
prising the steps of;

(a) determining the percent gel already existing in a
particular batch of composite material at some
point in time;

(b) accumulating and accounting for additional per-
cent gel due to the temperature and time-at-tem-
perature of all intervening steps, including a fabri-
cation steps, said intervening steps being those
subsequent to determination of the initial percent
gel and prior to the heating phase;

(c) calculating, on the basis of steps (a) and (b) and the
desired product characteristics, the percent gel
remaining to be accomplished prior to a pressure
increasing step which is to be conducted, at least in
part, simultaneously with the heating phase;

(d) initiating the heating phase;

(e) controlling the temperature and time-at-tempera-
ture during the heating phase to accompiish the
desired percent gel prior to initiation of the pres-
sure increasing step;
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(f) initiating the pressure increasing step at the desired
percent gel;

(g) controlling the temperature and time-at-tempera-
ture during the remainder of the heating phase 10
accomplish 1009 percent gel, complete gelation.

2. The method of claim 1 wherein the fiber is selected
from the group consisting of glass, boron, graphite and
carbon.

3. The method of claim 2 wherein the resin is selected
from the group consisting of epoxy, phenolic, and poly-
imid

4. The method of claim 2 wherein the resin is selected
from the group consisting of thermosetting resins whose
B-stage advancement rate can be characterized in the
form:

rg=K EXP (-E/RT)
where:

rg=Rate-of-gel, % per minute

K =Specific Reactivity, % per minute

E=Activation Energy, BTU/Ib-mole

R=Gas Constant, BTU/Ib-mole-R

T =Temperature, ‘R

5. The method of claim 3 wherein the pressure in-
creasing step and the heating phase are conducted while
the resin is within the B-stage intermediate reaction
state where the resin softens and is plastic while hot.

6. The method of claim 1 where the percent gel re-
maining to be accomplished is determined by use of a
time-to-gel equation in the form:

0=2.436x 10— 12 EXP (20586/T)

where 0 is the time-to-gel in minutes and T is the abso-
lute temperature in “R.

7. The method of claim 6 wherein the material is
graphite fabric impregnated with a phenolic resin.

8. The method of claim 7 wherein the time-to-gel for
the resin is as follows:

Temperature °F. Time-To-Gel
40 3.6 Years
7 128 Days
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-continued
Temperature °F. Time-To-Gel
175 298 Minutes
250 10 Minutes

9. The method of claim 6 where the time-to-gel equa-
tion is developed by preparing a series of samples of the
resin impregnated fabric and heating them at a constant
temperature for varying lengths of time, and pressing
each sample in order to establish resin squeeze-out be-
yond the boundary of the fabric.

10. The method of claim 6 where the time-to-gel
equation is developed by preparing a series of samples
of the resin impregnated fabric and measuring time-to-
gel using constant-temperature Rheology methods.

11. The method of claim 1 wherein the pressure in-
creasing step and the heating phase are performed
within an autoclave having temperature and time con-
trol such that the autoclave control allows for differing
stages of pre-autoclave advancement of the resin com-
posite under cure by subtracting the amount of percent
gel accumulated prior to the heating phase from the
percent gel desired at initiation of pressure increasing
step in order to determine the percent gel to be added in
by the autoclave prior to the pressure increasing step,
and the percent gel t0 be added in by the autoclave
during the remainder of the heating phase.

12. The method of claim 1 wherein the pressure in-
creasing step and the heating phase are performed
within an autoclave having an autoclave control system
and wherein the autoclave control system is fuily auto-
mated and includes input parameters of accumulated
percent gel prior to the autoclave run, the desired per-
cent gel when the autoclave pressure is raised, the time-
temperature profile and the autociave pressure profile,
and the process further includes the steps of measuring
the autoclave pressure, autoclave temperature, and the
temperature of the production part during the autoclave
cycle, providing elasped time for calculating the per-
cent gel and for loop control logic calculations, employ-
ing the percent gel calculations in the pressure control
logic and in the temperature control logic of the control
system, and employing the production part temperature
control logic to signal completion of the heating phase
and the completion of the autociave cycle.
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