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An analytical technique for c o n t r o ~  the curing pro- - of tiba-rrinforced composite materials that are 
f o n n e d u s i n g ~  . rrsins. The techniqut is the 
percent gel method and involves development of a 
thae-to-gd cqp.tiOn as a fpoaionof temperatur+. From 
tltiaeqrutionarrrte-of-gd equation is then detcnnwd 
and a pacmt gel is cakdaml which is the product of 
mte-of-gd timu time Percmt gel accounting is wd to 
control the propa prrssun application point in an auto- 
clave con process to achieve desired properties in a 
productioncompositepart. 
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This adds to the complexity of using viscosity measure- 
ments as an indication of r& advancement. Dielectric 
change rnQuuremCIlts arc also imuractical when the 

METHOD OF C 0 P " C  A RESIN CURING 
pRocEss 

rcinf&g fibas arc electrically conductive or when 
ORIGIN OF THE INVENTION 5 conductivefillmareaddedtotheresin. 

BACKGROUND OF THE INVENTION 

SUMMARY OF THE INVENTION ~ h i r  mcltlll larnimm at Merent tempera&& that 
have the 58me Vk~0sity reading could a c t d h  be at 65 
differrnt states of a d v k e n i  -dore, vhcosity 
mcasurcmcna would have to be correlated with her- 
mal history to know the actual degree of advaocement. 

x invention relates to a process control technique 
used as an analyticai tool for controlling the curing 
process of fiber-reinforced composite materials formed 
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using thermosetting resins. The technique has been wd 
during the development of advanced carbon-carbon 
(ACC) material for the Space Shuttle Orbiter‘s Leading 

troi method is bared upon peTcent gel. Percent gel mea- 
sures the advancement state of the resin, and the calcu- 
lation is dated to the resin reaction rate. Achieving a 
desired physicrl 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 hrr been notcd, and even though the same auto- 
ckve cure cycle is used. the multing laminrtrr -Y 
have d i f€mt  propcrtiu. In the cure of large complex 
shapes, dif€mncu arc found within a single production 
pnrt. The objective has been to find a controlling pa- 
rameter that producu a uniform production part and 
aaauru unifonnity from one cured production part to 
the next. Accounting for =cent gel has been found to 

Edge Structurai Subaystem (LESS). The P~OCCSS COU- 

be analytical t,ooi use611 to coitroi the curing pro- 20 
CeSA 

The pemnt gel technique provides an analytical 
method to monitor the accumulated advancement of a 
thennosetting resin. Not only does it provide a useW. 
method during autoclave cure, but it also provides a 25 
mechanism to calculate nSin advancement during 
layup. By virtue of the present invention the degree of 

mined The autoclave cure cycle hold time can be ad- 
justed to bring the production part to the selected per- 30 
cent gel point for autoclave pressure increase. This 
asauru consistent laminates from NIL to run regardless 
of the diffcrcncu in pre-autoclave histories Knowing 
the preautoclave pment geL the only mCIULUtemQlt 
required to paform this is lamiaate temperature varia- 35 
tion with clapacd time. Therefore, this technique is 
convenient to initiate since it ws existing measure- 
ments. Although the percent gel method is well suited 
for use with a computercontrolled autoclave, such 
control is not a requirement. It is equally useful for 40 

p ~ ~ - a u t o c l a ~ ~  r & ~  advanment UOW be deter- 

other autoclaves sin& the required caiculitions can te 
done manually. Percent gel. therefore, is an analytical 
tool which suma the ruin advancement from its as re- 
ceived condition until it is no longer “plastic when hot” 
and cau k 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- 

resina The technique involva determinin g by test the 
amount of (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 
controlling the rate of hrrtha time-temperature energy 

order to iDcnw 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, ruin content and porosity, in a 
production part comprising the steps of developing a 
time-to-gel equation as a function of temperature for the 
ruin to be subjected to a cure cycle in the autoclave. 

forced compo!Jite materials formed using thcrmosening 

additiolls in concert with additional processing steps. in 

45 

so 
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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 controlling 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 calculated, and controlling the operation 
of the autoclave cure cycle system in accordance with 
the percent gel parameter in order to achieve the se- 

Another feature of the present invention includes the 
autoclave control system which is fully automated and 
has input parametas of accumulated percent gel prior 
to the autochve run, the desired percent gel when the 
autoclave prcmm? is ratrzd the time-temperature pro- 
file and the autoclave pressure profile. and the process 
further includes the s u p s  of meaJuI.mg the autoclave 
pressure, air temperature. and the temperature of the 
production part during the autoclave cycle, providing 
elapsed time for calculating the percent gel and for loop 
control logic calculations, employing the percent gel 
calculations in the pruaure control logic and in the 
temperatwe 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. 1 is a graph showing the time-to-gel relationship 

for graphite fabric impregnated with HEXCEL R120 
phenolic ruin. 

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 thicknm, 
porosity, and flexure strength. 

FIG. 8 is a functional representation of a typical auto- 
clave automatic control system ming percent gel in 
accordance with the pMcip.ls and precepts of the pra- 
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 
sofiens and is pb t ic  while hot. The end of the “plastic 
while hot” phase is defmed 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 100% 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 v-g 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 

lected desired resin properties. 

c 
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E/R=2058& and 60 
rg=4.023 x 1013 EXP (-205861-r) % per minute. 
’The rateof-gel for the HEXCEL Rl2O is presented 

in FIG. 2. 

times the time. when the tempenuurc-~e history of 65 

known, these values can be combined to give rate-of-gel 
vcrsua time The area under such curve is the pacent 

Percent gel is therefore the product of rateof-gel 

the prepreg is known and the ratc-of-gel equation is 

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 ratcof-gel equation for the HEXCEL R120 resin 
shows the rate of advancement to double with every 10’ 
F. rise in tanperamre It becomes necessary then to 

matcrisl is exposed from the time it is received to the 
point of 10% gel. Whcn thc prepreg is un&r refrigera- 
tion, the advammau rate is dlieiently low that it is 
negligible. The following is a list of situations for which 

A O u t ~ a ! ~ ~  
B. CleMted temperatme pn-bleed operations, if any, 
c. hot dewk step& if any, 
D. staging tempaatmc history, if any, 
E. aptoclavc t m p c r m m b  profile. 
The amount of advancement (% gel) accumulated in 

these varioru opaationr has been found to k additive. 

lated scpwatdyand then added to the percent gel due 
to p r e b b  ecc Accounting for thse layup events 
showsthrtvariousI.m;nrtrr arrive at the autoclave at 
different degrees of ad-^ For this rreson, a set 
autockve cycle will not result in txmshent production 
parts. 

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

Percmt gel calcnlaaons ‘ for an autoclave run can be 
made using the flow chart of FIG. 3. Input rquire- 
mcll~ are the tanperptprrtime history and the percent 
gel th.t bas been accumulated prior to the autoclave 
NIL The program would set: (1) the “time increment”, 
(2) %me” e q d  to zero, and (3) the “accumulated per- 
Cent geln eqnJ. to the initial paant gel. calculations 

Based On tempaatpn, the ~ f - a d v ~ t  is thm 
C a l s  The incranmt of perant gel is calculated 

This amount of gel is added to the prtvious total to 
arrive at the conmt value If the ~~ pcnxnt 
gel is 1- th.n I-. the timt is in- by 
the time incrrment and the calculations must continue. 
when the a c c m n w  pacent gel reaches 100%. the - stop. 
Percmtgelisusedtodaarmne . thepreyweapplica- 

tion point to optimize properk for a given application. 
For example, six flat p a d s  werc fabricated wing the 
HEX- Rl;IO/ACC pnprrg( prcviouuly mentioned. 
The pmcls were stagcd to different amounts of pcnxnt 
gel prior to the autoclave run. All six p a d s  were c d  
on the SBmC platen. The percent gel analysis of the 
autoclave run is shown in FIG. 4. The initial variation in 
pacent gel was created by differential staging during 
layup. &cause of this, the panels ranged from 67% gel 
to 100% gel when the autoclave prcssun was raised. 
Thus the pre-autoclav+ history of a laminate haa an 
influence on the cured production part. The resulting 
variations in some of the properties are shown in FIGS. 
5-7. FIG. 5 shows the per ply thickness variation with 
percent gel at pressure application. This data is used to 
determine when to apply pressure to achieve a given 
thickness of laminntr. The total porosity variation with 
percent gel is given in FIG. 6, and is relatively flat from 
67% gel to 87% gel and then exhibits a sigdicant in- 
crease fhen is some scatter in the flexure strength 

Wmt for all the time-at-tcmpaanu~ .to which the 

anaa2ounthg for pacmt gd isneccssary: 

That h the penxnt gd dpe to Out time may be calcu- 

begin by finding the trmpaamn at the current time. 

by mdtqdying the rateof-gel times the time increment. 
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values of FIG. 7 which indicate a minimum value when 
the pressure is increased at 8&W% gel. 

To achieve a desired property in a production part, 
t a t  panels similar to those noted are built using the 
composite materials. The variation in properties with 
pacmt 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 
duired 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 
debdks, staging and the like yields the accumulated 
pacent gel at the start of the autoclave cure. When this 
initial value is subtracted from the daitd percmt ge! nr 
pnssure application, the amount of percent gel to be 
added in the autoclave is dcrarmned. . 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 autoclave pressure is increased. 

From the above, it should be appuent that percent 
gel is a rwful method of tracking t h e r m d g  resin 
advancement from the time the resin is received until it 
is no longer plastic when hot. The ody  measurement 
needed in order to track the accumulated advancement 
(percent gel) is the resin (laminate) temperature versus 
time. Lamhate physical properties have also been 
shown to be a function of percent gel when the auto- 
clave prcmurc is raised. Thus a d& physical prop- 

mine the pressure application point. Hence by tracking 
the accumulated percent gel during layup and cure, the 
pressure application point is duplicated from produc- 
hon part to production pmt even whm the production 
par& arrive at the autoclave at different states of ad- 
Vpnameat. 

Opaation 

thermosetting resin whose B-stage advancement is a 

hrs been daermined as a function of temperature, the 
procedure can be carried out with available time and 
temperature measurements Better control of rain cure 
is thereby provided since all of the advancement is 
monitored with set autoclave cure cycles producing 
varied results, and hence the prc-autoclave advance 
matt is the tool to render cure cycle adjustments which 
as8llrecon&ult d t r  

"Percent gel" is therefore a process control parame 
ter applicable to autoclave control in several ways. The 
tirst is to pafonn nmnd calculations during the auto- 
clave ruo 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 pruaure 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 p e n  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 rcpeat- 
able from run to tun. Since the temperature is known 
with respect to autoclave time, the Percent gel with 

erty is therefore achieved by w of pvcent gel to deter- 

The petcent gel technique is useful in the cure of my 

function Of t h e  and temperature. O n e  the the-to-gel 
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autoclave time is determined using ihe prochure of 
FIG. 3. The result is the accumulated percent gel that is 

a 
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 . p C Y ~ ~ . ~ . ~  WYWU US LUG LUUC-LCIU~CIULU~ prorue 
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 calculations 
16A are used in the pressure control logic 17 and also 
the temperature control logic 18. The production part 
temperahue control logic I9 signals the completion of 
the heating phase and the completion of the autoclave 

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. 

iZFU+ **-...-*- ...-.. Irl L- r L -  L-- ~ - - e *  

run. 

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, ruin 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 

@) 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 the-at-tempera- 

ture during the heating phase to accomplish the 
d&ed percent gel prior to initiation of the pres- 
sure increasing step; 

point in time; 
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