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Abstract

Between 1998 and late 2000, Lockheed Martin Aeronautics Company conceived, designed, tooled, and fabricated
a unitized, fastenerless, all-composite vertical tail using resin transfer molding. The structure was a full-scale compo-
nent sized for realistic fighter aircraft requirements. Skins were complex mixtures of very lightly impregnated fabric
and fully impregnated unidirectional broadgoods. Under structure was formed from an array of complexly configured,
dry-braided torque tubes. Costs were collected, analyzed, and compared against the conventional approach, where
design and construction of a vertical tail requires mechanical fastening together of pre-cured skins and numerous
understructure details. The project produced three high quality fastenerless assemblies produced by resin transfer
molding. It also validated a cost savings of 61% and a weight savings of 12% from the conventional approach. At its
annual national conference in September 2001, the Composite Fabricators Association recognized this achievement
with its Process Innovation Award. This article describes some aspects of the project, with emphasis on the rheol ogical
characterization work necessary to support process model studies used to select the optimum injection sequences and
process parameters.

| ntr oduction

Pursuit of lower cost composite struc-
tures has intensified during the past de-
cade. Except for afew special situations,
pursuit of performance at any cost has
given way to maintaining performance
while delivering at lower cost.

A variety of methods have been ex-
ploited to achieve lower production costs.
The majority of methods have involved
application of refined or new manufac-
turing methods such as fiber placement
or resin transfer molding. Typically
these applications have been made for

production of specific parts. The F-22
program, for example, usesRTM to fab-
ricate over two hundred different parts
such as spars and other such individual
components. Similarly, the newly
awarded JSF program intends to use fi-
ber placement for fabrication of wing and
inlet duct skins.

In each such case, structural design
istailored to account for the mechanical
properties provided by the chosen ma-
terial after application of the chosen pro-
cess. Thickness, ply-drop locations, and

similar details are adjusted as necessary
for these properties and for nuances of
the process. Otherwise, the structural
design concept islargely independent of
the processing approach taken.

Significant production cost savings
can result from application of such new
and improved manufacturing methods.
Building individual partsby better meth-
ods does not represent a paradigm shift
in approach, however.

Under its self-funded Advanced
Affordability Initiative, AAl, Lockheed
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Martin chose to investigate new and
potentially revolutionary approaches to
very large manufacturing cost reductions.
This was perceived to require new de-
sign and assembly approaches as well
as new manufacturing approaches. As-
sembly easily can account for half of the
total cost of acompleted composite struc-
ture.

Design conceptswere studied which
could enable structural unitization: for-
mation of acompleted structural assem-
bly without drilling holes and installing
mechanical fasteners. A variety of con-
cepts were developed, studied, and
traded. From these emerged a concept
for building structures such as tails,
edges, and control surfacesthat appeared
to have potential for very large cost sav-
ings. This concept required careful de-
sign and process integration to yield
unitized structural assemblies produced
by resin transfer molding (RTM).

RTM had received increased atten-
tion recently for fabrication of aerospace
structures!3, It had been used extensively
in other manufacturing industries®. How-
ever, use of RTM typically had been ad-
dressed to substantially smaller parts,
and generally not to highly complex, in-
tegrated structural components. Never-
theless, it was concluded that a viable
structural design and manufacturing con-
cept involving RTM could produce a
large, complex, integrated structure.

Specifically, the concept that was de-
veloped involved uniting unimpregnated
or uncured external skinsusing an array
of braided torque tubes. Thetorquetubes
would be braided of dry carbon fibers,
and RTM would be used to impregnate
the braids and unite the torque tubeswith
the skins.

Small-scaletrialsusing asimple box
section validated that the concept offers
significant cost savings. Under the AAI
program funding, avertical tail structure
was chosen and used as a demonstra-
tion component. A full-scale structure
was designed and analyzed to match the
attachment and structural loading re-
quirementsfor arealistic aircraft applica-
tion. Anticipated JSF configuration and
loading requirements were used.

Full-scal etooling was purchased and
three vertical tail componentswere built
and inspected. Costs were collected and
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analyzed. These data
validated that the ap-
proach delivers large
cost savings.

In September 2001,
the Composite Fabrica- 82,257
tors Association, CFA,
recognized the accom-
plishment at its national
meeting in Florida. CFA
gaveits Process Innova-
tion Award in recognition
of the tail’s low-cost
structural simplicity en-
abled by sophisticated
design and process inte-
gration.

Design and Process
| ntegration

Design and process integration be-
gan with the structural design of thever-
tical tail, using planned aircraft attach-
ment locations and geometries and sized
to realistic flight loading requirements.
To create arealistic and relevant struc-
ture, anticipated requirementsfor the new
Joint Strike Fighter (JSF) established the
baseline.

A metal attachment structure was
planned for connection to the aircraft.
The composite tail was to be connected
to the metal attachment structure using
mechanical fasteners. Leading and trail-
ing edges also were to be attached with
mechanical fasteners. Otherwise, the
composite tail box was planned to be a
unitized structure made without mechani-

62.45” _|

Figure 1. Diagram of the JSF based design for the unitized,
fastenerlessvertical tail.

cal fasteners. Figure Lillustratesthe size
of the tail box component without |ead-
ing or trailing edges and shows the at-
tachment locations.

Torqgue tubes were selected to form
the internal structure of the tail box.
Transverse rib stiffening of the tail box
would have dramatically complicated
tooling requirements. Detailed design
studies were performed to identify ap-
proaches that would enable use of the
torque tube design approach without
having to incorporate atransverserib to
stiffen the tip of the tail box. This was
accomplished by careful tailoring of atip
“C” channel that would be used for at-
taching a closeout edge.

Skinswere made from combinations
of fabric and unidirectional materials. Fig-
ure 2 illustrates the complex design of
the skins. Skin thickness ranged from
0.845" at the root down to 0.198" at the

tip.

Figure 2. Vertical tail box skinlayout involved 32 pliesof lightly impregnated Hexcel IM7
5HSfabric and 70 plies of fully impregnated unidirectional IM7 broadgoods.



IM7 carbon fibers were selected for
the skins. For lowest structural weight,
unidirectional material was concluded to
be essential for substantial portions of
each skin.

Instead of spending time and money
to obtain a“unidirectional fabric” mate-
rial, fully impregnated unidirectional ma-
terial was selected. Fabric materials, cho-
sen for use in buildup areas, were very
lightly impregnated to provide~9%resin
content. Cytec developed a special pro-
cessto accomplishthis. Theresult wasa
fabric that had just enough tack to aid
layup with enough unimpregnated fibers
toalow resin movement duringthe RTM
process.

A critical cost driver for the program
was determined to be the preforming ap-
proach for the torque tubes. Experience
showed that prepreg cutting and plying
of torgque tubes was not a low cost pre-
forming approach and would complicate
the RTM unitization process. Although
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compatiblewith the RTM unitization con-
cept, trying to create the torque tubes
by laying up dry fabric was not an op-
tion because of the difficulty of handling,
controlling, and debulking dry material.
After reviewing anumber of approaches,
Lockheed Martin selected braiding asthe
process to form the torque tubes. Unim-
pregnated T300 carbon fibers were se-
lected for the braiding operation. Braid-
ing also was selected to form the
“noodle” or radiusfiller material. Figure
3 illustrates the relationships of torque
tubes, radiusfillers and skins.

With respect to braiding, the vertical
tail presented many new challenges due
to the requirement for constant fiber vol-
umes down the length of the narrowing
torque tubes. For some of the torque
tubes, the effective root end diameter was
five or more times the effective tip end
diameter. It was quickly surmised that
standard biaxial braiding would create an
unacceptablelevel of variationin sleeve
thickness and/or
fiber volumedueto
the severe taper of
the tubes.

Lockheed
Martin presented
this challenge to
A& P Technology.
A&PTechnology’'s
Il a r g e
MEGABRAIDERS™
(Figure 4) enabled
the use of small fi-
ber bundles to be
braided to the ap-
propriate diam-
eters and thick-
ness while still
achieving good
coverage. Numeri-
cal controlson the
braider were pro-
grammed to auto-
matically adjust
the braid angles
down thelength of
the sleeves. Asthe
diameter  nar-
rowed, this varia-
tioninangletrans-
lated into the re-
quired cured ply
thicknessof 0.014"

Figure 4. Photograph of A& PTechnology’s MEGABRAIDER™.

4

Figure5. Application of braided sleevesto
mandrels.

Figure 6. Placement of spooled triaxially
braided “noodle” filler.

and 50% fiber volume. Initial setup was
tedious due to 14 spar configurations
ranging in ply count from 2 plies to 12
plies. Each sleeve was cut to the appro-
priate length and carefully marked to
show layup direction and position.
Wooden mandrelswerefabricated to test
fit the sleeves prior to shipment.

Lockheed Martinreceived fromA& P
Technology akit of over fifty contoured
sleeves for each tail. The layup process
for thetorquetubesinvolved simply pull-
ing the sleeves over the appropriate man-
drelsto create the torque tube preforms.
Figure5illustratesthis operation.

In addition to the contoured braided
sleeves, A&P Technology supplied
braided triaxial, triangular-shaped
“noodles’ to be used as radius fillers.
Thereductionin touch labor using braid
was beyond expectations and akey con-
tributor to exceeding the cost reduction
targetsfor the program. Placement isin-
dicatedin (Figure6).

To meet both elevated temperature
performance requirements and the need
for a large processing window, Cytec’s
5250-4 bismaleimide (BMI) resin was se-
lected. After exposure to high humidity
environments, the resin can be used at
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temperatures up to 165°C. This met the
service environment requirement. A long
timetogd at temperaturesbelow 130°Cin-
dicated an acceptable processing window.

Cost risk increases as component
size, complexity, and degree of structural
unitization increases. Failure to achieve
acceptable component quality early ina
program can jeopardize chances of con-
tinuation. In difficult economictimes, fail-
ure to succeed on the first try can cause
postponement and even termination of a
program in order to shift support to im-
portant projects judged to have a higher
probability of immediate success. To re-
duce risk, accurate location of resin in-
jection ports and proper sequencing of
resin injection stepswascritical.

From the beginning, it was planned
that the finite element structural design
model would be used asthe basefor pro-
cess modeling. A key objective of such
modeling was to confirm tooling injec-
tion port locations and to develop pro-
cess parameters for resin transfer mold-
ing of the structure. Accomplishing this
required numerous transitions through
various computer model tools. Shown
below are the series of design transition
steps taken to go from the initial struc-
tural design model to the final process-
ing model.

1 Perform CAD Structural Modeling
Using CATIA

2. Cleanup into Meshable Geometry

3. ImproveMeshing Using SDROC
IDEAS

4. Establish Port NodesUsing C-VIEW

5. Set Inlet Boundary Condition Node
GroupsUsing PATRAN

6. Translate Into Computational En-
gineCodeUsing VT INFIL

7. Perform Resin Flow Maodeling Using
FlyerFlow®

8. Complete Post Processing Using C-
VIEW

e SDROCIDEASisaFEM program
providing solid model import.

* C-VIEWisaLockheed MartinAero-
nautics code providing a graphical
interface.

* VTINFILisaLockheed MartinAero-
nautics computational engine based
on FORTRAN.

e FlyerFlow®isaflow front model-
ing program used by University of
Dayton Research Institute.
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Mechanical property data already
were available from previous work at
Lockheed Martin Aeronautics. This set
of information wasadequate for the struc-
tural design work, but flow front model-
ing required rheological datato describe
the resin’s behavior during the intended
RTM process. Providing this required
extensive testing.

Experimental

Cytec'sRigidite5250-4 modified BMI
resin was obtained from the supplierina
sealed five-gallon bucket and stored in
thefreezer. A piece of resin large enough
for at least 20 rheological experiments
was chipped out of the bucket. This
sample was stored in a sealed polypro-
pylene container in another freezer. Small
pieces were broken off for each experi-
ment, and the container was returned
promptly to the freezer to minimize“ out-
time” which might interfere with the ther-
mal history of the sample.

A detailed rheological analysis of
5250-4 BMI resin was completed using a
Rheometrics Dynamic Analyzer RDA I,
Rhesource Series steady shear rheom-
eter. Therheometer was equipped with a
precisely controlled oven so that sample
temperature could be carefully controlled.
Initial experimentsweredonewith 25 mm
paralel plates, but it was found that a
better response could be obtained using
50 mm parallel plates. Most of the data
were collected using the 50 mm parallel
plates. The oscillatory frequency was 20
Hz and the strain level was 10-50% de-
pending upon the temperature of mea-
surement. At lower measurement tem-
peratures the viscosity of the resin was
relatively higher and astrain of 10% was
sufficient to generate ameasurabl e rheo-
logical response. At higher measurement
temperatures the viscosity of the resin
wasrelatively lower and agreater strain
was required to generate a measurable
response.

The first rheology experiment was
measurement of complex viscosity dur-
ing a dynamic temperature sweep from
190°F to 390°F at 5.4°F/min. Thisexperi-
ment was designed to gain ageneral un-
derstanding of the “process window” of
the BMI resin. The results from the dy-
namic temperature sweep also provided

important data for selecting the param-
eters of subsequent investigations. The
next rheology experimentswere aseries
of isothermal measurements at specific
temperatures within the “process win-
dow” to more carefully examinetherheo-
logical processing behavior of 5250-4
BMI resin.

A series of isothermal rheological
measurementswere made at temperatures
of 217°,238°,248°, 275°, 284°, 293°, 302°,
320°, and 350°F. In order to most pre-
cisely measure the isothermal response
of theresin, the parallel plates of therhe-
ometer oven were preheated to the de-
sired measurement temperature. Thenthe
oven was opened and the sample of resin
was quickly placed between the parallel
plates. The plates were moved together
to agap setting of approximately 1.0 mm
and the excessresin waswiped away with
alint-free lab wipe. The oven was then
closed and the experiment was started.
The duration of the isothermal hold was
dependant upon the measurement tem-
perature. In general, the duration of ev-
ery experiment waslong enough to allow
the complex viscosity to increase above
10,000 cp. The thermal response of the
resin was measured using a Perkin EImer
Differential Scanning Calorimeter model
DSC 7 with standard aluminum pansina
nitrogen atmosphere. Cure kinetics of
samples of 5250-4 resin were examined
by DSC under two different thermal
cycles: (i.) dynamic scan 212°F to 752°F
at arateof 18°C/min (ii.) isothermal hold
at of 266°F for 193 minutesfollowed by
rapid cooling to room temperature, then
dynamic scan of 212°F to 752°F at arate
of 18°C/min.

Discussion

The first experiment was measure-
ment of complex viscosity during a dy-
namic temperature sweep from 190°F to
390°F at 5.4°F/min. Thisexperiment was
designed to gain a general understand-
ing of the“processwindow” of the BMI
resin. The results from this experiment
are shown in (Figure 7) as complex vis-
cosity vs. temperature. As seenin (Fig-
ure 7), the complex viscosity islessthan
1,000 cpinthetemperaturerange of 210°F
to 375°F, and lessthan 100 cpinthetem-
perature range of 280°F to 365°F, how-
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5250-4 BM| Dynamic Temperature Sweep
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Figure 7. Complex viscosity of 5250-4 BMI resin during
dynamic temperature sweep.
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Figure 8. Isothermal complex viscosity of 5250-4 BMI
resin at temperatures 275° - 350°F.
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Figure 9. Isothermal complex viscosity of 5250-4 BMI

resin at temperatures 218°-284°F.

ever the viscosity increases rapidly at temperatures
above 350°F.

For the RTM resin flow process 10,000 cp was
used as an upper limit in viscosity for RTM flow in a
compacted carbon fiber preform. Thislimit is consid-
ered to be conservative since Loos and Springer used
100,000 cp asthe“gel point” for the compaction flow
of AS4/3501-6 prepreg®. Theresultsfrom the dynamic

6

temperature sweep were used to define the general “ process window”
for the 5250-4 resin system. From the results shown in (Figure 7) it
appears that the temperature of the resin must be at least 210°F to
begin aresin injection procedure. Although the dynamic nature of the
experiment does not allow conclusions to be made on the optimum
processing temperature because thermal history varies, it can be seen
in (Figure7) that the complex viscosity reachesaminimum vauearound
HA5°F

Theresults from the dynamic temperature sweep provide impor-
tant data for selecting the parameters of subsequent investigations.
The next rheol ogical experimentswere aseries of isothermal measure-
ments at specific temperatures within the “process window” to more
carefully examinetherheological processing behavior of 5250-4 BMI
resin. A series of isothermal rheological measurements were made at
temperaturesof 217°, 238°, 248°, 275°, 284°, 293°, 302°, 320°, and 350°F.
The results from the isothermal hold experiments at temperatures of
275° and greater are shownin (Figure 8).

The complex viscosity increases during the isothermal experi-
ments, as shown in (Figure 8). At 350°F, the complex viscosity very
rapidly exceeds 10,000 cp. At 275°F theincreasein complex viscosity
ismoregradual and allowsfor aprocessing duration of approximately
8000 seconds (133 minutes). An analysis of how the rheological prop-
erties are affected by the curing reaction will be used to develop the
mathematical rheological model in afollowing section.

Figure 9 shows the complex viscosity of 5250-4 BMI resin mea-
sured at isothermal temperatures of 218°, 240°, 248°, 275° and 284°F.
Asseenin (Figure9) theinitial complex viscosity isgreater for lower
temperatures, however theincreasein complex viscosity isvery gradual.
The*" processwindow” isapproximately 20,000 seconds (~5 1/2 hours)
at anisothermal temperature of 238°F. Thistime duration issuitablefor
the RTM fabrication of the vertical tail component.

The isothermal rheological datais very useful for selecting pro-
cesstemperaturesfor the RTM fabrication procedure. However, amore
detailed analysisis necessary for the purposes of modeling the RTM
flow process. Thevertical tail component isan extremely complex ge-
ometry structure. Therefore, it isdesirableto mathematically model the
flow process so that process conditions such as specific local tem-
peratures, locations of injection inlets and exit vents can be deter-
mined with confidence. The RTM flow models require amathematical
model describing the viscosity of the resin as a function of thermal
history. The isothermal rheology data was used to develop the math-
ematical rheological model asafunction of time and temperature. The
kinetics and the rheology of the resin system are both time/tempera-
ture dependant. At very low molecular weights, the viscosity of a
polymer melt is proportional to the molecular weight®. One can assume
that the molecular weight is within this range for the low viscosities
required for RTM processing. Since the molecular weight isalso pro-
portional to the extent of reaction’, it follows reason that the viscosity
measurements should provide avery good representation of the reac-
tion kineticsin the low viscosity region.

As mentioned earlier, 10,000 cp is defined as the upper limit of
viscosity for RTM flow process. The extent of reaction, represented
by “o” isakinetic term typically defining the progression of acuring
type reaction from an arbitrary beginning state (o. =0), to an arbitrary
state of cure completion (o. = 1). By defining 10,000 cp as the upper
limit viscosity this also definesacondition for o. =1. For the purposes
of the RTM processthisisthe most important extent of reaction. There-
fore, the kinetic behavior up to this point is of most interest. The
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complex viscosity was normalized with respect to this upper
[imit (10,000 cp) which essentially converts the complex vis-
cosity datato ameasurement of extent of reaction.

Representative data shown in (Figure 10) for the 302°F
isothermal condition isthen plotted asIn (o) vs. time. Thedata
was truncated to include only the extent-of-reaction dataup to
the condition of o =1.0. The curve becomes linear with a con-
stant slope at time greater than 2400 seconds. At times less
than 2400 seconds the data suffers in accuracy of measure-
ment due to viscosities below the lower detection limit of the
rheometer.

Thelinear region is most meaningful for modeling the be-
havior during the RTM process because it describes the rheo-
logical behavior of the resin as the complex viscosity ap-
proaches and passes though the upper limit viscosity of 10,000
cp. A linear expression wasfit to theln (o) vs. timedatain the
region of constant slope, asseenin (Figure 11). A linear regres-
sion was used to find the slope and intercept for each isother-
mal experimental dataset. The datafrom theseregression analy-
seswerethen plotted vs. absol ute temperature to determine an
empirical expression that could be generally applied to viscos-
ity predictionsof 5250-4 BMI resinwithin thetemperaturerange
suitablefor RTM flow processes. The datafrom theregression
analyses of slope and intercept are shown in (Figure 11).

The regression slope data were plotted on alog scale vs
time and another analysisyielded the empirical expression:

r= 2X10 -17 e0.0773T [1]

where r is the regression slope data and T is temperature in
Kelvin,

The regression intercept data were plotted vs. time and a
regression analysisyielded the empirical expression:

q=02348T-86.803  [2]

Finally, from these expressions, the extent of reaction can
be calculated empirically using:

o=ed—r [3

wheretistimein seconds. Of course, since the extent of reac-
tionisproportional to the complex viscosity, the viscosity can
be calculated by multiplying aby 10,000. Thisempirical model
was used to predict the viscosity of 5250-4 BMI over arange
of isothermal hold temperatures to validate the model. Figure
12 showsacomparison of model predictionsto actual complex
viscosity datafrom threeisothermal conditions (320°, 284° and
238°F). In general, there is good agreement between experi-
mental data and predictions at all temperatures suitable for
RTM.

The accuracy of the empirical model suffers slightly at
small timesfor temperatures|ower than 230°F. For these condi-
tions, the model initially predicts negative extent of reaction
duetoarelatively highinitial complex viscosity. However, this
minor error effectsviscosity predictionsat small timesand for
the purposes of modeling the RTM process for 5250-4 BMI,
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Linear regression analysis for data collected at 302°F

In (o)

y=0.0036x-12.368

0 1000

2000 3000 4000

time

Figure 10. Plot of In (o) vs. time for 302°F isothermal data show-
ing alinear regression analysis of the most significant region of the
curve for RTM flow model development.
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Figure 11. Regression analysis data vs. absol ute temperature fit to
expression.
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238°F isothermal conditions compared to predictions of empirical
rheological model.



accurate results for small times are not
as important as accurate results at large
times, especially times approaching the
completion of the mold filling process.
Nonetheless, these problems were ad-
dressed in the finite element code for
modeling the RTM flow process. When-
ever a negative extent-of-reaction was
calculated for a given time segment, the
incremental changein total extent of re-
actionwasset to zero. Thisempirical rheo-
logical model was used infinite element
analysisfor predictive flow modeling.

Thermal Analysis of 5250-4
BMI Resin

Thethermal response of 5250-4 BM |
was studied using Differential Scanning
Calorimetry (DSC). DSC measurements
were madein triplicate and the averages
of important thermal response data are
shownin Table 1.

The thermal response of the first
sample of “as received” resin was used
asabaselineto measure the heat of reac-
tion for full cure. The resin sample with
thethermal history of 266°F for 193 min-
utes represents an important condition
for the RTM process which has a cal cu-
lated extent of reaction of 1.0 from the
empirical model described above. It was
intended to also measure the viscosity
at the 266°F isothermal condition to
verify aviscosity of 10,000 cp after 193
minutes. However, the Rheometrics in-
strument had an oven failure before this
data could be collected.

The DSC scanswereall neat and free
of unexplained exotherms or endotherms.
The thermal response data were all re-
producible and the averages of the data
shown in Table 1 represent the raw data
very well. Thevalues T1 and T2 are the

temperaturesthat the Perkin Elmer analy-

sis software selected for the starting
point and end point of the exothermic

peak, respectively. The value T peak is
the temperature for which the exotherm
reached amaximum value. Thevalue .H
is the exothermic heat normalized by
sampleweight that istypically described
asthe* heat of reaction”. The Onset Temp
isthetemperature sel ected by the Perkin
Elmer analysis software from the tangent
of the front leg of the exothermic peak
extrapolated to the peak baseline.
Thevaluesfor T1, T2,and T , are
all quite consistent for samples (1.) and
(ii.). Themost significant information from
the DSC dataisthe heat of reaction, AH.
Sample (i.) is considered to be the base-
line condition with no progression of
cure. From the discussion in the previ-
ous section, the kinetic extent of reac-
tion, g, is zero. Therefore, the total heat
of reaction to fully cure 5250-4 BMI is
227.0 Jg. For sample(ii.) the heat of reac-
tionis 183.3 J/g. Using the equation:

extent of cure=[AH(i) —AH(ii)] / AH(i)
(4]

the calculated kinetic extent of full cure
for sample (ii.) is 14.6%. It: should be
noted that this extent of cure is defined
differently that the extent of reactionin
the previous section. The extent of reac-
tion fromthe previous section was strictly
based on the completion of reaction
whichwould result in theviscosity reach-
ing the maximum allowabl e viscosity for
the RTM process. The extent of cure de-
fined here by the thermal response data
is representative of the more traditional
definition.

A more complete study, which was
not possible under this program, would
include DSC measurements for samples

Table 1. Thermal response datafrom DSC scans of 5250-4 BMI samples.

(i.) asreceived (ii.) after 266°/193 min
T,(°F) 329 K<k
T,(°F) 630 639
T (P 502 502
AH (Jg) 2147 1833
Onset Temp (°F) 30 406

throughout arange of extent of reaction
values. Thisdatacould be correlated with
the rheological measurements and pre-
dictions of cure kinetics to validate the
assumptions of the theory.

RTM Fabrication of Vertical
Tail Component

Threevertical tail componentswere
made under this program. Thefirst wasa
tool-proof article with fiberglass skins
and carbon fiber spars. The second and
third articleswere made entirely with car-
bon fiber reinforcement.

Labor hourswere recorded for each
of the all-carbon components, and mate-
rials costs for each were added. Total
costs were calculated and analyzed for
comparison against the conventional
baseline approach to vertical tail design
and fabrication. After minor trimming and
inspection, each tail was dimensionally
measured and weighed. Inspection was
made using Lockheed Martin’snew La-
ser Ultrasonic Inspection System, and
dimensionswere measured using alaser
based inspection setup. Quality was
found to meet all requirements.

Weight of the completed tail was
found to be 12% less than that of a con-
ventionally designed and assembl ed tail.
Although weight savings was not an
original objective of the project, it had
been determined that elimination of me-
chanical fastenersand improved unitiza-
tion efficiencies from the torque tube
unitizing approach would enable lower
weight.

Reduced cost was the original ob-
jective, and the results measured ex-
ceeded original project expectations. A
net cost reductionat T, of 61% wasvali-
dated.

Conclusion

Rheological characterization of 5250-
4 BMI resin was used to devel op an em-
pirical model for predicting theresinvis-
cosity in the regions of time and tem-
peraturesignificant to the RTM process.
Thismathematical model wasusedin fi-
nite element simulations of the process
to define process conditions such as lo-
cal temperatures, inlet locations, vent |o-
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cations and injection sequences. The
simulation modeling was critical to the
successful fabrication of the full scale,
unitized vertical tail. Completeresinin-
fusion with no dry spots detected was
accomplished for all three articles that
weremade. NDE evaluationusingthe LM
Aero Laser UT system verified a high
quality part.

Analysisof material and |abor costs
confirmed that the chosen design and
process approach offers great benefits.
Total cost was compared against conven-
tional fabrication of atail box using me-
chanical fasteners to unite individually
fabricated skins and understructure de-
tails. The measured results validated a
61% cost reduction for the assembled tail
box.

Successful fabrication of the verti-
cal tail using an RTM processisan “in-
dustry first” for a unitized, fastenerless
structurethislargein size and with such
acomplex design. Thisproject represents
cutting edge manufacturing technology
development for the RTM process. The
accomplishment has been recognized by
the Composite FabricatorsAssociation’s
Process Innovation Award, presented in
September 2001 at itsnational meeting in
Tampa, Florida.
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