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ABSTRACT 

Shape memory polymer (SMP) tools that are rigid for lay-up, elastomeric for cure, and reformed 
into the inside mold line (IML) shape of the composite article between cycles. They have been 
used to control the inner geometry of composite structures. SMP tools are fabricated using resins 
formulated to have an elastic modulus that changes depending on the material temperature and 
the specific material formulation. At room temperature, the SMP tools have a high elastic 
modulus (i.e. rigid epoxy), in their rigid state, and can be used as lay-up mandrels to apply 
composite pre-preg, apply dry fiber textiles, or used as a mandrel during an overbraid process. At 
cure temperatures, SMP tools classified as bladders and cauls transition to a highly elastomeric 
state (i.e. medium durometer silicone), and when internally pressurized, transfer compaction 
force into the composite laminate to ensure good material consolidation during the cure process. 
This paper describes the application of SMP tools to the fabrication of a double I-beam 
composite design using composite pre-preg material. Part to part geometrical accuracy, part 
porosity, surface roughness, and a durability evaluation of the SMP tooling was completed after 
59 thermal and/or laminate cycles in the double I-beam configuration. 
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1. INTRODUCTION 
Air Force, Boeing, and Spintech researchers collaborated to fabricate a co-cured I-Beam 
composite structure in an environment that simulates a production manufacturing environment. 
The team evaluated I-beam structure fabrication by collating ply kits on Shape Memory Polymer 
(SMP) cauls and assembling them into a closed cavity tool to create a co-cured structure.  The 
part was cured using a Programmable Logic Controller (PLC), self-heating and self-pressurizing 
cure mold designed to support the double I-beam pre-preg preform prior to cure on three SMP 
caul tools. The SMP caul tools used in this project are rigid at room temperature and elastic at 
elevated temperature which allow them to act as a layup mandrel at room temperature and then 
during cure an elastic bladder to apply laminate compaction pressure on the part during cure. 
This paper will walk through how the I-beams were assembled, the fabrication steps, analysis of 
the parts, and assessment of the tools. The intent of this study was to characterize the usable life 
of SMP cauls acting as bladders when molding composite parts curing at 177 °C (350 °F).  
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The SMP cauls used in this application were SR160 (formerly J4) resin with high elongation 
reinforcement, a standard SMP product from Spintech Holdings, Inc. These SMP caul tools were 
reformed into the inside mold line (IML) shape of the composite article between cycles. At room 
temperature, the SMP caul tooling was used as lay-up mandrels for composite pre-preg. In other 
applications this SMP tooling has been used as a mandrel for dry fiber fabric layup or over-
braiding followed by an infusion process [1].  
 
At cure temperatures, SMP cauls that act as bladders, transition to an elastomeric state and 
transfer compaction force into the composite laminate. This ensures good material consolidation 
during the cure process. SMP cauls/tools are formulated to have a dynamic elastic modulus that 
is dependent on the material temperature and the specific material formulation. This changing of 
modulus at elevated temperatures is what allows the SMP cauls to be extracted from trapped 
tooling configurations following completion of the composite cure. However, this dynamic 
modulus is an additional process variable that needs to be characterized and planned.  

Project Goals 
The goal of the project is to quantify the reusability of SMP cauls for closed composite 
structures. This included the fabrication of co-cured closed structures in a Double I-Beam 
configuration from composite pre-preg. This part was fabricated on three SMP caul tools to aid 
in layup and control internal geometry. The SMP caul tools were exposed to 59 thermal cycles 
(TC) and fabricated 23 parts with associated serial numbers (SN). The nomenclature used in the 
remaining of the paper is SN-AA-B/TC-CC where AA refers to the part number fabricated, B is 
a dash number used for a part re-make, and CC references the number of thermal cycles to which 
each bladder was exposed.  

Evaluation Criteria  
Following the fabrication of each serial number, the part was evaluated with non-destructive 
inspection (NDI), dimensional tolerances, surface roughness, and microscopy. Each of these 
parts was fabricated on SMP caul tooling which requires reforming to a nominal inside mold line 
shape plus bulk factor offset prior to the fabrication of the next part. Following this reforming, 
the SMP caul tooling was visually inspected prior to the next use. During the evaluation, process 
flow times were recorded to identify cycle times and tasks that could benefit from parallelization.  

2. EXPERIMENTATION 

Pre-preg Material 
The pre-preg material used for this experiment was Toray’s 3900/T830H-6K PW which is a 
plain weave pre-preg with a nominal resin content of 40 %.  The test was completed using 
material within its freezer storage life but expired out time.   

Shape Memory Polymer Tools  
 
Three identical SMP caul tools were fabricated and used to maintain double I-beam IML 
geometry during the cure process. During cure, the SMP cauls also transferred pressure to the 
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pre-preg material for proper material consolidation. The SMP caul tools do not hold vacuum 
integrity so an inner nylon tube bag was used inside the SMP cauls to create a vacuum and 
pressure barrier. In other configurations, an elastomeric bladder can be used in the place of the 
nylon bag to reduce bagging and reforming times. The SMP caul tools were designed, fabricated 
and manufactured by Spintech Holdings, Inc. (Spintech). SMP material is rigid at room 
temperature but becomes elastomeric at temperatures above its specific formulated glass 
transition temperature (Tg).  Currently Spintech offers four different SMP material formulations 
[2, 3] with Tg temperatures that range between approximately 71 °C (160 °F) and 129 °C (265 
°F).  The SMP formulation used for this experiment had an initial Tg of 71 °C (160 °F). 
 
Spintech SMP caul tools (Smart Tools™) are fabricated using a trade secret fiber and fabric 
reinforcement and vacuum assisted resin transfer molding (VARTM) process that allows the 
SMP caul tool to expand up to 20 % bi-directionally when heated above its Tg and 
pressurized.  The SMP caul tools are manufactured using the VARTM process to the net inside 
mold line (IML) shape of the composite part (with bulk factor offsets if necessary). Depending 
on the part geometry complexity and the desired caul durability, the SMP caul tool is designed to 
a proper thickness, typically ranging from 1.5 mm (0.060 inch) up to 5.0 mm (0.200 inch) thick. 
The configuration used in this study had 5 plies of reinforcement with a total material thickness 
of 2.54 mm (0.100 inch). 
 
The SMP caul tool is considered a consumable, which will over time will eventually fail. 
Spintech SMP caul tools are reinforced plastic material so sharp objects, excessive heat, impact, 
aggressive solvents, and UV light were all avoided. Isopropyl alcohol is used to clean the SMP 
caul surface. Thermal degradation is also a concern. Spintech’s SMP caul tooling is 
recommended for use below 204 °C (400 °F) and prolonged exposure at elevated temperature 
will slowly degrade the polymer as well. These factors are what motivated the study for the 
durability of the Smart Tooling product.  

Polymer Reforming Tool 
The three identical SMP cauls are reformed with a metallic reforming tool. This is a closed 
cavity tool used to set the SMP caul profile between each use. This mold is sized with thermal 
expansion in mind so the SMP and metallic tooling will be at the correct geometry when the 
SMP caul cools into its layup geometry. In this test, a Delta-H walk-in oven that is capable of 
heating to 232 °C (450 °F) with a Casade proportional-integral-derivative (PID) control was used 
to heat the reforming tool followed by a fan cool. Faster reforming could be achieved with active 
heating/cooling incorporated into the tool.  

Closed Cavity Cure Tool 
The cure mold was a stand-alone, self-heating, and pressurizing metallic cure tool. The tooling 
had integrated cartridge heaters, heated pressurized air lines and regulators to control the tool 
temperature and SMP caul pressure during the part processing. All of this was incorporated into 
a closed cavity tooling approach that helped control the part height dimensional stability and cap 
parallelism. The system has the availability to set and record temperature and pressure to a 
programed value throughout the cure cycle. The system also employed a manual vacuum control 
system that was actuated by the operator at the appropriate time during the cure cycle.  
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Inspection  
The Creaform Handyscan 700 portable three-dimensional scanner and the accompanying 
VXelements/VXmodel software were used to scan and evaluate the I-beams against a profile 
tolerance of ± 1.5mm (± 0.060 inch).  
 
Non-destructive inspection was completed on all fabricated parts using pulse echo through-
transmission methods. A pane of glass was placed inside the double I-beam core as a reflecting 
surface and allowed the collection of attenuation measurements in the webs and caps of the parts. 
Radius inspection was checked on a section of the last parts using a through-transmission 
ultrasonic inspection system. Surface measurements were taken with a drag needle surface 
profilometer with three replicates taken in each direction.  

Smart Caul Forming  
The SMP caul tools are reformed after extraction from a cured composite part prior to every use. 
This is completed by heating the SMP caul tool above its Tg and applying vacuum inside of the 
SMP tool to pull the SMP against its reforming tool. During this reforming and during part 
processing, a vacuum bag is used inside the SMP caul as a gas barrier. In some instances the 
reforming tool is the same tool used in the VARTM manufacturing of the SMP tool itself. The 
reforming ensures the SMP tool is reset to the net IML geometry for the next layup.  
 
This program completed the reforming process by first heating the forming mold in an oven 
heated to 93 °C (200 °F). This reforming temperature was increased to 121 °C (250 °F) after part 
SN-6/TC-7 to removed dimpling that started occurring at this part. Following the confirmation of 
the heating using imbedded thermocouples, the reforming tool was removed from the oven. 
Before the reforming tool was allowed to cool below the SMP caul tooling Tg, the SMP caul tool 
was vacuum formed to the inside profile of the reforming mold using a nylon tube bag and bag 
seal tape. The process is shown in Figure 1. 

  
Figure 1 SMP tool placed in the SMP reforming tool (Left). SMP reforming tool bolted closed with vacuum applied (Upper Right). 
Nylon tube bag and bag seal tape compacting the SMP tool against the reforming tool during the forming operation (Lower 
Right). 

One concern during this process is cold deformation damage of the SMP caul tools. Below the Tg 
of the SMP caul tools, the SMP material cannot survive unsupported vacuum forming. During 
the durability tests a cold deformation incident occurred resulting in a crack of one of the SMP 
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cauls. This was identified as a manufacturing error and the test was able to continue with the 
damaged portion of the SMP caul located away from the composite part.   

Lay-up 
The reformed SMP caul tools were wrapped in a Dunstone, 114 cm (45 inch) FEP Shrink Tube 
(195 mm Wide, 0.05 mm Thick, Lay-flat, 10 % Shrink FEP Film). The FEP film was heated with 
a hot air gun and shrunk down until it was tightly sealed around the tools. Spintech SMP cauls 
are not inherently mold released and it is the recommendation of the manufacturer to use a film 
barrier ply release as opposed to liquid mold releases. The FEP film provided a non-stick layer to 
protect the SMP caul tool and part.  
 
Prepreg kits for each I-beam part were stored in a freezer until needed for use. Two part layup 
designs were used during the experimentation phase of this project. The first layup used a 25 % 
bulk factor for the material while the second layup used a 14 % bulk factor. This resulted in an 
additional ply of pre-preg being added on each of the ply kits used in the part assembly. It was 
identified that the initial kit design had the incorrect bulk factor after SN-17-2/TC-55. The final 
four parts were fabricated using the 14 % bulk factor. The two part layups are shown in Table 1. 
 

Table 1 Ply layups used in the durability test. 

 
 
The part was laid up in five discrete ply kits made up from a left and right hand C-Channel, O-
wrap, and two cap plies. In this process they were laid up in series but could be parallelized in 
production environments.  
 
A general set of guidelines was followed throughout the pre-preg lay-up process. No folded,  
distorted or damaged fibers were present on any ply in the layup. A ply orientation of ± 5° was 
maintained throughout the ply stack. A splice gap tolerance of +0.0/-0.5 mm (-0.00/-0.02 inch) 
was maintained for all butt splices, and plies were trimmed as needed if they were out of 
tolerance. Splice of subsequent ply layers were offset by 25.4 mm (1 inch) from the previous 
layup to prevent the stacking of ply splices through the part thickness. The layup orientation on 
each SMP caul tool was consistent for each part. The plies in the caps were debulked every six 
plies while the plies in the C-channel and O-wrap were debulked every two plies.  
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Figure 2 Layup assembly diagram for the double I-Beam. 

Four net shaped pre-preg noodles were stored in cold storage and thawed out to ambient 
temperatures before use. The noodles were compression molded from uni-directional pre-preg 
using the same resin system. Two of the noodles were aligned at the top of the part and two at 
the bottom of the part to fill the gaps between the O-Wrap, C-Channel and Cap plies.  

Assembly of Composite Laminate into Cure Mold Tool 
The ply kits were built from the bottom cap upward. Figure 3 shows the individual ply packs 
being installed into the cure tooling. The lower cap and noodles were inserted first followed by 
the 3 cap and wrap plies, and finally the upper noodles and top cap are installed. Features in the 
tooling were used to positively register and locate the noodles and SMP caul tooling and ensure 
alignment within the closed cavity cure tool.   

   
Figure 3 Assembly of the double I –Beam with the install of the lower cap and noodles ( Left), SMP tools (Middle), and upper 
noodles (right). 

Closing the Cure Mold 
The upper half of the mold cavity was lowered onto the cure tool and bolted closed, Figure 4. 
Vacuum tube bags and sealant tape were passed through the inside of the SMP caul tooling and 
sealed to the cure tooling. This configuration creates the vacuum barrier around the SMP caul 
tools and creates a pocket that is pressurized following the installation of an end cap. 
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Figure 4 Tube bag inserted into the cure tool. 

A 5 minute vacuum integrity check was conducted to ensure that a leak rate of less than 16.9 
KPa (5 inHg) drop could be achieved. All noticeable or potential leak paths were checked and 
sealed until vacuum integrity was held meeting the required specification.  
 
Following the leak test, the root and tip end plates were installed onto the mold. Finally, two 
plates connected by all thread rods the length of the cure mold were connected from tip to root 
end on the outside of the end plates used as secondary reinforcement to react the internal 
pressure. These plates were added to ensure a sufficient margin of safety during out-of-autoclave 
(OOA) pressurization. This tool had not been initially designed for OOA use.  

 Part Schedule 
The three SMP caul tools ran through 59 thermal cyclese as part of the orginal study as outlined 
in Table 2. On parts with multiple thermal cycles, the full cure cycle was completed first. The 
seconday dummy cure cyles were completed without removing the part from the cure tool and 
were used to increase the thermal cycle exposure on the SMP caul tool while minimizing the 
labor and materials required in the durability test.   

Table 2 Summary of parts and cure cycles.  

 
 
Three cure cycles were used in the durability study. These cycles were two different Full Cure 
Cycles and one Dummy Cure Cycle. The steps of the cure cycles are listed in Table 3.  

 
 



8 
 

Table 3 Cure cycle descriptions. 

Step Full Cure Cycle A Full Cure Cycle B Dummy Cycle 
1 Apply house vacuum to the part Apply house vacuum to the part Step Removed 
2 Apply 103 kPa (15 psi) to the part. Apply 103 kPa (15 psi) to the part. Apply 103 kPa (15 psi) to the 

part. 
3 Heat the part to 71 °C (160 °F)  Heat the part to 71 °C (160 °F)  Heat the part to 71 °C (160 °F) 
4 Vent vacuum Vent vacuum Step Removed 
4 Increase pressure to 310 kPa (45 psi) Increase pressure to 600 kPa (87 psi) Increase pressure to 310 kPa (45 

psi) 
5 Heat the tool to 179 °C (355 °F) at 

2.78 °C/min (5 °F/min) 
Heat the tool to 179°C (355 °F) at 
1.39 °C/min (2.5 °F/min) 

Heat the tool to 179 °C (355 °F) at 
2.78 °C/min (5 °F/min) 

6 I Increase pressure to 600 kPa (87 
psi) 

STEP REMOVED  Increase pressure to 600 kPa (87 
psi) 

7 Hold temperature at 179 °C (355 °F) 
for 140 minutes 

Hold temperature at 179 °C (355 °F) 
for 140 minutes 

Hold temperature at 179 °C (355 
°F) for 140 minutes 

8 Release pressure on the tool and cool 
to room temperature  

Release pressure on the tool and 
cool to room temperature  

Release pressure on the tool and 
cool below 93 °C (200 °F) 

 
Full Cure Cycle A was used as the baseline cure cycle. This was a derivative cure cycle from the 
Toray 3900 Resin system technical sheet [4]. The modification of heating the tool to temperature 
using 310 kPa (45 psi) was made due to concerns of the compressed air source not being able to 
maintain a sufficient flow of turbulent air through the SMP caul tools during the initial heat-up. 
Full Cure Cycle B was used after the second batch of parts were delivered from non-destructive 
inspection with high attenuation. Section 3 which follows explains the need for the second cure 
further and discusses the importance of the increased pressure during heat up as it relates to the 
pre-preg material gelation. During the study, the pressurization gas was heated compressed air 
for cures completed at Air Force Research Laboratory (AFRL) and heated nitrogen for cures 
completed at Spintech.  

2.1.1 Part Removal 
Once the cure was complete, the internal gas pressure was removed and the integrated cartridge 
tool heaters were set at 93 °C (200 °F) to return the SMP caul tooling to an elastic state for a 
heated tool extraction. This is one of the key benefits of using SMP caul tooling for co-cured or 
trapped tooling geometries. After verifying that all cauls were soft, the SMP caul tools were 
removed from the composite part in their elastic state.  

3. RESULTS 

Cure cycle Part to Part Consistency and Deviation 
A total of 23 parts were fabricated using a total of 59 thermal cycles with the SMP caul tooling. 
After SN-11/TC-14 the part quality deteriorated using the Cure Cycle A. This was identified 
after the part NDI following the cure of SN17-2/TC-55. This lead to the layup change in SN-
18/TC-56 and a cure cycle change in SN-19. The tooling design accounted for 25 % bulk factor 
in the part geometry however the material was found to have near 14 % bulk factor prior to cure. 
This required the SMP caul tooling to expand more than necessary for a production style tool. 
While the layup change improved the part quality the SN-18/TC-56 part had a sufficiently high 
amounts of porosity in the center of the caps. This led the investigation and modification of the 
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cure cycle to Full Cure cycle B. The final three parts SN-19/TC-57, SN-20/TC-58 and SN-
21/TC-59 used Full Cure Cycle B and the 14 % bulk factor layup.  

Part Non-Destructive Evaluation (NDE) 
The NDE for the parts SN-4/TC-4 through SN-17-2/TC-55 are shown in Figure 5 and Figure 6. 
The following parts marked with a “*”had vacuum pressure issues during processing: SN6/TC-7, 
SN9/TC-10, SN-10/TC-11, SN-11/TC-14, SN-13-1/TC-16, SN-14/TC-24, and SN17-1/TC-54. 
All of these initial parts used a bulk factor of 25% and Cure Cycle A. 
 

 
Figure 5 NDI for SN-4 through SN-11. SN-6, SN-9, SN10, and SN-11 had cure cycle equipment failures or vacuum leaks. 

 
Figure 6 NDI for SN-12 through SN-17-2. SN-13-1, SN-14, and SN-17-1 had equipment pressure issues during cure. Dark regions 

show high levels of porosity which was later identified to being caused by part bulk factor and part cure cycle.  

The NDI for SN-12/TC-15 though SN-17-2/TC-55 showed poor consolidation. The dark regions 
of the NDI are areas of high attenuation which correspond to high levels of porosity. This was 
validated using cross sections and image analysis described in following sections. The high 
porosity levels started a root cause investigation as these porosity levels would be unacceptable 
in a production part. As a result, the layup was changed from the 25 % bulk factor layup to the 
14 % bulk factor which better reflects the actual bulk factor for the material. It was tested that the 
increased thermal exposure from each cycle increased the Tg of the SMP tooling, roughly 11.1 
°C (20 °F) through 50 cycles, thereby keeping the SMP tool in its ridged state longer and 
reducing the force translated to the laminate before gelation. The updated cure cycle below 
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allowed the SMP tool to heat above its Tg before gelation and provided more compaction to the 
laminate during this critical portion of the cure cycle. In a production manufacturing 
environment, a tooling modification would have been made to maintain the original layup. Tool 
modifications were outside the project scope so the new layup using a 14 % bulk factor was used 
for the remainder of the test instead.  
 
The next part made, SN-18/TC-56, had much lower global porosity but had regions in the caps of 
the part with high porosity. The root cause analysis continued with a new cure cycle. The 
metallic tool used to cure these parts had cartridge heaters imbedded just above and below the 
double I-bream caps. Each of these heaters had feedback control thermocouples which were used 
to determine the amount of power supplier to each heater. The temperature logs on each of these 
feedback thermocouples showed a bi-modal distribution of heat-up rates. Two viscosity 
simulations were run using Raven [5] and an approximation of these two thermal histories.  
 
The leading thermocouples are located in the center of the tool heat up faster than the lag 
thermocouples at the ends of the tool. The heaters, thermal response, and viscosity profile are 
shown in red in Figure 7. In Full Cure Cycle A the bladder pressure is increased from 310 kPa 
(45 psi) to 600 kPa (87 psi) once all thermocouples read 179 °C (355 °F). In this temperature 
range the pre-preg gels quickly. In this cure cycle, the pre-preg located in the red region gels 
prior to the application of the full 600 kPa (87 psi) processing pressure. The lagging 
thermocouples at the edges of the tool shown in orange do not gel until after the full 600 kPa (87 
psi) is applied. This delayed gelation gives any volatiles or dissolved gas the ability to be 
returned into solution in the resin once the elevated pressure is applied. 

 

 
Figure 7 Viscosity simulation of leading (Top) and lagging (Bottom) thermocouples with NDI and Tool overlay. 
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Following the modification of the cure cycle to Full Cure Cycle B, the NDI improved to 
acceptable levels for the parts. Figure 8 shows then next two parts fabricated.   

 
Figure 8 NDI for SN-19/TC-57 (Left) and SN-20/TC-58 (Right) 

The last part evaluated was SN-21/TC-59. This part used Full Cure Cycle B and was fabricated 
from the SMP caul tools that had been thermally cycled 59 times. In addition to the cap and web 
NDI, a radius NDI was evaluated for half of the part as well. The NDI is in Figure 9. 

 
Figure 9 SN-21 / TC-59 NDI and Radius NDI 

The radius NDI analysis concluded that no bulk delamination exists within the analyzed sections. 
Areas in red would require additional investigation and comparison to a standard panel for 
further analysis or additional cross sectioning. The acreage pulse echo NDI completed in the part 
showed good part consolidation throughout the webs and caps with the expectation of a higher 
attenuation region in the cap on the far right end. The geometry of the higher attenuation is not 
indicative of porosity but a wrinkle that may have resulted in a surface effect.  

Part Surface Roughness Measurements 
The surface roughness measurements were measured three times in five locations for each part. 
The results are shown in Figure 10. The surface roughness for the parts related to the NDI for the 
part. The parts show low surface roughness through SN-12/TC-15 followed by a batch of high 
surface roughness parts that also had poor NDI. Following the layup and cure cycle update from 
Cure Cycle A to Cure Cycle B the surface roughness returned to the previously low levels seen 
at the beginning of the tests. No firm requirement was used for surface roughness but was 
viewed as a relative indicator of tool performance. The high surface roughness correlated with 
poor part quality and was seen as in early indicator of potential quality issues.  
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Figure 10 Surface Roughness on the Double I-Beam Parts 

Part Microscopy  

Cross sections were taken of a subset of the Double I Beam parts for porosity analysis. A few 
cross sections are shown of SN-4/TC-4, SN-11/TC-14, and SN21/TC-59. These were selected as 
beginning, middle and end points of the test. SN-11/TC-14 was also identified as a cliff for when 
the Full Cure Cycle A and 25 % bulk factor test was not able to produce acceptable parts.  

 
Figure 11 Cross sections of SN-4/TC-4, SN-11/TC-14, and SN-21/TC-59 

Image analysis of the cross sections showed that the SN-4 part had low levels of porosity visible 
in the cross sections. The SN-11 parts appeared to have low porosity in the web of the part but 
high levels in some of the cross sections of the top. The change in porosity levels between SN-4 
and SN-11 indicate a change in the SMP caul tooling. It is expected that the elongation or tooling 
elastic modulus had changed during the investigation. The SMP tooling continued to become 
elastic during the reforming but failed to provide the necessary compaction during processing. 
SN-21 with the modified cure cycle and layup had increased compaction pressure during the 
temperature ramp to 179 °C (355 °F). As a result SN-21 has low porosity demonstrated in NDI 
and cross sectional analysis results. It was separately tested and determined that the Tg of the 
SMP cauls had increased during the repeated thermal exposure. This increase in Tg during the 
duration of the test was the leading factor in degrading part quality using Full Cure Cycle A. 
Once the cure cycle was adjusted to Full Cure Cycle B, it was observed that the SMP caul tools 
returned to making high-quality composite articles.  
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Dimensional Accuracy 
Dimensional measurements were taken on parts fabricated with the 25% bulk factor, Figure 12. 
Parts with 14% bulk factor and Cure Cycle B were not analyzed for global dimensional accuracy. 
Most parts with nominal cure cycles fell within a ±1.5 mm (±0.060 inch) positional tolerance to 
the model. All but 2 of the parts that exceeded the profile tolerance requirement had pressure or 
vacuum issues during curing. These parts would not have passed inspection in a production 
environment. The radius of the parts was where the greatest deviation occurred and could have 
potentially benefited from a different noodle geometry or a sharper radius in those areas. If tool 
modifications had been within this project scope, these changes would have been made. 
 

 
Figure 12 Deviation Analysis 

Shape Memory Polymer Caul Integrity 
During the SMP caul tool durability testing, the tooling was able to fabricate all parts with only 
one major incident. During the fabrication of SN-13-1/TC-16, pressure was left off during the 
cure cycle. This resulted in the drooping of the SMP caul tool during the thermal cycle. Typically 
during the reforming cycle, the SMP tool is heated to its elastic state prior to the application of 
the reforming vacuum force. During this reforming cycle, SMP caul tool#1 was not at a 
sufficiently high temperature and was cold worked. At room temperature, this typically results in 
a brittle failure of the part. This SMP caul tool #1 did not fracture but the life of the tooling 
significantly deteriorated as a result of this cold working. This cold forming is not a standard 
practice and in a production environment would lead to the retirement of the SMP caul tool. In 
this durability test, the bladder was rotated to the opposite side of the part so the cold formed 
region of the tool faced away from the composite laminate and the test was continued. The aging 
and eventual failure of SMP caul tool #1 is shown in Figure 13.   
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Figure 13 Aging and cold working and aging of SMP Bladder # 1. 

Preparation and Fabrication Time Study 
The double I beam part fabrication was broken up into multiple steps. The amount of time each 
step took to complete was recorded for SN-5 though SN-17-2. The summary table is shown in 
Table 4. The largest increase in time compared to traditional manufacturing methods was during 
the reforming step. This averaged 240±30 minutes for the three bladders. This reforming process 
reformed 3 parts in serial fashion. In a higher rate manufacturing environment, three reforming 
tools with integrated heating/chilling would be used and this time would be greatly reduced. 
Similarly, the layup of the 5 ply packs could be laid up in parallel with multiple feeder lines 
instead of one person completing all of the layups in series further reducing these times.  

Table 4 Time study data summary for SN-5/TC-6 through SN-17-2/TC-55. 

 

4. CONCLUSIONS 
The SMP caul tooling used in the Double I-beam configuration completed the durability test 
after 59 thermal cycles and 23 parts. Testing was concluded after all project resources were 
consumed. The final part is shown in Figure 14. Cure Cycle A and the 25 % bulk factor layup 
were able to produce high quality parts until the SMP tooling began to age after part SN-11/TC-
14. Following this drop-off, eight more parts were fabricated before the layup was changed to the 
14 % bulk factor layup. Finally, a cure cycle modification changed the pressurization schedule 
and ramp rates to apply full pressure through the resin minimum viscosity point. Three parts 
were fabricated in this final configuration. These parts were of equivalent quality to the parts 
fabricated at the beginning of the test. 

 
Figure 14 SN-21 / TC-59 the final part fabricated in the durability test. 
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The drop in quality that occurred after SN-11/TC-14 is likely from continued crosslinking in the 
SMP tooling slowly increasing the SMP tooling Tg and modulus as it was exposed to elevated 
temperatures. This increase in Tg and modulus explains the lower compaction force that was 
transferred to the part later into the thermal ramp and prior to the resin gel resulting in high 
porosity parts. The final three parts in the test were high quality parts and show that given an 
appropriate bulk factor and cure cycle, the SMP tooling was reliable over the 59 thermal cycles. 
When using SMP cauls in production with this Toray 3900 resin system, Full Cure Cycle B 
would be recommended as it more closely reflects the manufactures’ recommended processing 
cycle. 
 
The self-heating and self-pressurizing tooling was the source of many of the low quality parts 
that were produced. Initially, vacuum seals and un-reliable pressure application resulted in high 
porosity part and in one of the more severe cases (SN-13-1/TC-16) no pressure was applied at 
all. The subsequent reforming from the far from nominal shape was when the cold forming of the 
tooling occurred as well. The risk of cold forming, if not properly trained and controlled, is a 
potential limitation of the SMP caul tooling and its longevity. 
 
In a manufacturing environment, unintentional moving or mishandling of tooling has the 
potential to reduce the life of the tooling. The SMP caul tooling itself is a consumable material 
that will need to be replaced at a defined interval. The tasks completed in this durability test 
exposed the tooling to 59 thermal cycles in a manufacturing relent environment showing that the 
tooling is robust and reusable. At the conclusion of this test, two of the three SMP caul tools 
showed only minor surface blemishes and small tears outside of the manufacturing edge of part. 
They appeared to be useful for additional cycles beyond the end of this test. The remaining 
bladder had a failure resulting from operator error that would have rendered the tooling un-
usable after SN-14/TC-24 in tooling configuration that made contact with the composite part 
where the fracture occurred.  
 
The durability testing concluded after 59 cycles. Conservatively, the SMP caul tooling is 
expected to be able to survive 50 cycles and potentially more if care is taken during the 
manufacturing process. 
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