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ABSTRACT 

Additively manufactured (AM) tooling has been shown to reduce cost and time in composite 
fabrication.  However, AM tooling suffers from high, anisotropic thermal expansion that makes 
molding high accuracy composite parts at high temperatures very difficult.  This is especially true 
for large structures with high aspect ratios and complex surface features.  This paper discusses a 
new approach to overcome this challenge and allows AM tooling to be used in previously 
infeasible applications.  A sandwich tool approach, made with a combination of a polymeric AM 
core and conventional tooling prepreg facesheets, was used to take advantage of the inherent 
strengths of each material while offsetting for the weaknesses.  This approach was ultimately 
demonstrated on a multi-piece C-spar tool in support of an Airbus tooling development program.  
The tool exhibited isotropic thermal expansion that was nearly equivalent to that of invar at 180 
degrees Celsius in both the x and y direction.  The tooling was shown to be durable and 
dimensionally accurate through more than ten autoclave cycles. 

1. INTRODUCTION 
The commercial aviation industry has relied on composite materials for over 30 years.  Although 
their use was limited upon their inception, there are aircraft in the skies today that have over half 
of their structure made using composite materials.  Airbus’ A350 XWB is a prime example.  These 
materials are also being used in larger, more critically loaded components as composite material 
and processing technology continue to evolve.  The wings of the A350 XWB are made from carbon 
fiber composite laminates.  Measuring 32 meters long and 6 meters wide, these are among the 
largest composite structures ever made for commercial aviation [1]. 

While there are many advantages to composite aerostructures, they come with significant 
investment, particularly in regard to tooling.  Traditional carbon/epoxy prepreg requires tooling 
able to survive 180 oC through hundreds of cure cycles while maintaining dimensional stability.  
Matching the thermal expansion of the tooling to the composite material, which in the case of 
carbon composites is almost zero, is also critical for hitting dimensional tolerances.  Invar or 
composite tooling is mostly used to meet these requirements, but both are extremely expensive 



 

and can have very significant lead times.  Steel may be used to help lower cost, but its higher 
thermal expansion limits its application. 

Additive manufacturing (AM) is a relative newcomer to composite tooling, but it is proving to be 
a viable option for lowering tooling costs and lead times.  The United States Air Force, for 
example, has sponsored numerous studies proving the effectiveness of AM tooling and continues 
to support such efforts [2] [3].  The commercial sector has also publicized multiple AM tooling 
efforts, showing significantly reduced costs and lead times [4] [5]; however, to date, no AM tool 
has fully addressed the need for low, isotropic coefficient of thermal expansion (CTE) at elevated 
temperatures.  Without this trait, tool sizes and geometries will always be limited.  Larger tool 
sizes will suffer from higher dimensional error at cure temperatures.  Using a compensation value 
to design out the error in tools addresses some of the concern, but this approach is ineffective in 
female cavity tools or with parts containing trapping features down the length.  Tool expansion 
and contraction will damage parts with these geometries during thermal cycling.  Also, highly 
anisotropic CTE values, with are the norm for AM tools due to feedstock filler alignment during 
extrusion, make determining a correct compensation value very difficult and prone to error. 

Much work is being done in the industry to address the CTE concern.  Feedstock development, 
hardware changes to the AM equipment, and modeling efforts to better predict complex tool CTE 
are ongoing, but none of these have fully addressed the issue.  The study presented in this paper 
takes a different, more brute force approach.  A hybrid tool construction is used that begins with 
an AM shell structure printed net shape to the final part.  The AM shell is laminated with a 
conventional tooling prepreg, which is then cured and machined to final shape.  The AM shell 
allows for a “tool-less” lay-up of the tooling prepreg.  The prepreg provides a more durable and 
nonporous surface as compared to the AM shell, and it also physically restrains the AM core from 
expanding at temperature.  The end result is a tool shown to exhibit invar-like CTE values 
isotropically across the tool face at a significant cost reduction as compared to traditional tooling. 

2. EXPERIMENTATION 
2.1 Geometry 
2.1.1 Tool Geometry 
For this study, a c-spar from an Airbus tooling development program was selected as an ideal 
candidate to investigate this tooling approach.  The c-spar is over 10 meters in length.  A 
representative 3 meter long demonstrator of the c-spar was used to better match facility 
capabilities. 

A female tool was selected so that the critical part surfaces were hard-tooled surfaces.  The spar 
caps had a slight inward angle that would create a negative draft and tool lock condition in a single 
piece tool.  This necessitated a split tool design.  

2.2 Materials 
2.2.1 AM Feedstock 
SABIC provided the AM feedstock used in this project.  A 20 % carbon fiber-filled polyetherimide 
(PEI) (Thermocomp™ EX004EXAR1 Ultem®) was selected due to the researchers’ familiarity 



 

with the material and its proven ability to withstand typical autoclave cure cycles when used in 
composite tooling. 

2.2.2 Tooling Prepreg 
Hexcel’s Hextool™ M81 epoxy tooling prepreg was selected for lamination of the AM shell.  The 
material is a 2000 grams per square meter mat made of chopped carbon fiber impregnated with 
Hexcel’s 8552 toughened epoxy system.  The material boasts nearly isotropic properties that 
allows for post-machining without tool movement due to residual stress relief.  It is a proven 
material for composite tooling.  A bismaleimide matrix version of Hextool is also available, but 
with the limited expected lifespan of this tooling, the extra cost for this material was deemed 
unwarranted. 

2.3 Equipment 
2.3.1 Additive Manufacturing Equipment 
Cincinnati Incorporated’s (CI) Big Area Additive Manufacturing (BAAM) 1000 equipment was 
used in this study to print the thermoplastic composite tooling (Figure 1).  BAAM was the first 
among the large format additive manufacturing (LFAM) platforms now on the market, and it has 
been used for countless aerospace tooling demonstrations.  BAAM printers at CI (Harrison, Ohio) 
and Additive Engineering Solutions (AES) (Akron, Ohio) were used during this program. 

 

 

Figure 1. Cincinnati Incorporated's Big Area Additive Manufacturing printer 

2.4 Coupon Fabrication and Testing 
2.4.1 Fabrication 
Initial modeling and hand calculations predicted that five plies of Hextool on each side of the AM 
shell would be sufficient to restrain the thermal expansion of the tool to a target range of less than 
6 ppm/  oC.  Two coupon panels measuring 150 mm by 150 mm were cut from a larger BAAM 
print.  After preparing the panel surfaces for bonding, both panels were laminated with Hextool.  



 

One panel was laminated with five plies and the other was laminated with 6 plies.  Both panels 
were cured according the Hextool M81 datasheet [6]. 

2.4.2 Testing 
After curing, holes were drilled into the four corners of each coupon panel (Figure 2).  Precision 
metal dowels, measuring 4.5 mm in diameter, were installed in the holes.  A handheld caliper was 
used to measure the distance between the dowels in the x and y direction.  After recording these 
values, the panels were soaked in a 180 oC oven until the panels had reached steady state, as 
determined by an attached thermocouple.  The panels were removed individually from the oven, 
and the distances between the dowels were quickly measured again while the panel was hot.  This 
process was repeated with a 150 mm by 150 mm BAAM print without tooling prepreg as well.  
Once cool, the panels were inspected for signs of delamination, but none were found (Figure 3). 

 

Figure 2. Test panel with Hextool lamination and metal dowels installed.  Y-direction is the 
printed in-flow direction, while the x-direction is the printed cross-flow direction. 

 

 

Figure 3. Cross section of laminated test panel after thermal cycling.  Y-direction (in-flow) is 
into the page.  X-direction (cross-flow) is labeled.   

 

Using Equation 1, the CTE in the x and y direction of each panel was calculated.  These are shown 
in Table 1.   
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Table 1. CTE values for test panels 
 

 
 
 
As can be seen, the CTE difference between the x (cross-flow) and y (flow) direction is an order 
of magnitude different in the as-printed panel.  This confirms the high anisotropy expected in the 
AM shell that results from fiber alignment during printing.  The CTE in the cross-flow direction 
is almost equivalent to the base polymer since there is almost no carbon aligned to that direction.  
After laminating with Hextool, the CTE in both directions drop, but the cross-flow direction 
drops significantly more at almost 90 % since it had such a high starting value as compared to 
the Hextool.  The panel with six plies of Hextool provides a CTE in the flow direction of 2.4 
ppm/ oC and in the cross-flow direction of 5.4 ppm/ oC.  By comparison, invar tooling exhibits a 
CTE of approximately 2 ppm/ oC.   

2.5 Sub-scale Fabrication and Testing 
2.5.1 Design 
A 0.6 meter tool was designed using a subsection of the C-spar geometry.  The tool, shown in 
Figure 4, was split to allow for demold of the negatively drafted spar caps.  An o-ring groove was 
added at the split line to interface with a surface bag to seal the tool during use. 
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Figure 4. Subscale tool model 

2.5.2 Fabrication 
After validating at the coupon level that the tooling approach would successfully lower the CTE 
of the tool and survive thermal cycling, fabrication efforts moved to a subscale tool measuring 0.6 
meters.  For ease of manufacture, the preferred printing direction for the AM shell was a vertical 
build.  At the subscale level, this was not a concern.  However, a full-scale tool could not be printed 
to its full length in this orientation.  The research team elected to split the tool down the length so 
that a method of bonding the tool could be established at the subscale level.  The tool was also 
split into left and right sections to allow for the undercut issue mentioned in Section 2.1.1. 

The tool sections were printed back-to-back to be more efficient during the print (Figure 5).  After 
printing, the pieces were cut and the two right sections were bonded together (Figure 6), followed 
by the two left sections.  Loctite EA9394 (Henkel) epoxy adhesive was used for the bonding. 

 



 

 

Figure 5. Both sections of right half of the subscale tool BAAM print.  Red lines denote cut lines 
after printing. 

 

 

Figure 6. Right half of BAAM print after bonding 
 

After bonding, each tool half was laid up with Hextool without any machining of the BAAM print.  
Avoiding this machining operation was deemed critical for achieving the tool cost and lead times 
needed to make this tooling approach an attractive alternative to conventional tooling.  The 
backside of the tool, which would remain unmachined, was laid up with 5 plies of Hextool.  The 
top side was laid up with 9 plies to allow for extra material to be removed during machining.  Hot 
debulks (one hour soak at 93 oC) were preformed after ply 1, ply 4, and ply 7.  The pregreg was 



 

cured using the “High Temperature/Standard” cure cycle provided by Hexcel (ramp to 120 oC, 
hold for 60 minutes, ramp to 177 oC, hold for 120 minutes with 690 kPa pressure). 

After cure, the tool was sent for machining (Visioneering in Auburn Hills, Michigan).  Pre-
machining inspection indicated a risk of cutting into the core if a full surface clean-up was done 
due to thin areas in the prepreg facesheet.  These areas were primarily isolated to the male radii 
and were a result of pressure intensification that thinned out the prepreg during cure.  The decision 
was made to machine as deep as possible without risking a punch-through of the laminate.  After 
machining, the areas that were not fully cleaned up were filled in with a high temperature tool 
filler and reworked to get the desired finish. 

2.5.3 Testing  
The finished tool was probed with a FARO arm at room temperature to determine overall length 
and width at four discrete pick-up points.  The tool was then placed in a 180 oC oven and allowed 
to soak until reaching steady-state.  It was removed from the oven and the four pick-up points were 
quickly probed to determine the tool’s length and width at elevated temperature.  The tool was also 
inspected for physical damage, most notably delamination between the face sheets and core, of 
which, none was found.  The two sets of measurements allowed for the change in width and length, 
and subsequently, the linear coefficients of thermal expansion, to be calculated.  

A leak check was performed on the tool.  Initially, a surface bag was applied that tied into the 
silicone o-ring cordstock seal at the mating surfaces between the two tool halves.  The tool 
exhibited excessive vacuum loss, and it was determined, through the use of dye penetrant, that the 
leak was across the cordstock.  Given time constraints, the decision was made to envelop bag the 
entire tool and improve the cordstock seal at a later date. 

A section of the C-spar lay-up was applied to the tool surface.  Unidirectional carbon fiber/epoxy 
prepreg (M21E/34%UD194 IMA12k, Hexcel) was laid up across the tool surface with a ply drop 
at the midpoint of the tool.  The root section of the lay-up was 54 plies while the tip end reduced 
to 38 plies.  The ply distribution was as follows: 0 deg = 26%, +/-45 deg = 48%, 90 deg = 26%.  
The part was debulked and cured according to Hexcel’s M21 datasheet [7].  It demolded easily 
from the tooling (Figure 7). 

 



 

   

Figure 7. C-spar laminate laid up on tool (left) and after demold (right) 
 
After cure, the part was demolded and the tool was subjected to further cycling to test durability. 
The tool was vacuum bagged (without prepreg) and cycled in an autoclave so that it experienced 
the same ramps and high temperature soaks that would be present during actual part cures.  A 
pressure of 690 kPa (100 psi) was maintained on the tool during the cycling.  Ten total cycles were 
ran.  A second C-spar lay-up, identical to the first, was fabricated on the tool at the conclusion of 
the “dry” cycles.   

A vacuum leak check was redone on the tool at this point, with the goal of improving the mating 
flange seal so that a surface bag could be used.  This was especially important in advance of 
fabricating a full-scale tool.  The o-ring cordstock was increased in size from the designed-for 5.33 
mm diameter stock to the next bigger stock size of 5.7 mm.  The material was also switched to 
Viton® to improve the adherence of the vacuum tape to the cordstock.  These changes resulted in 
a leak rate of less than 3.4 kPa (1.0” Hg) in five minutes and gave assurance that with these 
modifications, a full-scale tool would also seal well. 

2.6 Full-scale Fabrication 
2.6.1 Design 
A full-scale, 3.3 meter tool was designed using the entire geometry of the C-spar (Figure 8).  The 
same design methodology used for the subscale tool was repeated, although a few additions were 
included.  First, scribe lines were added to denote the end-of-part (EOP) of the cured C-spar.  A 
double o-ring groove was added to give additional confidence in achieving a good seal in the 
finished tool.  Alignment pins were added on the mating flange to drive repeatable alignment 
between both tool halves.  Lastly, 6.35mm (0.25in) bushings were added on the top flange of the 
tool halves (four total).  During fabrication, plates stamped with the actual center locations of these 
bushings would be adhered to the tool to aid in tool alignment during part lay-up, as well as serve 
as pick-up points for confirming tool CTE. 



 

 

Figure 8. Full-scale C-spar tool design 

2.6.2 Fabrication 
The full-scale tool core was printed in two pieces, split at roughly the midspan, to accommodate 
print height restrictions on the BAAM printer.  The left and right half was combined into a single 
print for each of the two pieces to allow for more efficient printing.  The two pieces were bonded 
together with Loctite EA9394 and clamped together with pipe clamps prior to cutting out the left 
and right halves (Figure 9).  After the adhesive had set at room temperature, the left and right 
halves were cut apart to accommodate for the parting line on the final tool. 

 

Figure 9. Full-scale tool, clamped for bonding.  Red line denotes split line, cut after bonding. 
 

The two tool halves were scanned and the surfaces were compared to CAD to confirm that the 3D 
structures hadn’t sprung out of shape when cut out of the main structure.  Both tool halves showed 

Left 1 

Left 2 
Right 2 

Right 1 



 

isolated areas of excessive movement.  These areas were locally heated with a heat gun and 
manipulated so that they better conformed to the original design intent. 

The two halves were laid up with Hextool prepreg, with a slight modification from the subscale 
tool.  The prepreg was redistributed so that four plies were added to the backside and 10 plies were 
added to the topside (layup side).  In addition, an extra strip of prepreg was added on all male radii.  
These two modifications allowed for more face sheet thickness on the tool surface for machining.  
As before, hot debulks were done after plies 1, 4, and 7, and the tool was cured using the “High 
Temperature/Standard” cure cycle. 

After cure, the tooling surface was machined to meet geometric tolerance and surface finish 
requirements. 

3. RESULTS 
3.1 Sub-scale Test Results 
The completed tool was inspected with a CMM probe to confirm that the required profile tolerance 
was achieved.  A machined surface of + / - 0.25 mm (0.010”) from nominal was confirmed on the 
layup surface (Figure 10). 

 

Figure 10. CMM scan map of subscale tool showing deviation from CAD model (shown in 
inches) 

 



 

In addition to a profile scan, the location of four pick-up points located in each corner of the top 
flanges were measured at room temperature.  After heating the tool to 180 oC, these pick-up point 
locations were measured again while the tool remained hot.  These measurements were used to 
determine the tool expansion in the x and y direction as a result of temperature (Figure 11), and 
subsequently, the linear CTE of the tool in both principle directions.  Down the length of the tool, 
the CTE was calculated to be 2.9 ppm/ oC, while the calculated CTE in the transverse direction 
was 6.0 ppm/ oC.       

 

Figure 11. Tool expansion as a result of heating from room temperature to 180 oC (shown in 
inches). 

 
The transverse direction of the tool was also the flow direction of the underlying BAAM print.  
The unreinforced BAAM print was shown to have a CTE of 5.8 ppm/  oC, already less than what 
was being measured on the actual tool.  It is suspected that residual stresses in the tool were 
causing a springback condition, causing the top flanges to move further away from each other.  
This artificially inflated the calculated CTE value in this direction.  The actual transverse CTE is 
expected to be 3 ppm/ oC or lower, although this has yet to be tested. 
 
No delamination or other physical damage was identified at any point during the thermal cycling 
of the tool.  A surface scan of the tool prior to fabricating Part 1 was compared to a scan of the 
tool after fabricating Part 2 (Figure 12).  After 12 cure cycles, the tool was shown to have moved 
less than + / - 0.125 mm (0.005”). 
 



 

 
 

Figure 12. Comparison scan of subscale tool surface before and after 12 thermal cycles.  Green 
shading indicates permanent movement between cycles of less than 0.125 mm. 

 

4. CONCLUSIONS 
4.1 Economics 
An important aspect in this research was showing a significant cost reduction in the fabrication of 
this tooling when compared to traditionally machined invar tooling.  Costs of the hybrid tool were 
recorded as the tool was being manufactured.  Actual quotes from AES and Visioneering were 
used to capture the printing and machining costs, respectively.  Industry-average labor rates were 
used to approximate labor costs so that university research labor rates did not skew the data.  After 
compiling, the total cost of the tool was $24,136.  Costs were roughly split equally between 
machining costs and printing/lamination costs.  By comparison, Visioneering provided a quote to 
reproduce an identical tool using invar.  This came to $46,775, for a cost savings of almost 50 %. 

4.2 Ancillary Benefits 
In addition to controlling the CTE of the tool, the prepreg used in the hybrid tooling approach was 
shown to provide a pit-free surface able to maintain vacuum integrity without additional sealing 
or coating.  In fact, this approach was so successful that it allowed for a mulit-piece tool design 
sealed with an o-ring, something that to the best knowledge of the authors, has not been previously 
demonstrated in AM tooling at high temperatures.   

AM tooling alone often suffers from significant vacuum loss at cure temperatures and pressures, 
stemming from internal porosity exposed during machining.   Additional filling rework and surface 
coatings are required to improve this, although coating failure through thermal cycling is common 
and often results in the premature scrapping of the tool.  Using the tooling prepreg surfaces negated 
these concerns. 



 

A second ancillary benefit is the reduced weight of the tool.  The 0.3 m hybrid tooling was able to 
be picked up and moved by hand.  An invar tool would weigh in the range of 50 to 100 kg.  This 
weight savings makes moving a tool significantly easier, allowing for much lower rated lifting 
provisions.  This becomes increasingly important for 10 meter long tooling that can exceed the 
lifting capacity of a gantry in some manufacturing spaces.  The reduced mass also allows easier 
storage on racks and shorter heat up and cool down rates in an autoclave. 

4.3 Final Conclusion 
The hybrid tooling approach taken in this program yielded a tool that met the operational 
performance required by Airbus and Northrop Grumman to be considered a viable replacement to 
invar tooling.  A cost savings of almost 50 % was shown on a subscale tool.  The approach was 
also shown to be appropriate for limited production applications, such as prototyping or one-off 
replacement part that require production-quality tooling but cannot afford high tool costs due to 
low amortization numbers.  The end-of-life of the hybrid tool was not determined in this program, 
and could extend considerably beyond the 12 cycles that were already demonstrated.  The Hextool 
material has been shown to produce tools capable of hundreds of cycles, so the possibility of 
extended tool life using the hybrid approach is not far-fetched [8]. 

The manufacture of a larger 3.3 m tool was demonstrated.  Further work is needed to verify that 
the tool performance matches that of an invar tool.  Cost comparisons will also need to be done to 
ensure the savings shown in the smaller tool scales to larger tooling. 
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