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ABSTRACT

Carbon �ber composites are an ideal material for aircraft structures due to their light
weight and high strength and sti�ness. Traditional continuous carbon �ber composites are
limited by their ability to form into complex geometric features as they have minimal abilities
to stretch into a mold. Stretch broken carbon �ber is discontinuous which allows for the
di�erent tows of carbon �ber to slip relative to each other allowing for laminate displacements
unattainable to continuous carbon �ber.

In order to develop and improve stretch broken carbon �ber manufacturing processes,
a method is developed herein to analyze the forming quality of a complex carbon �ber part.
This method quanti�es common qualitative forming metrics by measuring, evaluating, and
scoring carbon �ber defects including: bridging, wrinkling, variation in thickness, forming
depth, corner thinning and thickening, resin pooling, and additional texture defects. The
scores produced from evaluating the various forming metrics on formed carbon �ber parts
are assembled in a weighted matrix to produce an overall forming score. This forming
evaluation method is demonstrated on three di�erent geometric mold designs to assess
that it is quantitative, repeatable, accounts for many carbon �ber defects, and accounts
for discrepancies between the formed part and the designed part.

This method was also tested on di�erent carbon �ber prepreg materials: MSU
SBCF/Cycom 977-3 resin from Solvay, MSU SBCF/Hexcel 8552, and Hexcel IM7/8552.
Through testing, the method is found to have achieved the method design goals as well as
ascertaining areas of improvement for MSU SBCF prepreg which is still under development.
Results show that stretch broken carbon �ber and traditional continuous carbon �ber achieve
similar overarching forming scores, but outperform one another in di�erent category metrics.
MSU SBCF has higher scores in corner thickening and resin pooling; continuous carbon �ber
has higher scores in wrinkling and bridging.

The method forms the foundation to evaluate layup practices and autoclave cure cycles
when systematically applied in a process development setting. This method is also extendable
to dissimilar geometric part types with modi�cations in suitable metrics.



1

INTRODUCTION

Carbon �ber composites have become increasingly utilized in a broad number of

industries over the years. One area that has greatly bene�ted from the use of composite

materials is the aerospace industry. Great strides have been made since the Wright brothers'

�rst powered 
ight on the Wright Flyer I in 1903 (1). Compared to modern aircraft, this �rst

airplane seemed rudimentary as it was constructed with \timber [beams] covered in fabric"

(2). Nowadays, aircraft such as the Boeing 787 widely incorporate composite materials and

in some cases composites even \account for about 50% of the aircraft" (3). Carbon �ber

composites are lightweight while retaining similar strength and sti�ness to steel, making

it an ideal material for improving aircraft e�ciency (4). While traditional carbon �ber

composites are ideal for their strength-to-weight properties, forming these materials into the

complex geometries required for aircraft structures has proven di�cult. Conventional metals

can be formed using a wide variety of methods such as bending, stretching, roll forming, or

stamping out with a press (5). Unfortunately, most of these methods do not easily apply

to carbon �ber laminates as the in-extensible nature of the �bers does not allow for it to

stretch or stamp simply into a mold (6). Hand layup is still commonly used for creating

complex geometries out of carbon �ber which has \processing times spanning hours and even

days" (7). It is from this necessity for carbon �ber with increased forming capabilities that

birthed the creation of stretch broken carbon �ber (SBCF). Stretch broken carbon �ber takes

traditional carbon �ber tows and breaks them at their natural occurring 
aws by the use of

cylindrical rollers driven at varying speeds as outlined in Figure 1.1 (8). The discontinuity

and unidirectionality of the �bers now permits the SBCF to elongate in the direction of the

�ber, allowing the material to take shape while minimizing the adverse e�ects of ply-ply



2

shearing (9). This ability for the carbon �ber to now form or \stretch" into a mold enables

complex geometries otherwise di�cult to achieve with continuous �ber plies.

Figure 1.1: Stretch Breaking Process: Continuous Carbon Fiber tows passed through rollers
running at di�erential speeds to stretch break at natural 
aws producing Stretch Broken
Carbon Fiber tows

Traditional continuous carbon �ber, when subjected to the deep draw method of forming

(using vacuum, heat, and pressure to draw a layup into a mold), has two predominate

forming mechanisms: ply-ply slippage, where the individual carbon �ber plies slip relative

to each other (intralaminar shearing), and tool-ply slippage, where the entire laminate slips

relative to the tool surface (10). While these mechanisms of forming are fundamental for

part quality, exploiting stretching for stretch broken carbon �ber could greatly increase the

forming potential of the material as it has another forming mechanism present apart from

the other frictional mechanisms of tool-ply slippage and ply-ply slippage (11). Studying the

forming mechanisms present in a complex part could allow for a deeper understanding of the

material behavior during the forming and curing process. This additional information could

provide insight to the presence of carbon �ber defects.

To test the forming capabilities of SBCF when applied to complex aircraft geometries,

a set of parts needs to be designed that is representative of aircraft structures, for example,
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internal aircraft fuselage and wing structures. After review of images from the frames of

many di�erent aircraft and structural component cross-sections outlined in Peery's (2011)

Aircraft Structures textbook, three main part designs have been selected for this study with

several other saved for future experimentation (12). The part selections include \Curved C"

channels, \Rounded Hat" channels, and \Sinusoidal C" channels. This study uses smaller

molds (less than 6in [15:24cm] by 12in [30:48cm] by 4in [10:16cm]) to keep material usage

down and remain within tool manufacturing dimensional constraints. Larger molds are also

designed for future complex geometry testing.

Figure 1.2: Curved C-Channel: LEFT - Beechcraft aircraft fuselage frame analogue,
CENTER - designed model, RIGHT - aluminum tooling utilized

The Curved C-Channel design is chosen to be representative of the internal fuselage

framework of aircraft. In Figure 1.2, the practical usage, model, and tooling design for the

Curved C-Channel is represented. Practical usage of the Curved C-Channel can be seen

in the fuselage frame of a standard Beechcraft aircraft (photo taken by SBCF members at

NIAR). Based on this structural feature, the model is designed to incorporate a 90� curvature

with a simple C-channel cross-section. From the model design, a negative channel molding is

designed to use a deep drawing forming method complete with a vacuum bag and autoclave
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temperatures and pressures. This preliminary mold is designed with 0:125in [0:32cm] radii

corners for both the convex and concave features. The radii of curvature for the \walls"

of the C-channel are 3in [7:62cm] and 5in [12:70cm], while the span of the C-channel is

2 in [5:08cm] and the depth is 1in [2:54cm] seen in Figure 3.4. The mold for the Curved

C-Channel tests was manufactured out of 6061 aluminum, which was chosen for availability

and low stock metal costs (13).

Figure 1.3: Rounded Hat channel: LEFT - Beechcraft aircraft fuselage frame and Boeing 747
fuselage frame analogues (14), CENTER - designed model, RIGHT - carbon �ber tooling
utilized

Like the Curved C-Channel, the Rounded Hat channel is also chosen because it is

representative aircraft fuselage frames. Figure 1.3 illustrates the practical usage, design

model, and tooling design for the Rounded Hat channel. For the practical usage, two separate

images are included, one from a standard Beechcraft fuselage (mentioned previously) and

the other from a Boeing 747 fuselage (14). The model varies slightly from the practical usage

as it incorporates a curvature in addition to the curvatures of the hat shaped cross-section.

This model has a hat shaped cross-section designed in such a way that there are no closed

geometries when mounted to an aircraft fuselage. The tooling mold is designed to include
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a negative geometry feature for the carbon �ber to draw into during the forming process.

This mold also features 0:125in [0:32cm] radii on the convex and concave curvatures. This

�nished mold is approximately 4:5 in [11:43 cm] (width) by 5 :0 in [12:70 cm] (height) by

5:0 in [12:70Ccm] (depth). Unlike the Curved C-Channel mold, the Hat mold was made

from Solvay LTM® 16B Tooling Prepreg (15). This Rounded hat mold is curated �rst by

3D printing a male master mold on a INTAMSYS FUNMAT 3D Printer using 3DTex's high

temperature nylon �laments which are designed to withstand temperatures of up to 250� F

[121� C] and pressures of up to 90psi [620KPa] (16; 17). Once the master mold is printed,

it is sanded, coated with TC-1614 epoxy penetrating sealing and coating resin system, and

cured in an oven at 170°F [76°C] to set the epoxy following standard practices (18; 19). The

tooling prepreg is then laid up around the master mold following manufacturer's instructions.

After the addition of each ply, the master mold and tooling prepreg partial layup is vacuum

bagged to consolidate each layer in the laminate. Once the entire mold is laid up, the entire

part is vacuum bagged and completes a precure at 176°F [80°C] and 90psi [620KPa] for 180

minutes. Following the precure, the carbon �ber is demolded from the 3D print �lament and

cured again, this time at 375°F [190°C] and atmospheric pressure for 470 minutes (15).

The Sinusoidal C-channel is chosen as a representation of internal aircraft wing

structures, speci�cally the spars. Typically, I{beams are used in the spars of aircraft, but

they lack torsional sti�ness (12). The incorporation of a sinusoidal pattern into the web of

an I{beam seeks to improve the sti�ness capabilities of a traditional I{beam. The practical

usage for a Sinusoidal I{beam as well as the model and tooling for a Sinusoidal C-channel are

illustrated in Figure 1.4. The practical application of sinusoidal I{beams in the metalworking

industry are very common and the practical usage imagery presents an example of this (20).

The model closely represents this geometry, but instead modi�es the I-beam cross-section

to a C-channel cross-section. For tooling purposes, it is bene�cial to work towards this

Sinusoidal I{beam in increments. Before a full Sinusoidal I{beam can be manufactured, it is
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Figure 1.4: Sinusoidal C-channel: LEFT - metal I-beam analogue (20), CENTER - designed
model, RIGHT - carbon �ber tooling utilized

�rst simpler to construct half of it resulting in a Sinusoidal C-channel. This mold is designed

within the dimensions of 9in [22:86cm] (width) by 9 :5in [24:13cm] (depth) by 3in [7:62cm]

(height). Similar to the Rounded Hat channel, this Sinusoidal C-channel mold is constructed

with the same tooling prepreg material and manufacturing techniques described above.

There are a number of di�erent carbon �ber materials used in this study. For the

continuous carbon �ber, Hexcel IM7/8552 prepreg is used and detailed material info is listed

in Appendix A (21; 22). For the stretch broken carbon �ber, two separate materials are used,

spanning four di�erent material batches. The �ber used in the stretch broken carbon �ber

prepreg is manufactured by the Montana State University (MSU). MSU SBCF is created by

stretch breaking Hexcel IM7 �ber tows within a stretch breaking machine provided by Hexcel

Corporation (21). Two di�erent resin systems are used between the di�erent prepreg batches.

Hexcel 8552 is used in batches P0030 and P0031 (22). Solvay 977-3 is used in batches P0025

and P0029 (23). All stretch broken material data info is presented in Appendix A. It is

important to note that MSU SBCF prepreg is still under development as the manufacturing

process is still being optimized. This results in di�erences in material data for the di�erent
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batches.

Once all molds are manufactured and the carbon �ber parts are cured, it is necessary

that there is a method in place to evaluate the parts produced for their forming quality. The

requirements for this method of evaluating the forming quality are as follows:

ˆ Primarily quantitative

ˆ Repeatable

{ Well documented

{ Timely

{ Easily applied to multiple part geometries

ˆ Account for most carbon �ber forming defects

ˆ Account for geometry discrepancies between the design and the formed part

ˆ Represented as an overall \forming score"

For this study, the development of a forming quality evaluation method is the primary

goal. This detailed documentation will outline the process of defect metric de�nitions,

measurements, analysis, and forming scoring, as well as how the method applies to the

various part geometries presented. To develop this method, various carbon �ber defects

must be researched and analyzed for common measurement practices and defect selections.
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BACKGROUND

While carbon �ber may be the optimal choice for aircraft materials, the manufacturing

and forming of carbon �ber composites poses unique challenges that traditional metals do

not have. Metals are an isotropic material that have the same properties in every direction,

making them simpler to model and predict their behaviors. Carbon �ber composites can be

modeled as a transversely isotropic material that has di�erent material properties in each

direction due to the heterogeneous nature of the material (3). The structures within an

airframe are geometrically complex as they can involve curvatures on multiple axes as well

as small radii that the material must form into and bend along. When attempting to form

these geometries using carbon �ber, a method for evaluating the overall forming quality of

the part needs to be established. Engineers and researchers from the referenced materials

have quanti�ed forming by evaluating common material defects and overall part geometry

defects. These defects include:

ˆ Corner thinning and thickening

ˆ Resin pooling

ˆ Wrinkling

ˆ Thickness variation

ˆ Forming depth

ˆ Void content

ˆ Bridging

ˆ Expected versus measured strain

ˆ Springback e�ect
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Corner Thinning and Thickening

Corner thinning is a geometric phenomenon where a noticeable decrease in the thickness

of the material is present after it is formed over a positive mold radius or convex curvature

(24). Thinning of the material at these locations, for example on an aircraft structure, could

decrease the overall strength of the part leading to the risk of catastrophic failure that must

be compensated for by over-designed subcomponents. It is therefore important to measure

the thinning present and use this defect to evaluate the overarching forming quality of carbon

�ber parts by calculating the amount of thinning the material experiences. Yanagimotoet

al. (2012) performed forming evaluations of single bead, hat, and V shaped geometries when

subjected to the shallow drawing and press forming methods (25). Using a microscope and

image processing software, they were able to analyze the thinning and ply structure at the

corners of interest. Microscopy is a useful tool when studying the �ber behavior at these

regions, as it allows the researcher to see the microstructure of the carbon �ber laminate

after it has been subjected to the pressures and temperatures of the forming processes (26).

Grankall et al. (2021) also used microscopy to view the orientation and deformation of the

individual carbon �ber plies at the areas where corner thinning is present (27). This method

was used to evaluate a channel with an L-shaped cross-section when formed around a positive

mold (27). These micrographs of the corner thinning defect are seen in Figure 2.1. While

microscopy is a valuable tool in analyzing this defect, Grankallet al. (2021) also measured

the thickness of the corners by hand via the use of calipers to con�rm their measurements

(27).

While carbon �ber laminates tend to display corner thinning as they are formed over a

positive radius mold, corner thickening is present when they are drawn into a negative radius

mold or concave curvature (24). Centeaet al. (2015), took note that positive shaped molds

result in corner thinning while negative shaped molds exhibit corner thickening primarily due

to resin pooling (28). Even without resin pooling, the carbon �ber plies also experience an




	Titlepage
	Copyright
	Acknowledgements

	Table of Contents
	List of Tables
	List of Figures
	List of Algorithms
	Nomenclature

	Abstract
	Chapter 1 — Introduction
	Chapter 2 — Background
	Chapter 3 — Methodology
	Testing Procedure
	Metric Definition, Measurement, Analysis, and Scoring Procedures
	Additional Measurements and Analyses not Used for Scoring
	Forming Score Procedure
	Performed Trials

	Chapter 4 — Results and Discussion
	Curved C-channel Results and Discussion
	Rounded Hat channel Results and Discussion
	Sinusoidal C-channel Results and Discussion

	Chapter 5 — Method Performance Discussion
	Chapter 6 — Conclusions
	Chapter 7 — Future Work Recommendations
	References Cited
	APPENDICES
	APPENDIX A:  Appendix A: Material Data Sheets
	MSU SBCF Prepreg Batches
	Hexcel IM7 Fibers
	Hexcel 8552 Resin
	APPENDIX B:  Appendix B: Additional Complex Part Trial Results
	Additional Curved C Channel Results
	Unscored Curved C Channel Trial
	Additional Sinusoidal C Channel Results
	APPENDIX C:  Appendix C: MatLab Code
	Curved C Channel Code
	Rounded Hat Channel Code
	Sinusoidal C Channel Code
	Cartesian Coordinate Designed Functions
	Polar Coordinate Designed Functions
	Additional Functions


