
Introduction
Epoxy resin-based composites are used 
due to their low weight, high strength, and 
resistance to environmental conditions.

What happens during impaction?

To improve resistance to interlaminar 
failures in the composite, interlayer 
toughening is utilized to reduce shear 
stresses through decoupling of plies 
increasing delamination resistance.

Objectives 
1. Understand resin diffusion mechanism in 

thermoplastic interlayer composites
2. Investigate additional interlayer materials 
3. Observe toughening strategies' effect on 

stiffness and Mode II fracture toughness

Mode I
Fracture

Mode II
Fracture

SC-15 vs RDL-RDC: Peel Strength

Procedures

Force per displacement up 
over 1mm 40J impact on specimen

0

20

40

60

80

Baseline Baseline TPU Interlayer TPU Interlayer TPU Interlayer
and 60°C VARTM

lb
f/

in

25°C -55°C
76°C

SC-15
RDL-RDC

IMPROVING DAMAGE TOLERANCE OF EPOXY RESIN-BASED 
COMPOSITES VIA INTERLAYER TOUGHENING STRATEGIES
Hayden Marquard (BChE)1,2 , James Tallman (BMSE)1,3, Dr. Sagar M. Doshi1, Dr. Joseph M. Deitzel1, Prof. John W. Gillespie, Jr.1
University of Delaware | Center for Composite Materials1 | Department of Chemical and Biomolecular Engineering2 | Cornell University, Department of Material Science and Engineering3

RDL-RDC 25°C VARTM RDL-RDC 60°C VARTM

Ri
gi

d
Fl

ex
ib

le

-55°C and 76°C Challenges
TPU interlayer fails at extreme temperatures
 At -55°C the TPU is too stiff due to being below 

it’s Tg of -25°C 
 At 76°C the TPU is less stiff, due to softening 

while approaching Tmelt

TPU Impregnation can
 Improve fracture 

toughness 
 Affect Mode II toughness
 Affect stiffness of the 

composite

Acknowledgements
 This research was sponsored by the U.S. Army CCDC Army 
Research Laboratory and was accomplished under Cooperative 
Agreement Number W911NF-18-2-0299. The views and conclusions 
contained in this document are those of the authors and should not be 
interpreted as representing the official policies, either expressed or 
implied, of the Army Research Laboratory or the U.S. Government. 
The U.S. Government is authorized to reproduce and distribute reprints 
for Government purposes notwithstanding any copyright notation 
herein.

Resin-TPU Bonding Results

Fracture Toughening Results
Ongoing Floating Roller Peel Test
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Resin-TPU Bonding Mechanism
Key bonding mechanism: Resin diffusion 
into TPU interlayer

 First linear region models 
mixed but unreacted resin

 SC-15 diffuses in TPU 
quicker than RDL-RDC at 
25°C 

 The initial rate of diffusion 
of RDL-RDC at 60°C 
matches that of SC-15

 SC-15 parts at 60°C 
causes TPU to dissolve
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Images of TPU after 1 Day Submerged at 60°C
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Different interlayers are being 
tested as replacements for TPU
 Silicone: Chemically 

bonds to the glass fiber 
and resin in the composite
 Nonwoven Veils: High Tm 

and has shown to improve 
baseline results
 Polysulfone: Polymer with 

high Tg ≈ 230°C but ideal 
properties under its Tg

At 25°C

SC-15 showed 
more Mode I 
fracture toughness 
than RDL-RDC

At 60°C

RDL-RDC showed 
comparable results 
to SC-15 at 25°C

How is TPU impregnation affecting 
stiffness? Are there other interlayer 

materials that can replace TPU?

Resin Diffusion

Floating Roller Peel Test

Stiffness Test Low Velocity Impact

Ongoing and Future Work

RDL-RDC panels tested at -55°C and C-Scans performed

1 Layer of TPU
di = 0 µm  te = 100 µm

2 Layer of TPU w/ Impregnation
di = 50 µm  te = 100 µm
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How can we model and quantify the diffusion?

Stiffness and LVI Test

Silicone Microscopy
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χ = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹𝑛𝑛 𝑃𝑃𝑛𝑛𝐹𝐹𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹
𝛿𝛿𝑅𝑅 = 𝑆𝑆𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑛𝑛𝐹𝐹𝑛𝑛𝑛𝑛𝐹𝐹 𝑃𝑃𝑛𝑛𝐹𝐹𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹

∆𝐸𝐸𝑅𝑅= 𝐸𝐸𝑛𝑛𝑛𝑛𝐹𝐹𝐸𝐸𝐹𝐹 𝐹𝐹𝑜𝑜 𝑉𝑉𝑛𝑛𝑉𝑉𝐹𝐹𝐹𝐹𝑛𝑛𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹𝑛𝑛 
∆𝐻𝐻𝑅𝑅𝑉𝑉= 𝐸𝐸𝑛𝑛𝑛𝑛𝐸𝑛𝑛𝐹𝐹𝑉𝑉𝐹𝐹 𝐹𝐹𝑜𝑜 𝑉𝑉𝑛𝑛𝑉𝑉𝐹𝐹𝐹𝐹𝑛𝑛𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹𝑛𝑛
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TPU Swelling as Result of Resin Diffusion
SC-15 RDL-RDC RDL-RDC (60° C)

How can we improve fracture toughness 
of these composites at all operating 

temperatures (-55°C to 76°C)?

Hypothesis: RDL-RDC resin properties 
change at elevated temperature to allow 
more diffusion, comparable to that of     
SC-15 Resin at room temperature.
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