
Yield and Failure Behavior Investigated for Cross-
Linked Phenolic Resins Using Molecular Dynamics

1

AIChE 2016
Session: Atomistic and Molecular Modeling and 

Simulation of Polymers 
Date: Monday, November 14, 2016 

Session Time: 3:15 PM - 5:45 PM

Joshua D. Monk1, Charles W. Bauschlicher Jr.2, and John W. Lawson2

NASA Ames Research Center, Moffett Field, CA 94035
1AMA Inc. Thermal Protection Materials Branch

2Thermal Protection Materials Branch



Motivation
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PICA: Carbon Fiber/Phenolic Matrix+

Design Variable: Polymer Resin

+Stackpoole M. Sepka S., Cozmuta I. 46th AIAA Aerospace Sci. Meeting and exhibit. (Jan. 2008)

MSL (Mars Science Laboratory)
Image credit NASA/JPL. CalTech



Molecular Dynamics Simulations
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Single phenol ring:  C6H6O
- Linker:   Methylene

Chain Length:  Linear 9-ring

Force Field: 

- OPLS/AA & AMBER (Jorgensen, Cornell) *

- REAXFF (Chenoweth)+

Cross-linking algorithm

- Bridged individual chains to simulate curing

System: 

- 67 Å side length
- 216 phenolic chains
- Periodic boundary conditions

Software:  LAMMPS

Super Computer:  Pleiades at NASA Ames

*Jorgensen, Maxwell, Tirado-Rives JACS (1996), Cornell, Wendy D., et al. J of the Amer. Chem. Soc. (1995),
+Chenoweth, Kimberly, Adri CT Van Duin, and W.A. Goddard. The Journal of Physical Chemistry A 112.5 (2008).
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Cross-linked Chains



Increasing Degree of Cross-linking
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D=0% D=14% D=85%

𝐷(%) =
# 𝑜𝑓 𝐵𝑟𝑖𝑑𝑔𝑒𝑑 𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐 𝑅𝑖𝑛𝑔𝑠

# 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐 𝑅𝑖𝑛𝑔𝑠
*100%

*Monk, J.D., et al. Polymer 62 (2015): 39-49  & Monk, J.D., et al. Macromolecules 48.20 (2015): 7670-7680



Low Temperature Stress-Strain Profile
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Reversible
(H-bond broken) 

Largest event

Irreversible
(H-bond formed)

D=85%
T=10K
 𝜀 = 1 x 108 s-1



Ɛ =12.09%
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Ɛ =12.10%
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Ɛ =12.11%
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Ɛ =12.12%
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Reactive Tensile Simulation
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D=85%
T=10K
 𝜀 = 1 x 109 s-1
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From Yield to Failure

Yield Event Failure Event

Colored by total atomic stress
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12Colored by total atomic stress
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104 bonds
ruptured

0 bonds 
ruptured

Reactive Tensile Simulation
To Critical Failure 

D=0% D=85%

T=10K
 𝜺 = 1 x 109 s-1
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D=85%
T=10K
 𝜺 = 1 x 109 s-1

57%

121%

173%



Conclusion

• Yield events identified as local molecular rearrangements 
including hydrogen bond formation drive inelastic behavior

• Yield mechanisms assist in stress relief through realignment 
of carbon backbones.

• Failure along carbon backbones occurs when further 
realignment is less energetically favorable than bond 
rupture

• Degree of cross-linking greatly influences the form of 
failure for glass-like phenolic

15



Backup Slides
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Study of Phenolic Yield Behavior 
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Full scope of study:
• Degree of cross-linking:  0% to 85%
• Strain rates range:   107 to 1010.5

• Temperature range:  10K to Tg-50K
• Strains:  up to 180%
• Tension, compression, and shear 

deformation simulations  



Yield Stress Dependence on Degree of Cross-linking
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T=300K
 𝜀 = 1 x 108 s-1



Dependence of Yield Stress on Strain Rate
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𝑣∗ = 𝑘𝑏
ln  𝜀

𝜕
𝜎
𝑇

= Δ𝜀𝑇Ω𝑐

Activation (𝑣∗) and 
Transformation (Ω𝑐) Volumes:
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𝜎𝑦 = 𝜎𝑦
∗ + 𝛽 𝑇 − 𝑇∗ 𝑓𝑜𝑟 𝑇 < 𝑇𝑔Kambour’s relation:

Dependence of Yield Stress on Temperature 
(T<Tg)



Source of Yield Stress Results Tension (MPa) Compression (MPa) Temperature (K)

MD results,  𝜖 = 1 x 108 𝑠−1 290 ± 31 370 ± 35 300

Eq. 1, T* = 300K 384 556 0

Eq. 2, predicted quasi-static 310 450 0

Eq. 3, predicted quasi-static 215 260 300

Experimental 100 ± 5 140 ± 5 300

𝜎𝑦 = 𝜎𝑦
∗ + 𝛽 𝑇 − 𝑇∗ 𝑓𝑜𝑟 𝑇 < 𝑇𝑔 (1)*

𝜎𝑌𝑐 𝑇=0
=

3

2

0.077

1−𝜈2
𝐸𝑇=0 (2)+

𝜎𝑦 =
3

2

0.077

1−𝜈2
𝐸𝑇∗=0 + 𝛽𝑇 (3)

*Kambour, R., Polymer communications, 1983. 24(10): p. 292-296.
+ Sundararaghavan, V. and A. Kumar, International Journal of Plasticity, 2013. 47: p. 111-125.
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Dih#1 :  1 to 4
.
.
Dih#6 :  6 to 9

H-bond
formation
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Hydroxyl O-O distance

ɛ=11.00% ɛ=13.00%
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