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Fatigue behavior and modeling of polyether ether ketone (PEEK) under
various loading conditions

Department of Mechanical Engineering
National Center for Additive Manufacturing Excellence (NCAME)
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Motivations

* The growing use of plastics in components and structures subjected to cyclic loading

a Engineering thermoplastic with better strength to weight ratio to improve fuel
efficiency and reduce carbon footprint

a Plastics in matrix of composite materials

a Plastics in the manufacture of structural component in bio-medical applications

modeling tools specific to plastics
a Most existing models used for plastics have been designed for metals
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Objectives

o Study the fatigue behavior and cyclic deformation of PEEK under various loading

a To investigate the fatigue behavior of PEEK with and without the mean strains
under

» Uniaxial
a Constant amplitude loading
« Block loading
a More realistic loading conditions such as
z Multiaxial
a Proportional In-phase (IP)
a Non-Proportional 90° Out-of-Phase (OP) loadings

a To obtain suitable fatigue models to accurately predict the fatigue life of PEEK
thermoplastic under different loading conditions based on deformation behavior
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Experimental Setup: Specimen

R38.1
~—— 35.02—
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\1 X 1 CHAMFER All the dimensions
/ 18.00 —=|=-15.28= are in mm

6.35

» Unfilled PEEK material (TECAPEEK®) 12.7 mm extruded rods

* Machined (turning) to create specimen with uniform gage section following ASTM
E606-04 standard
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Experimental Setup: Test Program

e Fully-reversed (R = -1) strain-controlled cyclic loading (Various frequency)
q &, =0.02 - 0.04 mm/mm at 0.5 - 3 Hz frequency to maintain nominal temperature rise
« Strain-controlled tensile mean strain loading (R, = 0, 0.2, 0.25)

q g, = 0.02 - 0.0375 mm/mm at 0.5 — 1.5 Hz frequency to maintain nominal
temperature rise
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Time
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Experimental Setup: Test Program

» Block loading with zero and non-zero mean strain and various frequency
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Experimental Results: Deformation Behavior, Fully-Reversed Loading

 Cyclic softening in fully-reversed R, = -1 tests
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Experimental Results: Deformation Behavior, Fully-Reversed Loading
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| 2N, = 475,810
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Experimental Results: Frequency Effect, Fully-Reversed Loading
T

» Effect of frequency on fatigue life of PEEK
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Experimental Results: Frequency Effect, Fully-Reversed Loading

o Frequency effect: 0.03 mm/mm
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Experimental Results: Fatigue Model, Fully-Reversed Loading

 Strain based Coffin-Manson expression
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Experimental Results : Fatigue Model, Fully-Reversed Loading

» Predicted fatigue lives using Coffin-Manson equation versus experimentally

observed fatigue lives for fully-reversed test
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Experimental Results: Fatigue Model, Fully-Reversed Loading
__ TR

e Strain-Stress based Smith-Watson-Topper (SWT)
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Experimental Results: Fatigue Model, Fully-Reversed Loading

* Predicted fatigue lives using the SWT approach versus experimentally

observed fatigue lives for fully-reversed test

1.E+07 ¢ 7
 ®m  Nominal Temperature ’,’
O Frequency Effect o ’r'
| ====Factor of 2 Scatter /" ,,’
O
1.E+06 | '/’ ’/'
> [ ’ Y
C% o I, /, a
) (m 8 O
= 4 ’
— P ,F
S 1.E+05} p iy
o - /’
+— [ O ” | 4
9 r ’l
@ % - I.’ [,’
o & /7
1.E+04 } S
L rd ’,
L 7 p
L 7 3
L /7 Vi
’ ’
r ’
,I
o R S —
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Observed Life, 2N;
R AU B IR NS s Gl orin sl oF National Center for Additive Manufacturing Excellence (NCAME)

II. UNIVERSITY ENGINEERING WWWengauburnedu/ncame 14



Experimental Results: Fatigue Model, Fully-Reversed Loading

* Energy-Based Model with total strain energy density at half-life
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Experimental Results: Fatigue Model, Fully-Reversed Loading

* Predicted fatigue lives using the energy based approach versus experimentally

observed fatigue lives for all R¢ values
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Experimental Results: Fatigue Model, Fully-Reversed Loading

* Energy-Based Model with cumulative plastic strain energy density
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Experimental Results: Fatigue Behavior, Tensile Mean Strain Loading

 Stress Relaxation in tensile mean strain Rg = O test

Strain Amplitude: 0.02mm/mm at 1.5Hz
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Experimental Results: Fatigue Model, Tensile Mean Strain Loading

» Strain-based-Coffin-Manson approach

0.1

Strain Amplitude (mm/mm)

0.01

1.

3

1.E407 . v
R2=0.88 FOR, =1 o
[ e R, =0 ',' L,
[ @R, =0.2 P /'
5 1E406 [, o 025 0,
B o ’
e C L4 s
S : R
-
> 1E406 | Sy
3 - Py Fig
0 C ’ ,D
3 i o5/
L o i ,' F
oR.=-1 16404 v 2/ /7
eR. =0 ; ',l L
*R.=0.2 s/, R2=0.89
AR.=0.25 | | G 8O i vl i
A 1.E403 1.E+04 1.E+05 1.E+06 1.E+07

Reversals to Failure, 2N;

AUBURN

SAMUEL GINN COLLEGE OF

ENGINEERING

UNIVERSITY

Observed Life, 2N;

National Center for Additive Manufacturing Excellence (NCAME)

www.eng.auburn.edu/ncame

19



Experimental Results: Fatigue Model, Tensile Mean Strain Loading

« Strain-Stress-based-Smith-Watson-Topper (SWT) approach
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Experimental Results: Fatigue Model, Tensile Mean Strain Loading

s Energy-Based Model with total strain energy density at half-life
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Experimental Results: Fatigue Model, Tensile Mean Strain Loading

§ Energy-Based Model with cumulative total energy density
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Experimental Results: Block Loading

 Effects of pre-loading on fatigue life of PEEK with and without mean strains
= |ncrease in fatigue life observed for test without mean strain (R, = -1)
= Minimal effect of pre-loading observed for tests with mean strain (R, = 0)
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Experimental Results: Fatigue Modelling, Cumulative Damage Rule

e Palmgren Miner’s Linear Damage Rule (LDR)

= Strain-based
= Total strain energy density at half-life

_ N
where,
| = number of loading blocks
N; = number for a specific block of loading
N¢; = number of cycles to failure at particular strain or stress level as

applied in the loading block i
D; = cycle ratio or a fraction of life that is removed from the material

Failure is predicted to happen when

o) National Center for Additive Manufacturing Excellence (NCAME)
. UNIVERSITY ENGINEERING Wwwengauburnedu/ncame 24
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Experimental Results: Fatigue Modelling, Cumulative Damage Rule

B
» Palmgren Miner’s Linear Damage Rule (LDR)

= Strain-based

Nominal Temperature Frequency Effect Tensile Mean Strain
Condition | Condition || Condition Il
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Experimental Results: Fatigue Modelling, Cumulative Damage Rule

I
e Palmgren Miner’s Linear Damage Rule (LDR)

= Total strain energy density at half-life

Nominal Temperature Frequency Effect Tensile Mean Strain
Condition | Condition |l Condition Il
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Experimental Results: Fatigue Modelling, Cumulative Damage Rule

* Direct Cumulative Damage (DCD) method
a Cumulative total strain energy density

Failure is predicted to happen when

— Nf,e =1

where,

N¢ . = overall fatigue life of a specimen
(summation of number of cycles from all loading block )
N¢ ,, = number of cycle, which corresponds to the total summation of . w'

YW =W, +3¥w,
> WlT = Cumulative total strain energy density from first loading block
) Wg = Cumulative total strain energy density from second loading block

R AU B IR NS s Gl orin sl oF National Center for Additive Manufacturing Excellence (NCAME)
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Experimental Results: Fatigue Modelling, Cumulative Damage Rule
B

» Direct Cumulative Damage (DCD) method

Test Condition IV
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L-H-L |
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Experimental Results: Cumulative Damage Sum
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Experimental Results: Fatigue Modelling, Energy-Based Model

» Correlation of fatigue life data using cumulative total strain energy density as
damage parameter for all strain-controlled fatigue tests under
Constant amplitude (R¢ = -1, 0, 0.2, and 0.25)
q Block loading (two, three, and four steps block loading, R = -1 and 0)
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Experimental Setup: Specimen

* Rii.ﬁﬂ % 10.60
12.70
______________________________________ [
$19.05 ©)
—————————————————————————————————————— &
* H" 2177 }*H All the dimensions
st 140 o are in mm

« Unfilled PEEK material (TECAPEEK®) 25.4 mm extruded rods

« Machined (turning) to create thin-walled tubular specimen following ASTM E2207-15
standard
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Experimental Setup: Test Program

Fully-reversed (R = -1) strain-controlled axial/torsion cyclic loading

q Proportional IP
@ ea =0.02 - 0.04 mm/mm at 0.5 - 3 Hz frequency

Strain

Time

q Non-proportional 90° OP

3

@ ea=0.015-0.025 mm/mm at 1 - 4 Hz frequency

Strain
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Experimental Results: Fatigue Behavior

q Proportional IP

Axial Strain (mm/mm)
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= 321,684
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Experimental Results: Fatigue Behavior
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Experimental Results: Fatigue Modelling, Strain-Based
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Summary

S
At higher strain amplitudes, longer fatigue lives were obtained by an increase in

test frequency.

Tensile mean strain was observed to have minimal effects on the fatigue life of
PEEK.

The energy-based fatigue model based on the cumulative total strain energy
density correlated fatigue data of PEEK under various loading condition fairly
well due to its ability to capture the change in shape and size of the hysteresis
loop throughout the fatigue lifetime.

Irrespective to the loading sequence under fully-reversed loading, significant
beneficial effect of pre-loading was observed on the fatigue life of PEEK.

Regardless of the loading condition (zero or non-zero mean strain)

and sequence (high-low or low-high), the proposed direct cumulative damage (DCD)
approach provided excellent predictive capability for PEEK under variable
amplitude loading at various frequencies.
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Summary

PEEK exhibited significantly different fatigue deformation behavior under
multiaxial loading compared to one observed under uniaxial loading condition.

Shorter fatigue life was observed for the test subjected to OP loading when
compared to the IP loading under identical equivalent strain amplitudes and
frequency.

Fatigue life modelling based on von Mises equivalent strain amplitude was not
able to correlate fatigue life data under OP loading condition.
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Ongoing Work
B

§ Based on the fatigue deformation behavior, the other fatigue life models such as
Critical Plane approach or Energy-Based model will be investigated to correlate
the fatigue life data of PEEK under various types of multiaxial loading paths
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Experimental Results: Fatigue Modelling, Strain-Based
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