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Motivation and Key Issues

«  The matrix-compression material-model used in Abaqus for carbon
fiber laminates is computationally efficient but is physically unrealistic
and does not correspond to actual material behavior.

Objective

« Determine the conditions under which the use of this unrealistic
material model causes significant errors in predictions of carbon fiber
laminate response to load and load-carrying ability.

Approach

« Conduct experimentation to determine a physically-correct matrix-
compression material model

* Implement this material model in Abaqus and compare its predictions
with those of the currently-used material model
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« Background (The reason for our work)

e  Our Prior work (a useful review of what we have done)

 Today’'s new content

Specimen selection
« Tapered-layup specimen
« Zero-Degree-support specimen
»  Stepped specimen

« Specimen Manufacturing

 Specimen Use
LEFM determination
«  Energy release rate

* Future plans
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Currently the same simple-
triangular material model is
used for both matrix tension

and compression in Abaqus

Damage initiation
During damage propagation, ﬁ\ ge thitiatl

load-carrying ability decreases I?/amage propagation
at a constant rate until final
failure occurs

Stress

This model is computationally Final failure

convenient and is appropriate >
for matrix tension Displacement

Our thinking from this project’s
beginning was that this model
is not accurate for matrix
compression
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Prior to our work, very little
research had been conducted
on matrix compression @

Work that had been done I <
. . iber Direction
assumed matrix compression ”

was dominated by the shear
properties of the matrix O

Our research, using constant-
thickness compact
compression specimens,
supports this claim and shows
shear angles of ~ 50° for
commercially-available® carbon
fiber material "

However ...

* TR50S/NB301 manufactured by Mitsubishi Rayon 6
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Our testing w/ constant-thickness compact compression specimens
suggested a material model for compression different from tension

We found load-carrying ability rapidly dropped, then changed slope, then
again rapidly dropped to final failure at a much greater displacement

However, we had a problem ...
N

Damage initiation

Matrix Tension

----- Matrix Compression

Displacement

7
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« Our constant-thickness compact compression
specimen only gave consistent results for the
commercially-available™ carbon fiber material. It @
did not work for Boeing-proprietary carbon-fiber

\ Fiber Direction —/

material —-
 The problem was tensile failure occurred on the /

back-side of the specimen prior to any significant .@4

compressive damage propagation A

A number of alternatives (see
our AMTAS 2017 slides) were
considered. We found
machining (milling) a thin-to-
thick taper ahead of the
notch resulted in excellent
matrix compression damage
initiation and propagation

Video |

*TR50S/NB301 manufactured by Mitsubishi Rayon 8
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Matrix damage initiation

1800 \ Matrix damage
propagation

« This "tapered” specimen
causes compression damage

at thin notch tip prior to Aobried ~ 1400
tensile failure at the thick fy 8 1200 Two tests

. ~— 1000 —r—
side. T 800
S 600
« Load-displacement behavior o | — 400 .
is as we expect y 200 _~  Tensile failure
o 0~

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

« Rapid drop as the initial Displacement (in.)

shear crack forms %

Machined
- Approximately horizontal :/ Taper

as debris is compressed
and crack propagates

f
I~

« Sudden tensile failure

S
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 The tapered specimen was thus shown to produce the desired
matrix-compression behavior.

 However, to avoid machining variability and machining-induced
damage it was necessary to create a variable-thickness specimen
using ply layup

« A number of options were considered.

10
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Tapered-layup specimen

« The machined taper was N
replaced with a taper created Direction

by varying the ply layup 1tayeree %_
throughout the specimen izlytdt?

« 10-to-30 plies were used. gt

- The specimen did not work. 4 .uwm "
« Tensile failure occurred in the |
specimen near the loading pin

holes prior to significant notch-
tip compression damage

Tensile failure ESSEEE
in specimen & .
here

Little compression ;
damage '

11
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0°-support specimen 10
0° plies

« 25-ply 90° constant- above and

thickness region 10 below
« 10-ply above-and-below 0° |

reinforcement to prevent 25

premature tensile failure 90° plies

 The specimen did not work.

« Tensile failure again occurred Tensile failure
in the specimen near the in specimen
loading pin holes prior to here
significant notch-tip
compression damage

Little compression
damage 12
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Stepped specimen
« 15-plies near the notch tip, 35 plies

Fiber
elsewhere. pirection  (\
« 3-inch thin region for crack propagation. \\

—

- Specimen works well, creating U

significant compression damage prior to \
tensile failure Q

5000 1 Damage  sp
Initialization

g A—

\

]

Damage Propagation

0.00 0.25 0.50 0.75 100 125 150 175
Displacement (mm)
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Layup plate was designed for mass manufacturing of Stepped Specimens.
. 10 specimens per plate with steel shims on top of thin region to maintain symmetry
above and below the mid-section.
Initial layup (with commercial material) resulted in cracks along the

edges of the thin region.
« Cracks created during separation of carbon fiber and the aluminum plate (large
amount of bending).

« Layup method was changed by altering ply geometry, switching fiber release agent
and the separation tool.

Crack along the
edge of a “Step”

14
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Other manufacturing issues that
occurred throughout the commercial
material specimens were
delaminations between the plies in
the ‘thick’ region

« Subsequent testing has confirmed that
the delaminations were caused by high

moisture content, low applied \
pressure, and a low debulking time. & .\:dOr:entationof
elaminations
« Adjusted processing parameters \ \
resulted in minimal delaminations.

\X

W
Applied loading

15
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The revised manufacturing
methods prevented the
damage from occurring in
commercial material.

However Boeing material still
had cracking. Also surface
delaminations occurred.

Industry partners concluded that
the material contracts during the
cure cycle. The rigid steps in the
aluminum plate are damaging
the carbon fiber during cure.

16
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« A new layup method was used
that introduced an additional
degree of freedom.

« By using shims that were not
fixed to the plate, they were free
to move with the carbon fiber as
it contracted.

. 10 shims for the bottom thin
region, and 10 on the top.

«  Caul plate was used to reduce
delaminations.

 Result: No cracking was induced,
and specimens ready for final
manufacturing process.

17
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1.5 Inch Specimen Force Displacement Curve

 Having successfully developed

. . . %\2500 Compressive r‘l//:J> — A
a suitable specimen, testing c damage initiates
was conducted. — Tensile
o aljure
. C 1500 -
« Load-displacement curves GE)
showing correct material @ 10001
response were consistently § 500 _Z
O bse rved - 8 0- g::::;(;s:lr\;epagates
° Straln energy release rates D 060 0'25 -O'SO O%S 160 155 l';O 1%5 22)0
were estimated from the load- Displacement (mm)

i Typical Load-displacement curve.
displacement curves. YP P

. Many researchers and industry
professionals use the same value Gur[N/mm] Guc [N/mm]

for Compression as for Tension.

. An average of the estimated Matrix 0.33 0.33
Compression energy release rate Wong et al. (2011)
was about Gyc = 10.1 N/mm!

18
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Continuum damage mechanics models in FEA software use strain
energy release rates to degrade the stiffness of a material. With
composites, there are four: Fiber Tension, Fiber Compression,
Matrix Tension, and Matrix Compression.

Matrix Compression has not been investigated thoroughly, and
there is no direct method to measure it's energy release rate. It is
often assumed to be equal to the Matrix Tension value (not

correct), or approximated from Mode II loading (assumed to
follow Linear Elastic Fracture Mechanics).

For Tension, carbon fiber has been shown to be linear elastic, but
not for compression, which makes the assumption unsupported.
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In linear elastic fracture mechanics, for a specimen with a notch,
the failure load is directly related to the notch length. On a log-log
plot of failure load vs. notch length, the slope will be linear and
have a slope of —(1/2).

Varying the notch length of multiple specimens (1/4” - 1 7/8"), and
measuring the peak (failure) load, such a plot can be generated,
and the trend will reveal LEFM behavior.

« " -17/8" (at
1/8"” increments)

Loading
I Direction

« 3 Specimens per
notch length.

e 1 mm/min
compression test

Specimen in

1/ H ” i
/" Specimen 17/8" Specimen loading fixture 20
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The commercial
specimens exhibited a
decrease in peak load  3ss
as the notch length

was increased. 3.75
The log-log plot of the —sss
data on the right
follows a linear trend
with an R? value of
0.89, and a slope of
-0.54.

o
<)
0

Log(Failure Load) [N]
N

o
w
G

The matrix in

compression has been 325

experimentally shown
to follow the laws of
LEFM.

Log(Load) vs Log(Notch Length)

Linear Trend:
y =-0.5386x + 2.6564
R? = 0.894

-1.95 -1.85 -1.75 -1.65 -1.55 -1.45

Log(notch Length) [m]

21
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With a specimen that isolates matrix compression damage, we
can start to develop and implement a physically accurate
material model for FEA software.

« Develop the model. The key difference between matrix
tension and matrix compression is that after initiation,

there is damaged material in the wake of the crack.

« The Energy associated with the material after damage initiation will be
divided into an initiation component (to advance the crack), and a
propagation component (absorbed by the wake of the crack).

* Implement this material model in Abaqus and compare its
predictions with those currently used—evaluate under
what conditions the current model gives significant error.

22



A Center of Excellence

AM_TAS Industry Partners

Advanced Materials in
Transport Aircraft Structures

We would like to thank the following companies for letting us
use their services.

@ﬂﬂflﬂﬂ"

CASCADE

COMPOSITES, LLC

23
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Specimens of constant

- - 00 yd
thickness were designed @ YA
based on ASTM standards: e Direat a4
« Compact Compression

(Modified ASTM E399)

- Failed in tension on
side opposite the
compressive load.

- 4- and 3-Point Bend
(Modified ASTM
D5467/D5467M)

« Specimen damage due
to testing procedures
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9000

Original Noich
8000 Short Notch
Long Notch

« Uniform Compression
(ASTM D3410)

« Compressive crack
was instant, and
across the width of
entire specimen.

7000 |

6000

5000

4000 +

Load [Ibs]

3000

2000

1000

« Edge Notch suggested
crack propagation.

0F I ‘ 1

1000 s L N L s " N 2
0 002 004 006 008 01 012 014 016 018
Displacement linl

 For success, we 3000
needed:

1. Slow crack
propagation

2500

2000

ey
5]
o
o

2. Resistance to tensile
failure.

Load [Ibs]

-
o
o
o

500

-500

0 0.02 0.04 0.06 0.08 0.1 0.12
Displacement[in]
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Testing results:
« Both 4 and 5 ply thin region resulted in failure do to buckling before
compressive damage occurred.

« 10 ply thin region resulted in some bucking before compressive
damage could occur.

« 15 ply in thin region resulted in no bucking before compressive
damage occurred.

4 Plies o> Plies 10 Plies 15 Plies

28
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« New layup method resulted in no cracking along the thin
region. This means successful specimens were made and
ready to be cut and tested.

29
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Followed previous student’s
work (Daniels) and used the 1.5 Inch Specimen Force Displacement Curve

Compliance Calibration 00 — A
Equation for Strain Energy
Release Rate: 2000 - Lcl = (slope)™
G = P_Zd_C glsoo
2B da =

P = Peak Load o T
B = Specimen width — ;
(hickness) 1% [}' (slope)”’

= 172 AR - —
da = Initial crack advancement 000 025 050 075 125 150 175 200

(measured optically) Dlsplacement [mm]

30
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Strain Energy Release Rate Strain Energy Release Rate
AREED 30 ) [N-mm/mm?] [Ib-in/in?]

Advanced Materials in s S0 408.27
Transport Aircraft Structures 0.25 180.89 1032.94
0.375 11.62 66.35

- - 0.375 28.59 163.26
EStImatlons Of 0.5 24.39 139.29
Energy Release Rate 0.5 28.74 164.13
0.625 4.70 26.84

0.625 13.45 76.82

0.75 6.45 36.85

0.875 4.78 27.29

1 9.27 5291

1 2.88 16.47

1.125 10.20 58.22

1.25 15.47 88.35

1.25 6.03 34.46

1.375 10.60 60.53

1.375 6.60 37.66

1.375 9.85 56.26

1.5 6.48 37.03

1.625 6.90 39.40

1.625 1.36 7.75

1.625 9.13 52.13

1.75 9.02 51.53

1.75 2.30 13.14

1.875 5.77 32.94

1.875 7.55 43.11
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200.00
Strain Energy Release Rate [N-mm/mm2]
180.00 .

E 160.00

140.00

120.00
Outliers...
100.00

80.00

G [N/m

-~

60.00

Strain Energy Release Rate

40.00

20.00

0.00
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

Notch Length [in]
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35.00
Strain Energy Release Rate [N-mm/mm?2]
__30.00
° ° ® Strain Energy Release Rate [N-
mm/mm?2]

N
e
o
o

Linear (Average)

)
o
o
S]

Strain Energy Release Rate, G [N/mm
=
o

10.00 c = s = = < = s : = = = =]
® ] L
° ° ° Y g
5.00 ° °
]
]
L ]
0.00
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

- Notch Length [in]
33



