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Software and Industry Partners

We are developing techniques to
integrate commercial simulation

Integration of many major commercial simulation tools
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Why Process Simulation?

Composite materials are actually
structures.

} Most composite parts cannot

- actually be produced with the
designed properties because the
manufacturing process will change
the microstructure.




High Pressure RTM Process Flow Diagram

Dry Fabric

CUutting &
Assembly




Fabric

Material Types Woven Fabric Types

Glass Carbon Plain Weave Twill Satin

symmetric symmetric asymmetric
S —— B—
| Better specific stiffness Better mechanical properties
’ ——— — S B—
\ Better specific strength Better draping
- e— - —
Lower cost Better stability

Non-crimp fabric uses stitching to create multiaxial
fabrics. The lack of crimp provides better mechanical
properties.

Non-Crimp
Fabric




Cutting & Assembly

" Part shape definition Flat shape definition Flat shape creation

\l

Once a fabric has been chosen and a part shape is generated, the flat shape needed
to create the final shape can be calculated and the information is then sent to an
automatic cutter to generate the flat shapes. The flat plies are then stacked into the
designed configuration at which point they are ready to be placed in the mold.




Preforming / Draping

Fiber directions diverge
significantly from the nominal
when a fabric is formed over a
complex shape.

Fiber direction plays the principal
role in determining warpage and
strength, while shear angles
affect fabric permeability.




Infusion & Cure

Resin velocity is a function of
pressure, viscosity, and fabric
permeability.

Viscosity is a function of
temperature and degree of cure.

’ Resin cure kinetics is a function of
temperature.

Fabric permeability is a function
of shearing angle and fiber
volume fraction (compaction).
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Demolding

There is no way to prevent
composite parts from warping
after demolding.

CTE mismatch between in-plane
and through-thickness directions
is the dominant driver of part
deformation. Others causes
include cure shrinkage, cure
gradients, and mold-part
interaction.
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Demonstration Part

_,t

A “B Pillar” was selected as the
demonstration part for the HP-
RTM process. HP-RTM works
well for structural automotive
parts because HP-RTM can
create parts with continuous
fiber (high strength) and fast
cycle times. Also, the process
uses the same presses as are
used in metal stamping, which
prevents the necessity of costly
capital purchases.

p
e

inner face /

outer face

*only the outer face will be
modeled in this presentation
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Part Dimensions and Layup

230 mm

A

As the focus of the present study is to demonstrate the
physical phenomena central to the HP-RTM process as
well as the integration of commercial simulation tools
for this simulation, we have chosen a generic B-Pillar
geometry shown above.

Material: Carbon
Twill Fabric

Stacking sequence:
[0,45,45,0]




HP-RTM Simulation Flow Diagram

Geometry
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Geometry Definition

Producibility Elat ply shapes




Draping Overview

) Fiber modulus,
A// fabric bending
stiffness,

& picture frame

Eiper Directions

Mold and blank
geometry




Draping Inputs
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PAM-FORM

Tow modulus Bending Stiffness
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G table/curve wizard g
I” Compressible
—Experimental data
Arm length: | 270
Fabric length: | 190
Initial thickness: | 2.
Displacement Force -
[ o 321
0.03 33.033
0.07 33.5
N 0.11 33.7 £
0.16 34.0
0.20 34.1
. . 0.24 34.3
oK Add in material | 0.23 345
0.33 34.5
n.37 348 k=
4 n [3
Create table | Create curve |




Draping Simulation
PAM-FORM
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Infusion and Cure Overview

PAM-RTM

Permeability, cure
Kinetics, viscosity

A e
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Shear angles




Filling Inputs: Permeability

e Composites & Plastics

ZZ PAM-RTM

Property | Value || Shear A | Permeahility, st principal ads( |
Inttial Fiber Content Count 2 -50 1e-011
Intial Fiber Content 30 3.1e-011
Initial Fiber Cortent? [~ 057 20 5 52011
-0 1e-010
[ 1.3e-010
10 1e-010
| 51 . | 20 556011
3 Permeability defined at = oo
'
. . 5] 1e-011
\ multiple fiber volume
: fractions

Permeability, 1st principal axis for Initial Fiber Content:0.46

—— (45

Permeability as a
function of shear angle
for a specific fiber
volume fraction

18 principal axis{ m*
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Filling Inputs: Cure Kinetics

File

Database

Heat of Reaction

Cure kinetics data

Unit
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Resin ~ Name sample_resin ~
Search Owner Name nshap
Last Modified By  |nshamp E
Type | Value |Value Unit | F() Unit
thalpy Const 500 Jikg v
+ Kinetic Function v [ c v
) Earpl IsoConversion Kinetic Model
i) Hexcel 35016
-
SEH BEX FSELES RANE
[ Kinetic
Edit Curves | Markers | Functions
Selected Curve:  MewCurvefi2
X | ¥ =
1
2 36.041 -8.5351e-008 ©
) 36.056 -2.543%e-007 g
4 36.085 -3.5256e-007 g
5 36.076 -5.0208e-007
6 36.084 £.0962e-007
7 36.094 -7.196e-007
8 36.103 -8.2e-007
q 2% 112 47909007 b oz ] ] ] ] ] ]
0 40 80 120 180 200 2490 280
Pl - Temperature{ C )
Selected: 1 [x= 240214 Y = 0.256109

Reset | Save Close
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Filling Inputs: Viscosity lacmi

["LookUp Table Editor [ = [ el |

Property |Va|ue | » || Degree of Cure | Newtonian Viscosity(N-s/m"2) |
Temperature 1(K) |~ 100 0 1
Temperature 2(K) 2 110 2 15
Temperature 3(K) I~ 120 25 2
Temperature (k) 2 130 03 5
Temperature 3(K) | 140 04 20
Terpersuei [ &
i 1 Temperature 7(K) |~ 160 D44 100
- Viscosity defined at = = = ©
g Temperature%(K) |~ 180 5 200
multlple temperatu res Temperature 10(K) @IB‘] 52 mm
. Temperature 11(K) |~ 200 5
-
Newtonian Viscosity for Temperature:150
1000

w
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T

Viscosity as a function of
degree of cure for each
temperature

|

Newtonian Viscosity( N-sim*2 )
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oK Cancel
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Filling Inputs: Shear Angle lacmi

s
.
Composite Display M Active Sub-Model : BPillar-RTM.vdh
Shear
32692692
Entity: Layer hd
279684710
Compaonent
Type: Shear 23236736
Sub type: W 18.508759
13780773
Display Options
9.052795
Thickness amplification: 1.000
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__ -0402160
™ 30 view
_ -5131142
QUIK Options (L)

-8.859118
1 Fly Mesh I Flat curve [ Edge
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-14. 587099
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' Layer Design Manager
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Part Selection
Layer |Pats D |Reiforcement | Ply | Thickness (nm) | Fiber Content | Anglz | Local |~ =] |Leminate | Part ID | Thickness {mm) | Offsst |
[} Part I_l %|
ply_1_B-Pilar.. 25 _BPilar30 0 0 | Meure-Ruie . LAMINATE 4 [25 s [iddie ‘
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ply_3 B-Pilar... |25 _B_Pillar90_0_0 Mixture-Rule 1 05 0 X Insert
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Update Results Close 2 pisymmetry
A
x Delete
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Filling Simulation
PAM-RTM

ESNEPRIllar-RTh-no-hole erfhd

NODE : FILLING_FACTOR
Min = 0 at Modg 1
Max = 0 at Modz 1

1/ 0.000000

__ 0.000e+000
= 0.000e+000
_ 0.000e+000
0.000e+000
0.000e+000
0.000e+000
0.000e+000
0.000e+000
(0.000e+000
(0.000e+000
0.000e+000

0.000e+000

0.000e+000
0000e+000
0.000e+000

0.000e+000




Filling Outputs




Deformation Overview

~ COMPRO

beformation

Elastic constants,
thermal properties, :é:ﬁ‘g:jg"f
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cure kinetics :

(=¥

Residual Stress
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Fiber directions



Deformation Inputs

COMPRO

Elastic Constants

Thermal and Cure
Properties

2

Geometry’

<1 Release: Upen -5
<!-- Internal: Open -->
<1-- Customer: N/A -->

=-->
FIBRE-IM7-

<1- ==
- <material type="fibre" display_name
12K-v1">
- <revision comment="Initial model in revisioning system" date="2010-02-04" value="1">
- <density number_of_parameters="3" model="default">
<parameter value="1.77901E+03" units="kg/m3" parameter_number="1"
name="NominalDensity"/>
<parameter value="20." units="C" parameter_number="2" name="T0"/>
<parameter value="0." units="unknown" parameter_number="3" name="Tf"/=>
</density:>
- <elastic_properties number_of_paramete
<parameter value="2.76E+11" units a" parameter_number:
<parameter value="0" units="C" parameter_number="2" name=
<parameter value="0" units="Pa/C" parameter_number="3" name="E11_Tf"/=
<parameter value="1.95E+10" units="Pa" parameter_number="4" name="E33"/>
<parameter value="0" units="C" parameter_number="5" name="E33_refT"/>
<parameter value s="Pa/fC" parameter_number="6" name="E33_Tf"/>
<parameter value="7.0E+10" units="Pa" parameter_number="7" name="G13"/=>
<parameter value="0" units="C" parameter_number="8" name="G13_refT"/>
<parameter value="0 "Pa/fC" parameter_number="9" name="G13_Tf"/>
<parameter value="0.28" units="Pa" parameter_numbe 10" name="nul3"/=>
<parameter value " parameter_number="11" name="nul3_refT"/>
1} Pa/C" parameter_number="12" name="nul3_Tf"/>
<parameter value="0.7" units="Pa" parameter_number="13" name="nu23"/>
<parameter value="0" C" parameter_number="14" name="nu23_refT"/>
<parameter value="0" units="Pa/C" parameter_number="15" name="nu23_Tf"/>
</elastic_properties=
- «cte number_of_parameters="5" model="ctel">
<constraint value="0" severity_parameters="60.;1.;" initial_severity="60" severity_model=
isMinimum="false" variable="temp"/>
<parameter value="-4.00E-07" units="unknown" parameter_number="1"
name="NominalCTEI"/>
<parameter value="5.60E-06" units="unknown" parameter_number="2"
name="NominalCTEt"/>
<parameter value="20." units="C" parameter_number="3" name="T0"/>
<parameter value="0." unit:
<parameter value="0." units=
< cte=
«specific_heat number_of_parameters="3" mod lefau
<constraint value="0" severity_parameters="30.;
isMinimum="false" variable="temp"/>
<parameter value="711.76" units="1/(kg K)" parameter_number="1" name="NominalCp"/>
<parameter value="0." units="C" parameter_number="2" name="T0"/>
<parameter value="0." units="1/(kg K2)" parameter_number name="Tf"/>
«/specific_heat>
<conductivity number_of_parameters="5" model
<constraint value="0" severity_parameters="60.;1
isMinimum="false" variable="temp"/>
<parameter value="2.4" units="W/(m K)" parameter_number="1" name="NominalKt"/>
<parameter value="11.8025" units="W/(m K)" parameter_number="2" name="NominalKl"/>
<parameter value="0." units="C" parameter_number="3" name="T0"/>
<parameter value="0." units="W/{m K2)" parameter_number " name="Tft"/>
<parameter value="0." units="W/(m K2)" parameter_number="5" name="Tfl"/>
</conductivity >
< /revision=
</material>

M7-12K Fibre" general_name="FIBRE" unique_name

"15" model="default":

name="E11"/>
E11_refT"/>

al_severity="30" severity_model="1"

itial_severity="60" severity_maodel=




Property Mapping

Fiber directions from PAM-FORM
surface mesh need to be mapped to
the ABAQUS solid mesh. ABAQUS
does not have a built in way to
import fiber directions.

Compesites

=

A Python script was written which
maps each solid mesh node to its
nearest surface mesh counterpart
and defines the properties through
the thickness.

Degree of cure data is also mapped >)
from PAM-RTM into ABAQUS using S

the same method. Fiber orientations and i ABAQUS
initial degree of cure

defined at each element
through the thickness




Deformation Simulation

" COMPRO N

U, Magnitude

+1.026€+00
+9.402e-01
+8.547e-01
+7.693e-01
+6.838e-01
+5.983e-01
+5.128e-01
. +4.274e-01
= +3.419e-01
| +2.564e-01
\ +1.709e-01
+8.547¢-02
+0.000e+00

ODB: stress-deformation-

1 Y X .
Step: Step-Stress-Deformation

CONVERGENT

55

HABAQUS

r_CL.odb Abagus/Standard 6.14-1 Mon Nov 28 15:54:32 Eastern Standard Time 2016

Increment  0: Step Time = 0,000

Primary Var: U, Magnitude

Deformed Var: U Deformation Scale Factor: +2.793e+02

Step.
Total




Deformation Outputs

Deformation
without Draping:

Compared to the B
Pillar model without
draping, there is a
17% difference In
maximum deformation




Mold Geometry Compensation

Ine process Is iterated
WItH the new geormetry.
and the deiormation is
chiecked again to rnake
sure the delformead part
matenes the desired
geometry.




Manufacturing Informed Performance

Compensated mold
‘ geometry

Resin properties




Validation

~ 2
. “
"
' i
N |

"’ Draping simulations will be validated optically.

HP-RTM system will be used to validate injection.

CMM machine will be used to validate deformation.

High energy impact tester will be used to validate
performance.




Summary

Any amount of geometrical complexity will change the fiber
directions and therefore properties of the finished part.

Deformation from residual stresses built up during molding and
cooldown is unavoidable: it can only be compensated for, not
eliminated.

The performance of the finished part can ONLY be accurately
modeled by considering changes introduced during
MANUFACTURING.
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