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Work Based Upon

B Burks, D Armentrout, M Kumosa, “Failure Prediction Analysis of an ACCC
Conductor Subjected to Thermal and Mechanical Stresses,” IEEE
Transactions on Dielectrics & Insulators, in press.

Summary — Multiple loading conditions (thermal stressing, uni-axial tension, and
bending) were numerically investigated. Bending around mandrels was identified
as a possible cause for concern.

B Burks, D Armentrout, J Buckley, M Baldwin, M Kumosa, “Hybrid
Composite Rods Subjected to Excessive Bending Loads,” Composites
Science and Technology, in press.

Summary — Parameters affecting the stress state during the mandreling process
were investigated. Compressive strengths of the ACCC core, and Carbon Fiber
core were experimentally measured.

B Burks, Short-term fairlure analysis of the Aluminum Conducting
Composite Core Transmission Lines, MS Thesis.

Summary — Numerical and experimental investigation of the ACCC core.



Material Property
Predictions

Key to accurate numerical analysis

Uni-directional (UD) composite materials offer the
additional challenge of transverse isotropy

Many authors have proposed methods for predicting
material properties of UD composites

+ Rules of Mixture [7-8]
+ Simplistic, easily implemented, not always accurate transversely

+ Mori-Tanaka formulation of the Eshelby method [9-11]
+ Rooted in an elasticity solution, more rigorous implementation
+ Exhibits better agreement with experimental data

Volume fraction of fibers has a significant impact



Material Property
Predictions
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Presentation Notes
Not realistic predictions above vf ~75% due to stress field interactions between fibers


Material Property

|

Property ECR/Epoxy CF/Epoxy

Predictions

Axial Modulus (GPa) 47.0 139.4
Transverse Modulus (GPa) 10.8 /7.0
Axial Shear Modulus (GPa) 6.3 2.9

Axial Poisson’s Ratio 214 270
Transverse Poisson’s Ratio .05 .01

Ve = 60%0 for both composite materials



Presenter
Presentation Notes
Vf 60% for both composite materials


‘_L FE Wrapping Model

ACCC Rod

+ Developed an Implicit FE  a)
model to investigate

13]
+ Boundary Conditions

+ Penalty based contact
definition

wrapping of the ACCC B -
core around a mandrel Rigid Manare| %
+ Abaqus® FE solver Ejﬁ
+ Reduced integration “
. b} L
continuum elements [12- */ A %
A ACCC Rod
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Talk about the specifics of the model
	Planes of symmetry used
	6525 reduced integration continuum elements
	Load transfer through beamed node
	Ramped loads applied to fully deform rod around the drum
	Contact definition


FE Wrapping Model
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Axial stress state is dominant
	Transverse and shear stresses were found to be negligible
Compression zone of CF composite was identified as region of most interest due to CF’s poorer performance in compression


Step: BEMND Frame:
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Introduce the constant stress state concept


FE Wrapping Model
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Axial stress becomes independent of the applied load once curvature of the mandrel is achieved
	=> Stress state is geometry driven, not applied load driven [once curvature is achieved]

Occurs because the applied bending moment becomes constant

Identified the compression stress zone in the CF composite as an area of concern
	Investigate the parameters that affect the stress state


Mandrel Size Effect

+

Investigate the effect that the size of the mandrel
upon which the core is wrapped around has on the
axial compressive stress state

Six different mandrel diameters considered:

+ 500 mm, 750 mm, 1000 mm, 1500 mm, 2000 mm, and
3000 mm

Geometries

Extracted the maximum axial compressive stress
from each analysis



Mandrel Size Effect
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+ Inverse relationship between axial compressive stress and
mandrel radius

+ Smaller diameter mandrels result in the ACCC rods being put
in a larger stress state
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Valuable predictive powers


Glass Composite Thickness

i Effect

+ Investigate the effect that the thickness of
the ECR glass fiber composite layer has on
the axial compressive stress state

+ Used the 1 m mandrel model with varying
glass composite thicknesses

+ Quter diameter of the ACCC rod remained fixed at
9.53 mm (simulate Drake sized ACCC core)

+ Five geometries considered



Glass Composite Thickness
Effect

Axial Compressive Stress
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+ Linear relationship with
the glass sheath
thickness and the axial
compressive stress at
the interface

+ Explained by relationship
of bending stress with
distance from the neutral
axis

+ 119% reduction in stress
with a thickness
increase of .4 mm



Randomness in Geometry




Randomness in Geometry

+ Evaluate the effect that the geometric irregularities had on the axial
compressive stress state via Monte Carlo sampling

+ 72 measurements made of average carbon fiber diameter to gain a
distribution

+ Fit well by a normal distribution with a mean of 3.55 mm and a standard
deviation of .15 mm at the 1% sig. level [14]
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‘_h Randomness in Geometry

—
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CF perimeter discritized into 30 discrete points, MC sampling of distribution generated radius at each point.
	Turned into CF face, added the GF face, extruded into a 3D volume, and run in the 1 m mandrel model
100 geometrical configurations considered


Randomness in Geometry
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Tested at the 1% sig. level; best fit with N(926 MPa, 25.5 MPa) (K-STEST = .053; df = 100; K-SCRIT = .163) 



o

i Randomness in Geometry

| B
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 Safer loading geometry
Thick glass fiber composite layer
Relatively smooth and circular geometry on the compression side of the rod

(b) More dangerous loading geometry
	Thin GF composite layer
	Sharp CF composite intrusion raises the local stress field



o

i Compression Testing

+ Tests were run per ASTM D695 [15] to
evaluate axial compression characteristics of
ACCC cores

+ Tested both full ACCC composite specimens,
and carbon fiber composite specimens with
AE monitoring

+ Different specimen lengths; same aspect ratio
+ Sample preparation was key
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Specimen flatness achieved on end-mill with a carbide cutting tool using a climb milling technique
	reduced fraying

Glass fiber layer was machined away on a swing lathe, and wet-polished (OD = 6.10 mm)
�Specimens were then wet-polished and viewed with an optical microscope to insure that no tool marks or surface damage was present 

Servo-hydraulic test machine run in stroke control at a displacement rate of 1.3 mm/min



Compression Testin
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AE events in ACCC core specimens is statistically greater than the AE events from the CF specimens
	Indicates a different failure process


Compression Testing

Compressive AE Events
Strength (MPa) [H+0]
[p+0]
ACCC 615 + 62 05+ 11
Composite
Carbon Fiber 724 + 44 21 £ 8

Composite




i Compression Proof Tests

+ Specimens were loaded to 80% of their
loads at failure

+ Split axially, polished, and examined with
Scanning Electron Microscopy (SEM)

+ Microstructure was compared to failed
specimens



Compression Testing

CARBON FIBER COMPOSITE ONLY



Compression Testing




Four Point Bend (FPB)
Testing

+ FPB is ideal for flexure
testing [16-18]

+ Fixture Design
+ Rolling contact

+ Machined saddles to seat
circular rod

+ Longer outer span to
simulate mandreling
process

+ Mechanical means of
coupling the AE
transducer to the
specimen
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Rolling contact to reduce frictional noise

Saddles provide a line contact of stress for circular samples ASTM D4475 and ASTM D4476 [30-31]

ASTM calls for outer span to  16-24x that of OD [31].  Design was 32x
	Used the 1/3 span set-up



Four Point Bend Testing
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Point out the onset of AE; explain earlier signals

NL comes from the long span, and the extensive deflection of the specimens
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‘_L Four Point Bend Testing

A Bending generates

primarily axial M. E.
stresses . R
A Confirmed through
the FEM analysis in Mc _Ec
this research e R
.

A ACCC cores have 2 { o _ Eole +Eclg J
different materials, Ma
with 2 different axial B
stiffness { Goeno = — J
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Amount of bending moment carried by each material will be proportional to the axial stiffnesses of the material
	Can’t know the bending moment in each material, but know the total applied bending moment.

Solution of 3 eqns with 3 unknowns.

Solving for the radius, then allows us to calculate the bending stress in each material

Stress the importance of knowing the axial moduli very well here

Discuss the calculation of the 2nd area moment of inertia (the assumption made)


i Four Point Bend Testing

*Max. axial stress state in the carbon fiber
composite at the carbon fiber composite/ glass
fiber composite interface

Average stress™ COV

(MPa)
Onset of AE 1754 .09
Failure 2104 .02

Max. axial stress when wrapping on 1m
diameter mandrel p = 926 MPa (from FEM)



Four Point Bend Testing




A Using the First-Order Reliability Method
(FORM) [19] the probability that an ACCC
specimen will experience significant
damage when being wrapped ona 1 m
mandrel is 1.6 * 10~/

A Only considers the randomness in geometry

A Other factors could be more significant; they
could also be less significant




Conclusions From This

i Research

+ Damage during bending initiates from
kinking of carbon fibers on the compressive
side of the rods at the carbon-glass
interface

+ ACCC cores can be wrapped around 1 m
mandrels with a low probability of damage
(a “safety factor” of ~2)



i Current Research

+ Determining the effect of excessive
bending on the residual tensile
strengths of the ACCC core (damage
tolerance model).

+ Will provide insight into the short-term
performance of the ACCC core, if damage
has occurred to the core.
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