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Welcomel!

 Format of workshop is aimed at both discussion and
hands on experience

* Audience is relatively broad—technicians and
engineers with large range of base experience

 Feedback is desired on all aspects of the workshop
particularly on level and complexity

e Look to hold similar workshops in future at rotating
locations

o Scope of workshop is flexible—will try to accomodate
Interest
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Workshop Locations

map.lbl.gov
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sSessions

Shop Sessions in 77A-101 8:30-12:30 Tu/We/Th
Lunch served Tu/We/Th 66-316 12:30-13:30
Afternoon Sessions 66-317 (here)

Aim for more technical talks early afternoon on Tu/We:
folk interested in extended shop time may return after
lunch

Vendor visit Thursday afternoon
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General outline of talks and shop
Monday

Laminate Design and Fabrication overview
Tuesday

Flat panel layups

Detail Design values, Joining, FEM
Wednesday

Formed tool layups

How to specify prepreg; Material Properties DB; Precision
assembly

Thursday

Inspect parts, discuss tooling



Monday, 29 February

Monday, 29 February 2016

09:00 - 12:30 Registration -
12:30 - 13:30 Lunch
13:30 - 15:00 Introduction and Overview (~ ]
13:30 Introduction and Welcome 15’ [~
Speaker: Henrik von der Lippe
13:45 Introduction to Composites 30’ [~
Speaker: Eric Anderssen
Material: Slides @
14:15  Micromechanics and Laminated Plate Theory 45’ [~
Speakers: Eric ANDERSSEN (LBNL), Neal Hartman
Material: Slides 1]
15:00 - 15:30 Coffee Break
15:30 - 17:00 Elements of Fabrication |
15:30 Elements of Fabrication 1 1h0’ [~

Speaker: Neal Hartman

16:30  Closeout 20’ |
Speakers: Neal Hartman, Eric Anderssen

17:00 - 19:00 Brew Pub Visit  ( Offsite - Jupiter )

e
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Tuesday, 1 March

Tuesday, 1 March 2016

08:00 - 08:30 Coffee & Donuts (B77A (101))

08:30 - 12:30 Shop Session 1 2
Location: B77A
12:30 - 13:30 Lunch
13:30 - 15:00 Elements of Fabrication 2 ~ |
13:30 Elements of Fabrication II 30’ (|
Speaker: Joseph Silber
14:00 Joining Techniques - Bonding 30’ [~
Speaker: Neal Hartman
14:30  Joining Techniques - Bolting 30’ ~ |

Speaker: Joseph Silber

15:00 - 15:30 Coffee Break
15:30 - 17:30 Analysis & Modeling [~
15:30 ESA Comp 30’ &
Speaker: Andrea Catinaccio
16:00  Ansys 30’ A
Speaker: Diego ALVAREZ FEITO
(~
(~ |

16:30 Thermal Modeling 30’
Speaker: Silber Joseph

17:00 Closeout 20’
Speaker: Neal Hartman

Eric Anderssen, LBNL 8
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Tuesday, 2 March

Wednesday, 2 March 2016

08:00 - 08:30 Coffee & Donuts (B77A(101))

08:30 - 12:30 Shop Session 2 ]
Location: B77A ( 101 )
12:30 - 13:30 Lunch
13:30 - 15:30 Materials & Specs ~ |
13:30  Low Mass Prepreg Fabrication 30’ |
Speaker: Steven Smith
14:00 Discussion - How to Spec and Order Material 30’ [~
Speaker: Eric Anderssen
14:30 Resin Systems 30’ ]
Speaker: Kendall Oblak
15:00  Material Library, DB, QA 30’ (~
Speaker: Eric Anderssen
15:30 - 16:00 Coffee Break
16:00 - 17:20 Precision Assembly ~ |
16:00 LBNL Methods for Precision Assembly 30’ |
Speaker: Neal Hartman
16:30 CERN Methods for Precision Assembly 30’ [~
Speaker: CERN
17:00 Closeout 20’ (~]

Speaker: Neal Hartman

18:30 - 22:30 Workshop Dinner  ( Offsite )

Eric Anderssen, LBNL 9
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Wednesday, 3 March

Thursday, 3 March 2016

08:00 - 08:30 Coffee & Donuts (B77A (101))

08:30 - 11:30 Shop Session [~
Location: B77A ( 101)

11:30 - 12:30 Lunch

12:30 - 17:00 Prepregging Tour

Eric Anderssen, LBNL 10
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LBNL Composites Shop %

= Capability established to
support construction of
ATLAS Pixel Detector

e Have since delivered
many detectors...

* Synergy of project
requirements and
contiguous R&D allows
for bootstrap technology
development

* Techniques developed
for ATLAS used on STAR

 Materials developed on
STAR (30gsm FAW) nhow
used on ATLAS

- :‘. ~
ATLAS Up
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Shop capabilities (large structures) ceceend]

BERKELEY LAB

* Design and Fabrication

e Low-mass, Stable
Structures

* Precision Assembly of
large structures (4-8m)|

 Developed for Global
Support Structures of
High Energy Physics
Detectors

* Useful for any structure

iy

8 requ_ir_ing high_ _
| precision/stability

LAWRENCE BERKELEY NATIONAL LABORATORY
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Composites are materials developed
via a fabrication process

It is Impossible to separate material properties from
fabrication process in composites

Ability to close loop on design, fabrication, and test is an
Important capability to develop and maintain

It is Important to understand aspects of fabrication at all
stages, from pre-preg to layup to be able to properly
specify design variables

Over-use of ‘nominal’ values in design is common in our
field and is what is taught in typical courses



Part manufacture is material design

Each of the stages of manufacture have some inter-relation and
affect the overall product as deviations from ideal

Understanding these deviations allows you to modify the design,
tool, and processes to best achieve intent and goals

Part and Process Design together are best viewed holistically

Of course, design of the laminate can have some peculiar
ramifications to the manufacturing process...

Aim is to tie design and manufacture together both to
show what’s easy to do/control and what'’s difficult

Much of composite fab/design is simple, but tedious...



STAR HFT Inner Detector Support (IDS)

Structure Mass = 35kg
Applied Load 200kg







Workshop Goals

The goal of a successful part fabrication is to achieve a finished
part that has both the desired dimensional tolerances and
properties required for the design

- Resin Content, Fiber orientation, and Internal Stresses affect both part
properties and shape

- The various stages of part fabrication, including tool design have
impacts on the above three parameters

- Part and Tool material affect these as well--will try to convey how to
consider these interactions

Of course all of this needs to feed back into the base design

Later talks will try to convey the relevant processes that can be
used to control these parameters as they are applied to the
fabrication

We will draw on lessons learned from previous projects

It is more a series of points to consider than real design direction T

Anderssen LBNL



Generalized Part Fabrication Cycle

Composite parts are generally made from several plies, stacked together
with specific fiber orientation and ply shapes.

They require a rigid tooling surface, to give the part form, which must be
capable of withstanding compaction forces and cure process without
distortion (usually temp, possibly chemical attack)

To generate specific properties, these ply stacks must be compacted
together removing voids (air bubbles) and excess resin in a controlled
manner, which must be maintained through part cure

Part cure can occur at Room Temperature (RT) or elevated temperature
depending on the chemistry of the resin system

After part cure, the part must be released from the tool, and can
subsequently be machined to shape—tool surface integrity is key

Most composite parts are bonded (occasionally bolted) to other
components, metal or composite. Preparation involves careful cleaning
e 10 remMoOve-mMold-release,-and-increase- surface wettability.

=
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Manufacturing Process




Stages of construction in photos




Co-Cured Assemblies

/' Einal Co-cured
,,,,,,,,,,,,,,,,, - Ibeam<95g/m

’ ‘ Avoid extra adhesive

"\ 489 versus 39g over
3%,
| 1m




Sounds Rather Complicated...

There are a lot of things that can go awry during a part fabrication

They may have some inter-relation, but each can usually be solved
independently

Once a process is defined which yields acceptable parts, the
process is highly repeatable

It can take several iterations to nail down such a process

Experience is best, though some aspects can be taught

« This goes for both the Engineers and the Technicians who
fabricate the parts

Composite Design and Fabrication are intimately linked—it is
Important for Engineers to be involved in all stages



Some Design Background

Simple Lever rules can get you 80% of the way to understanding base

properties of composite materials, say zero® order properties like Moduli,
Strength and CTE

Laminated Plate Theory is the basis for understanding higher order
mechanical properties, and response of stresses on the materials

MOST of our laminates are designed ‘Symmetric and Balanced’ and further
are designed to be ‘Quasi-lsotropic’

« The sub-class of Symmetric isn’t necessarily Quasi-Isotropic nor Balanced

« Symmetric, Balanced, QI (QIBS) laminates have the special property that many off-
diagonal elements of the stiffness matrix are identically cancelled

- Off-Diagonal elements of the stiffness matrix are responsible for ‘anti-clastic’
behavior—bend-twist, and shear-extension coupling of induced strains

Symmetric Balanced Quasi-Isotropic laminates are the easiest to design with,
and yield the most predictable parts

=
E. Anderssen LBNL



Lamination: Additive manufacture
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‘Carbon Fiber’ material is built layer by layer on a mold

Each layer has a fiber direction and ‘thickness’ specified by the
design requirements (X,Y are Body Coordinates)
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Common Tooling Materials

6061 Al Alloy—Ilight weight, low thermal mass, easiest to machine
« High CTE (23.6ppm/C), less tool longevity than Steels

Steel—moderate CTE, available in more form factors (pipe)
+ Needs Nickel or Chrome plating to maintain surface integrity

Stainless Steel (300)—stable surface, easy to machine
« More expensive than Steel or Aluminum, high CTE

INVAR—near 0 CTE—good match to Carbon Composites

- Extremely expensive, hard to machine, but industry standard for challenging laminates with
long production runs

Monolithic Graphite—good CTE match to Carbon Composites
« Easy to machine, but requires special equipment

+ Low tool integrity—short production runs or several tool re-works

+ Moderately expensive

Composite Tooling—best thermal performance, good CTE match
« Complicated manufacturing process—requires ‘Master’ to create mold
« Difficult to design, though many resources available

............................... ‘TOOIIngBoard’(foam1CaStpIaStICS)—gOOdforquIthurnaroundIargetOOIS
+ Limited temperature performance, CTE 1.5-4X as high as Aluminum ”\m

E. Anderssen LBNL

Note—aim here is at Carbon Composites—fiberglass QIBS has ~CTE of STEEL



Tooling Design—Production Oriented

The Tool (mold) needs to have more than just the right shape...

The aim of a good tool design is to make it as easy as possible for you to build a quality part

+ Increased tooling features (cost) can be justified if it speeds part production

Fabrication aids should be incorporated into tooling, outside of part mold line

Datums, Angular (fiber) References, and Part Edge references should have physically measurable features
as references on the mold to allow verification during part assembly

« Bagging (compaction) is one of the more tedious processes, aim should be to make this as easy as possible

Tools are used by people—some Ergonomic considerations are important

Tools are Heavy—handling and movement provisions should be addressed, lift-eyes, handles, finger lips
should be incorporated as needed

« Access is important—hands, fingers and plies must be able to get where they need to be—if necessary, split
parts or molds to allow for this

Consider lamination time—if part is too big or complicated, material may expire before part can
be cured (exceptionally important for wet layup)

Consider Part Release—how is part to be removed from Tool Surface?
If mold is closed, or multi-part, consider adding jacking screws, or pry gaps

« Some parts that are over-constrained by their tool by CTE or simply by their shape, may require jacking
features which bear on the part itself (or splitting the tool)

Consider this axiom: The largest loads composite parts ever see is frequently during mold

- /
E. Anderssen LBNL
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Part Example: Mount Pad

Plies cut on Automated Ply Cutter

Mount Pad is laid up on tooling produced in YASDA

« Finish straight out of machine required no polishing for part release—
reduced cost

« SS material cost almost as much as machining

Part is trimmed on SLA Vacuum Chuck

« SLA allows complicated internal geometry for free

Part takes 3hrs to fabricate, using ~$150 worth of $600/Ib
material

« Comparable ‘conventional’ part with similar
properties would be milled Titanium
— Material cost for blank slab also around $150

— Machining cost (each) similar to cost of machining
tool ~8hrs

— Cost per Ti part ~$900 each.

 Cost per part, ~$400 less for composite
component, even with material that costs
$600/Ib

« Composite part production where tooling
can be amortized over run can yield parts
cheaper than conventionally manufactured
parts
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Tooling Design: Other things to Consider

The tool defines the shape of the part, and as suggested previously, it's shape at Cure needs to be
ascertained

+ Make sure tool material can take cure temperatures and pressures

« Make sure tool does not warp or otherwise behave anisotropically when heated

Understand Thermal performance of tool as it typically dominates part temperature
+ Needs to have low thermal mass to allow even heating—as much as is possible
+ Previous CTE Calc assumed constant Tool Temp—thermal gradients can induce warpage

« This is of largest concern for larger, open-form parts—small parts have small effects

Laminate Material Limits and part Quality

« Minimum radii and complex curvature should be avoided as much as practical

+ Include datum surfaces where appropriate to allow for fiber angle references and ply boundaries
Part Release concerns

« Surface finish and integrity should be compatible with release of production QTY
- 64microinch finish or better is adequate for direct release (with wax)

« Make sure features on tool do not trap part on cool down
Resin Control

+ Sometimes, it is best to consider splitting the part into more manageable pieces...

« Thick Laminates and Thin laminates require different resin control methods/requirements

2 /
E. Anderssen LBNL
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Part Compaction *is* Resin Control

Resin Control assures that both the resin is evenly distributed, and that the
appropriate volume fraction is achieved in the part—resin goes where
you force it!

The Bag should be considered an integral part of the tooling, though it is
usually expendable...

- Limitations on bagging materials can and should affect choices made during tool
design—it is good to consider bagging when designing a tool

Application of Bag to tool requires certain features to be added to tool

Resin control methods interact with material order

« Material can be ordered ‘Net-Resin’ or ‘Resin-Rich’ affecting Resin Control
Requirements

« Also has ramifications for lamination (differing resin content in pre-pregs affect
drape and tack)

« More on this as we go

=
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Conclusion

A Very quick overview of the fabrication processes

More detall in later talks about fabrication process (resin
control)

Next Talk on Design
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