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The future ATLAS strip tracker
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Barrel, sensors parallel to beam, Endcap, sensors perpendicular to beam,
consisting of staves consisting of petals

Staves and petals have the same structure, vary mostly in geometr
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Petals for the new end-cap

#> Modules are glued on to
support structure consisting of

= Carbon fibre honeycomb
structure

about = Closeouts

Ul
S
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=
|

Carbon foam

Titanium pipes (for CO,
cooling)

> Everything_held together by

EHysoI 9396 glue !

> Face sheets and glue studies |

presented today
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Carbon fibre face sheets

Carbon fibre: K13C2U, impregnated with 45 % (mass) resin (EX1515)

— by volume: 61 % resin. 39 % carbon fibre

61 % of the carbon
— density 1.58 g/cm?® fibre volume
consists of resin we

know nothing about
but its density

> Modulus: 900 GPa (fibre), 4 GPa (resin)
— modulus along fibres (0°): 353 Gpa (higher for higher fibre content)

— modulus across fibres (90°): 6 Gpa (higher for higher resin content)

> Modulus for intermediate angles can be calculated

= Theoretical properties of an ideal cured carbon fibre lamina
- this is what would be used in a simulation

— measurements conducted for laminae produced under realistic

circumstances
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Making carbon fibre face sheets

> Flat, even metal plate (larger
than face sheets to be built) is
covered with release film
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Making carbon fibre face sheets

> Flat, even metal plate (larger than face
sheets to be built) is covered with release
film

= Layers of prepreg are cut (carbon

_ fibre impregnated with resin) to
shape and place on metal plate
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Making carbon fibre face sheets

> Flat, even metal plate (larger than face
sheets to be built) is covered with release
film

> Layers of prepreg are cut (carbon fibre
impregnated with resin) to shape and
place on metal plate

= For a structured surface
(improved gluing), a layer of
fabric is added, then another

layer of release film
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Making carbon fibre face sheets

> Flat, even metal plate (larger than face
sheets to be built) is covered with release
film

> Layers of prepreg are cut (carbon fibre
impregnated with resin) to shape and
place on metal plate

> For a structured surface (improved
gluing), a layer of cloth is added, then
another layer of release film

> The whole package is put in a
vacuum back with a breather
layer to distribute vacuum better,
then sealed and evacuated
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Making carbon fibre face sheets

> Flat, even metal plate (larger than face
sheets to be built) is covered with release
film

> Layers of prepreg are cut (carbon fibre
impregnated with resin) to shape and
place on metal plate

> For a structured surface (improved
gluing), a layer of cloth is added, then
another layer of release film

> The whole package is put in a vacuum
back with a breather layer to distribute
vacuum better, then sealed and
evacuated

> Whole package is then placed in
an autoclave and cured at high
pressure and high temperature
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Modulus of elasticity measurements

= Unidirectional laminae produced (fibres in all layers aligned in parallel)

= Strips cut at angles between 0° and 90° from different laminae
stress _ F/(b-h)
strain €

> Modulus measured in material tester: E =

pull force A
F applied
in material
tester
measure
width b
and
thickness =
h of the Read out strain €
sample directly using a

strain gauge
glued on to the
_________ sample
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Modulus measurements
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> Modulus of steel: 210 GPa
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Modulus measurements

But on a linear scale ... Modulus of carbon fibre depending on angle
_ 0 20 40 60 80
> dlscrepancy Of 400 — i TN NN TN AN TN TN SN S SN NN N S SR S N N N — 400
+ [e] ] E ——— - :
+ 50 GPafor O angle#a ~ ihf;};::;cal " 350
0 I — 1 m —  6layers C
= +10 % for higher T300] = " aimen | 300
angles &, 1 —  16layers | [
_5 250 _: 'i - 32 layers :_ 250
2 ] 1 -
2 200 - él C 200
— |ook for the source g . - \ -
.. = 150 \ — 150
of these variations 2 ] L =
< 100 —; 1\ ;— 100
50 L C 50
(strain gauge L e -,
misalignment, influence L
0 20 40 60 80

of strain gauges on
mechanics etc. taken
into account)

Angle of Fibre with respect to applied load [*]
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Modulus measurements

= Observed during face sheet construction: resin 0ozing out at edges

> |n these areas, the resin content would be lower than nominal value
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Resin content impact on modulus

Edge region:
resin oozed out
same fibre volume

resin content < 45 %
fibre content > 55 %

Longitudinal
modulus > 360 GPa
Transverse
modulus < 6 GPa

e e

Normal region:

45 9% resin content
55 % fibre content

Longitudinal
modulus 360 GPa
Transverse
modulus 6 GPa

Center region
(depending on curing setup)
resin accumulated
same fibre volume

resin content > 45 %
fibre content < 55 %

Longitudinal modulus < 360 GPa
Transverse modulus > 6 GPa



Simple estimate of actual modulus

= Depending on the curing setup of a lamina and the region on the
lamina, thickness and modulus can differ for the same type of prepreg

> absolute fibre content per area (45 g/cm? per layer) does not change

(thicknesses actually measured on different samples)

1 a S

—K N
= = i L

=
 }

\J v \J
45 um per layer 52 pm per layer 55 pm per layer
(edge region) (nominal thickness) (center region)
20.5 ym (46 %) fibre 20.5 ym (39 %) fibre 20.5 ym (37 %) fibre
24.5 pym (54 %) resin 31.5 ym (61 %) resin 34.5 ym (63 %) resin
- 416 GPa - 353 GPa - 336 GPa
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Estimate actual modulus of a carbon fibre lamina

> Normally known for commercially available prepreg:
)

= Nominal contents of resin (by mass) and fibre (g/cm?)

= Modulus of fibre and resin (E

fibore’  resin
= Densities of fibre and resin

= Step 1: calculation of

= Nominal volume fractions of fibre and resin (V

)

nominal, fibre’ nominal, resin

= Calculate nominal layer thicknessd__

minal

> Step 2: measurement of the actual lamina thickness

= Calculate actual layer thickness d__ = lamina thickness / number of layers

= Step 3: calculation of

" The aCtuaI ﬁbre VOIUme Content Vactual fibre = Vnominal fibre. nominal actual
= The actual resin volume content V =1-V _
actual, resin actual, fibre
~ Step 4: Calculation of actual modulus E =V _E_+V E
actual, fibre fibre actual, resin resin



Estimate carbon fibre modulus for angle laminae

Face sheets for support structures: usually not unidirectional (fibres in
all layers are parallel), but angle laminae (high longitudinal modulus in
one direction compensates low modulus in another layer)

Rough estimate E__

»~ (2 E,,) / number of layers

Compression effect occurs mostly between parallel layers

Unidirectional lamina: 0-0 Angle lamina: 90-0

Compressive effects (+ resin oozing out) within a layer can occur for
each layer

Compressive effects between layers can only occur for adjacent layers

with parallel fibres
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Accounting for layer compression in simuation

0,0
o2e?
os el
.0
0, O
0
Compression/lower resin Compression/lower resin content will
content will occur similarly occur to a higher extent between the
within each layer two middle layers
~ all layers can be treated — middle layers will probably have a
equally lower resin content and higher
modulus

— four layers of similar o |
thickness and modulus — account for effect in simulation

(e.g. thinner layers in centre with
higher modulus)

-~ Simulated properties of angle laminae (calculated using results from
unidirectional laminae) were found to agree well with measurements
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(Major) Poisson's ratio

= Strain occuring perpendicular to fibres if
stress is applied parallel to fibres

> Measured in material tester for 0° samples

fibre
| direction

applied
stress

> Measure strain occurring both parallel
and perpendicular to fibre direction
simultaneously using strain gauges

= Poisson's ratio

strain (perpendicular)

Y1277 syrain (parallel) =03 contraction occurring
perpendicular to
(fibres don't contract, only (unidirectional) applied stress

reSIn between flbl’eS) Luise Poley | Material studies | 24.05.2016 | Page 19



Major Poisson's ratio measurement

> Strains measured both on front and back
side of sample with one horizontal and

one vertical strain gauge on each side applied
Measured strains from four strain gauges stress
100 200 300 400 500 600
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
- il
- . o |HIH|I“| L .
o0 ] Strain, - i‘,wmﬂ"“““ . measure strain
7 parallel fmﬁuamﬂ“‘“ : parallel to
i i o me - I front, horizontal || stress
E | 1 I: front, vertical L
s 107 - ot - lisback horizontal || 1%°
" - |’,ﬂ|ﬂlm 1 II: Front, vertical
E T - I Eaci, hortilzmrtal B
= 7 I I  verkica B .
E 0 ] - I F?;nt. horizental | [ 0 Measure strain
= ;N — perpendicular
i T ™ I
] perpendicular " ow et
| T T T T | T T T T | T T T T | T T T T | T T T I.—l__
100 200 300 400 500 600

Applied load [N]

> Poisson's ratio: 0.5310.03 (expected: 0.3)
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Major Poisson's ratio measurements

> Investigate possible impact by sample geometry

= Single-sided measurement: 0.50 = 0.02

Double-sided measurement: 0.53 + 0.03 \
Different prepreg (100 g/cm?): 0.47 + 0.02

Thick sample (16 layers): 0.58 + 0.09

Large strip: 0.45 £ 0.14 ~—

— Combined: 0.49 = 0.04 — much higher thé\h éxpected

> Check if method is working using an aluminium strip
- expected: 0.34, measured: 0.33+0.01 § =" -

e
—_—

— Poisson's ratio for K13C2U really higher than expected?
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Investigation of high Poisson's ratio

= While investigating possible sources of errors, we considered strain

gauge misalignment

Poisson's ratios from misaligned strain gauges

gauge [°]
.

\

0.298
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0.294
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j
=2
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0

0.292

-2 0 2 4
Misalignment angle for vertical strain gauge[°]

— Poisson's ratio of
0.5 requires vertical
strain gauge
misalignment >> 5°
and perfectly aligned
horizontal strain
gauges

— does not explain
our results, but gave
us an idea what to
look for
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Investigation of high Poisson's ratio

> Taking a closer look at our samples

= Parallel fibres in a prepreg / unidirectonal lamina are not really parallel
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Quantifying fibre angle spread

> Poisson's ratio measurement samples placed under Smartscope,
measured angles of individual, random fibres

Fibre angle spread

0.14 :— Carbon fibre samples
- J- —— K13C2U, 45 g/m~2
0.12— i K13C2U, 100 g/m*2
0.1 :—

0.08—
0.06|— -|_
0.04 :— -|_ \I
0.02— u

D ql 1 1 | 1 1 1 - 1 Irl 1 1 _I_ | 1 1 | 1 1 1 | | | 1 | 1 L * 1 d | h 1 1

10 8 6 4 2 0 2 4 6 8 10

Measured fibre angle [ °]

> Gaussian fit of 100 measured angles showed a spread of fibre angles

of 0 =+ 2.6° and o = + 2.8° around expected angle
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Investigating high Poisson's ratio measurements

> Large fibre angle spread could explain increased Poisson's ratios if

= Strain parallel to fibre is dominated by small angles (stabilising)

= Strain perpendicular to fibre is dominated by large angles (more inward
movement)

> Estimated impact on overall Poisson's ratio with tool developed in
parallel to mechanical measurements

— for each layer in a lamina, stiffness matrix is calculated (how much strain occurs
in which direction depending on direction of applied stress)

— stresses and strains in each layer are calculated
— stresses and strains in the full lamina are calculated

— overall characteristics (modulus, Poisson's ratio) of the full lamina are
calculated

- different lamina setups can be studied theoretically
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Investigating high Poisson's ratio measurements

> No possibility to simulate fibres with different angles in one layer

— approximate with thinner sub-layer with random angles

Poisson's ratios for randomly misaligned layers

0 : 4 ; ; = For Gaussian distributed, random
' . 10[ayerlamir‘,a = E e ang|eS Of |nd|V|dual |ayeI’S, the
YT To00 beer lomina | £ Poisson's ratio increases with
1,4 AL F

sigma of the Gaussian distribution

—
M
|

— for angle distributions measured
on fibre (2.6° and 2.8°), Poisson's
ratio already well above 0.4

Poisson's ratio
]

= This could be the explanation

= ;-;ti [44# i
41 j;ér #111|[T -
L _-.'= L
T
!EF'!E il - | L]
7 = 1] E = ! = l _:=“—_:- '"'___:- B
D|2 . T T T T T T T T T T T T T T - ] . . .
0 > 4 6 8 Luise Poley | Material studies | 24.05.2016 | Page 26
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Investigating high Poisson's ratio measurements

> Theory checked with samples M46J fibre (stiffer, lower modulus)

— smaller angular spread measured in Smartscope

Fibre angle spread
Poisson's ratios for randomly misaligned layers

025 — Carbon fibre samples 0 5 4 6 :
: — ] 3C2U, 45 g/m"‘2 1,8 [T N NN NN N Y TR AN AR TR SN S S S S S S| 1,8
- K13C2u, 100 g/m"2 4| e  10layerlamina Tt
- Bl V464 1,6 | ® 100 layer lamina Tl E1s
0.2 | ] + 1000 layer lamina = THOF
- 1,4 TRl 1.4
B o ] B nif .
015_ E‘I,Z—_ m L __1'2
L S ] Bt C
~ e 1 =1
— [=]
— 3 ] L | Lo r
01— 508 PGyl - 0,8
- 0.6 - 0,6
0.05— 04 =LA - 0,4
- 0.2 7 T T T T 0.2
) P B | I 0 2 4 6 8
-10 -8 -6 6 8 10 Radem Fibre misalignment standard deviation [*]
Measured fibre angle [°]

> angular spread: = 0.9°, measured Poisson's ratio: 0.29 £ 0.02
— expected Poisson's ratios measured for aluminium and parallel fibre

> Poisson's ratio for K13C2U probably really is 0.49 £ 0.04 due to large

angle variations of fibres
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Shear modulus measurements

Measured in bending
setup

> Square plate of
unidirectional lamina

>, Load applied on two
corners from above

. — measure corner
.displacement as a
function of applied Ioad'

— calculate shear
modulus
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Shear modulus measurements

Shear modulus measurement

0,1 0,2 0,3 0,4 0,5
| 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I

+  Measured data [ >
Linear fit Function

[aN]

i Load vs displacement
15 In good agreement
i with linear function

-
LA

— calculate shear
modulus from slope
(and geometrical
properties of sample)

Applied load [N]

— 0,5

o
Ln

0,1 0,2 0,3 0,4 0,5
Measured displacement [mm]

> Shear modulus measured to be 3.8 £ 0.1 GPa for different samples

— consistent with data sheet expectations
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Carbon fibre measurement conclusion

Lots of samples
measured

Full mechanical
characterisation of fibre
as used in future local
support structures:

= Modulus depending on
alignment angle

= Shear modulus

= Poisson's ratio

AL s 454 (o
hads : 30 7

= R LR VL

Input for realistic
simulations of face sheets
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Coefficient of moisture expansion of glue

= Concern: support structures are glued in clean CME
rooms (about 40% humidity) :

change of length

> In ATLAS, the detector will be flushed with dry gas | initial length .
— Moisture will slowly be reduced to 0% . mass of absorbed E

- concern: contraction of materials while drying . moisture :

: dry mass :

> Measure coefficient of moisture expansionofglue ... .l > ... s

Mounting structure: 8% (mass) glue

il
Local support structure glue
carbon foam

—carbon fibre channels

carbon fibre honeycomb

carbon fibre face sheets

titanium pipes
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Samples under investigation

> Glue planned to be used in the
detector: Hysol 9396 (two
component) with filling for better
thermal conduction and higher
VISCOSity

— mlxed samples with O, 5 10

pOWder to be used in detector

- two samples per filling
percentage (2cm *8 cm * 2 mm)

— half of the samples cured at
room temperature, half of them
cured at 60°C for one hour

= Surfaces milled flat for easier
moisture transfer
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Moisture absorption

> Samples dried out completely in a climate chamber
> Then placed in high humidity environment and weighed daily

— Estimate maximum absorption

1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
20 40 60 80 100 Samples

Time [days]
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= U777 Samples with a
S 000 v 7« .71 higher boron nitride
éo.osf— Saturation' st ‘| content absorb less
3 F . ' moisture
%0.075— : . " ) :
006 R | - expected, as
o — . . .
§ 0.08 ;_ Boron nitride content boron 'nltrlde sa
= f## = o ceramic (no
- : . 5% moisture
0.03 - .—.-*ﬁ: 1056 absorption)
25% — account for
001" +30% boron nitride in glue
0



Moisture absorption

> Maximum moisture absorption for glue content only (taking boron
nitride content into account): between 9 and 11%

70.12 Oven cured
g T S | samples: 11%
> | TR,
3 0.1— A T R
s T b ow e - - g ROOM temperature
s [ w__ .\ cured samples: 10%
='0.08 — \
o] — ]
S Samples without
e . a0
< 0.06 L Boron nitride content boron nitride: 9%
- & + 0%
— # %o =d i
0,04+ o maximum
[ it . 1se moisture absorption
SF oy
=i 20% depends on filling
0.02 1+ 25% I
3 6 and curing
- + 30%
OE 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 20 40 60 80 100

Time [days]
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Oven curing vs room temperature curing

> Milled through different glue sample

= Air (from boron nitride powder)
trapped in glue

> Effect much stronger for oven curing

— glue cures faster at higher
temperatures

— not enough time for air bubbles to
escape from glue

— Moisture absorption can probably
be reduced by degassing glue after
adding the filling

cured at room
temperature

cured in

an oven



Coefficient of moisture expansion measurement

> Two-camera image
correlation system

> Repeated pictures of
structured surface

> Calculation of length
change with respect to
defined initial picture _
(dried sample) strain

moisture

= Sample on high precision content
scales (0.1 mg) in high
humidity environment

> Calculated absorbed
moisture from weight

INncrease
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Coefficients of moisture expansion (example)

CME for Hysol with 20% boron nitride

strain d g 12 CME = ratio
?egsure E [ (linear fit) i,«
ylmage & 4 between strain .
correlation @ and moisture _.*°
system 0.8— content x;'
- Le®
06— ¢¢'
0'4:_ ¢i‘ii§
- i,
02— @ = = ‘i%/!‘
it
“V. _r 1 1 1 1 1 1 1 | | 1 1 I 1 1 | 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 I 1 1 1
0.001 0. 0.003 0.004 0.005 0.006 0.007 0.008 0.009

Absorbed moisture/dry mass [g/g]
moisture content

Initial moisture absorption
calculated from

leads to curing of previously
uncured glue weight — dry mass

— N0 expansion dry mass
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Results for different filling percentages

CME fFor different BN loaded Hysol samples

. . -5 0 5 10 15 20 25 30 35
> =~ 100 mstrain/moisture content 160 b o s el
] CME alpm—_——
- higher for oven cured samples o[ m ovesngoweded [y
_ - V4
120 s’ ’
— lower for room temperature T 1 L ; Lo’
= ¢ PR
cured samples 51907 1 ; ;%-_-;.L‘_
. Bl TOOVF Iv~.
= Variations can be assumed to be a .. } T
smaller for degassed glue Y 60 "“~.£ “\‘
40 ..'~~£_E_:
> Rough estimate of impact: 20 A

5 10 15 20 25 30 35

> Length of a petal support structure: about Of‘% m0 Boron nitride content by mass [%]
- assume 40 % humidity during construction
— moisture absorption of 0.04 - glue weight (0.1 in 100 % humidity)
— contraction during drying: 0.04 - 100 mstrain = 4 mstrain = 2 mm

— compared to contraction from temperature change in glue =2 mm

> ThlS Should be taken Into account Luise Poley | Material studies | 24.05.2016 | Page 38



Still surprising results

Even when we had worked with
the glue for some time

= One (slightly warmer) day, the
glue was mixed as usual

= On this day, it boiled over

(exothermic glue reaction
produces heat, which
accelerates curing, which
produces more heat

— air trapped in glue is heated,
expands and rises up

- “boiling over”)

> Never Seen bEfore OI’ aﬁ:er Luise Poley | Material studies | 24.05.2016 | Page 39
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