Passive and active contact pressure
measurement systems in SC magnets

TE-MSC-SMT- Felix Wolf

02/09/2021, TE-MSC seminar




Outline

Motivation / Introduction

Review of existing contact pressure measure systems

= Passive measurement systems
= Active measurement systems

= Conclusion / summary and outlook




Introduction

= My work at CERN, with the following problems
= PhD characterization of the Nb;Sn conductor
" Conductor limitation due to applied pressure
= Mechanical measurement on the Rutherford cable stacks
" Mechanical characterization of the insulation system
Characterization of the stress distribution

....................
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Neutron diffraction measurements

Contact stress analysis




Required preload

80
. Magnetic Mid plane
~ 60 Dipole magnet :
g P 9 field stress
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5 LHC [3] 83T 7705l\:\IAPPaa
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X in mm

Magnetic force distribution in a sector coil.

Preload to balance magnetic forces
Prevent conductor motion induced quenches

The origin of a quench may be a conductor motion under the
influence of Lorentz forces resulting in a heating of the cable
by frictional energy. [1]

Patrick Ebermann et al 2018 Supercond. Sci. Technol. 31 065009

O. S. Bruning, P. Collier, and P. Lebrun, et al., "LHC Design Report”, CERN Yellow Reports: Monographs, Geneva, 2004.
M. Karppinen et al., “Design of 11T twin-aperture dipole demonstrator magnet for LHC upgrades,” IEEE Trans. App. Supercond., vol. 22, no. 3, 2012.

Magnet preload

Too high preload

Permanent degradation of the conductor
Cracks in the insulation system

e Y~ 0 i p .+'—2h):m—i’
SEM micrographs of transverse metallographic cross section of the
200 MPa loaded area of a Nb;Sn Rutherford cable. [2]

Comparison of an virgin sample (left) and a sample after loading (righ

] under UV light prior application of a fluorescent penetrant.
] MeR3, K.H., Schmuser, P., Wolff, S.: Superconducting Accelerator Magnets, World Scientific, Singapore, 1996
|
]



Fuji Prescale [5]

EZ-Nip paper [7]

Commercially available systems

0 MPa to 300 MPa
0 MPa to 7 MPa

Passive systems
| Name | Stressrange | Analysistool |

Fuji Analysis

Shoe Press Profile

®Cut Prescale to desired dimensions

‘ HiLumi
HL-LHC PROJECT

Mold Align [7] 7 MPa to 41 MPa Topaq Analysis
System
PressureX-Micro 0.05 MPato 12.4 MPa  Point scan
Green [7]
PressureX-Micro [7] 0 MPa to 0.14 MPa Auto-Nis
Surface Profiler Fiim [7] 0.1 MPa to 10 MPa -
All systems are based on pressure sensitive films
(o) O
} (o) (o]
o) O
(o) (o}

Q@Insert Prescale in desired location

and apply pressure

@Remove Pressure and Prescale

and you can now See and check
the pressure and it's distribution [2]

[8] Tekscan, Inc., I-Scan® Product Selection Guide, [Online]. Available: https://www.tekscan.com [Accessed 2021].

Active systems
| Name | Swessrange | Method

TekScan [8] 0 MPa to 200 Mpa

Piezo-resistive

Tactylus [7] 0 MPa to 2.7 MPa Piezo-resistive
Tactarry [6] 0 MPa to 5 MPa Capacitive
Sigma-Nip [7] 0.3 MPato 70 MPa  Thin-film resistor

CERN capacitive 0 MPa to 160 MPa

gauges

Capacitive

K

Tactilus FREE FORM'

Square Sensors

v

TactArray Systems

[5] FUJIFILM Prescale Instruction Manual
[6] PPS [Online]. https://pressureprofile.com/ [Accessed 2021].
[7] Sensor Products, Inc., [Online]. Available: http://www.sensorprod.com/ [Accessed 2021].



Passive system

FUJI prescale film
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FUJI prescale film — how it works

Mono-sheet
= MS 10 -50 MPa
= HS50-130 MPa
= HHS 130 - 300 MPa

Thickness: 100 £ 5 uym

Spatial resolution: 0.05 mm

Micro capsules (2 4 to 15 pm) with

different wall thickness per film Type

Size: 270mm x 10m

B V]

10 15 20
X in mm

Analysed Prescale film similar
to ANSYS stress plot .

& L

130 MPa
110 MPa
90 MPa
70 MPa
50 MPa

Polyester base

/ Color-developing layer

forming layer
Layout of a Mono-sheet Prescale Film. [5]

Pressure range [MPa] 1 MPa=10.2kgf/cm®

m_ Micro-encapsulated color-

005 02 05035 25 10 50 130 300 5
Prod
Product Product Code *- - - Foduol s Type
725 29 7387 353 1,450 7,250 13,850 43,500 Wimm) x L(m)
Pressure range [psil 1psi=6895pa
Super High Pressure FRESCALE HHS - 270%10
(HHS) F270 10M Mono—sheet
High Pressure FRESCALE HS -
(HS) 270 10M 20x10 Mano—sheet
Medium Pressure FRESCALE MS
R270 10M - 27010
Medium Pressure FRESCALE MW -
(1] R270 10M =R Tworsheet
Low Pressure FPRESCALE LW -
L F270 10M 200 Toaae
Super Low Pressure FRESCALE LLW - 270 %6
L F270 6M Two—sheet
Ultra Super Low FRESCALE LLLW
Pressure F270 5M 270x5 T
LLLW) wo—sheet
Extreme Low
Pressure l:&EOS %A'\:'E e . HOx3 Two—sheet
@Lw

Overview of available Prescale film types. [5]

[5] FUJIFILM Prescale Instruction Manual




FUJI prescale film — analysis EDMS 1885552 /1

Documentation of the developed code @

Magnets, Superconductors and Cryostats
TE-MSC-LMF

Mathematical explanation of the used oy
functions

EDMS Nr: 1885552

Explanation of the generated output

param ete r Evaluation Script for Analysing Pressure Measurement
‘ Films with Office Scanners

Validation of the measurements

Source code

‘ Authors: Patrick Ebermann (TE-MSC-LMF), Felix Wolf (TE-MSC-MDT)

Keywords: Digital image analysis, FujiFilm Prescale, Pressure measurement film,
Stress distribution, MathWorks MATLAB

https://edms.cern.ch/document/1885552/1

Abstract

Thlsn'pmdexnbcsdm. luation script for ing pressure films

with office scanners written in MATLAB2015b. Additionally Ihesoumrcod is listed
in the appendix for free use and adaptation. The script was written and validated
in the framework of the FCC 16T dipole tcchml\gyymg.\mmc Task 2: wound
conductor test facilities.

1

iLumi ’
HL-LHC PROJECT



https://edms.cern.ch/document/1885552/1

FUJI prescale film — analysis EDMS 1885552 /2

Scan and crop the colorized
presclae film

Calibrate the script according to the Scan of the
used scanner presclae film

Select a transfer function according
temperature and humidity during
the test

Gray scale

values

Calibration

Execute the analysis script

= Convert color values into gray scale
values

130 MPa
110 MPa

=  Transfer the gray scale values into stress Interpretation g b £k T
values via an implemented transfer N .
function




FUJI prescale film — analysis EDMS 1885552 /3

HOME PLOTS APPS PUBLISH VIEW s | 77. g
Find Files Insert -
Iﬁ-ﬁﬁ &2 e 12 e ) DEEMW&
ew o‘mh-omne- GoTo ~ Cummeméﬁd )
P «p E E L ¥ G b Workspaces b f b fwolf ¥ Prqects b 06_11T Mock-up ¥ FUJI-Software » R
Listing 1: demo.m " = - <
% Section: CERN-TE-MSC-LMF = demo.m x[ + =
z |% Author: Ebermann Patrick I E] 2 % Section: CERN-TE-MSC-LMF ==
% Comtributor: Welf Felix EE % Buthor: Ebermann Patrick m A
% Date: Dct 2017 - 3 % Contributor: Wolf Felix
4 % Date: Oct 2017
- H 5
L clear all; =
clear all; Scanned file | a
" 7= clc;
N 8-  close all:
e | :
1 |% sample files and properties 10 2
1 11 % sample files and properties
12 | sampleMS = 'samples/319.jpg’; 12
sampleHS = 'samples/320.jpg’;: im— Set reSOIUtlon Of the Scanner 13 - sampleMS = 'samples/319.3pg’: =|
sampleHHS = ’samples/321.jpg’; 14 - sampleHS = 'samples/320.3pg’;
15 — sampleHHS = 'samples/321.3pg’;
= - 16
31“:: - :gg' b a7 = dpiMs = §00;
N dP?HHS - 500, - 18 -  dpiHS = 600;
e = P H 19 - dpiHHS = 600;
Transfer function A or B m
ol - 21 B
% demo programme 22 % demo programme
» 23
resultMS = cgalcPresMeasFilm (aampleﬂs ‘dpiﬂs N TME? N A0 N 1) 24 = resultMS = calcPresMeasFilm(sampleMS,dpiMS, 'MS','A',1): % Select the transfer function A or B
resultHS = calcPresMeasFilm(sampleHS ,dpiHS,'HS",’A" ,1); 25 = resultds = GﬂlﬂPIESHEBSF?lm(SMIEHS,lelilEV"15.'.. B, 1) I
resultHHS = calcPresMeasFilm(sampleHHS,dpiHHS, 'HHS', A" ,1); 26 - resultHHS = calcPresMeasFilm(sampleHHS,dpifiEis, "HHS', '2',1); 2
Command Window [C]
11| Ready [seript ln 16 col 2

Code for data input as documented in the technical node.
Code for data input in the MATLAB environment.




Listing 2: calcPresMeasFilm.m

FUJI prescale film — analysis EDMS 1885552 /4

E. P...

[ig] Find Files:

% Sectiom: CERN-TE-MSC-LMF o
% Author: Ebermann Patrick -
% Comtributor: Wolf Felix i Pri
% Date: Dect 2017
function PicPres = calcPresMeasFilm(sample ,dpi,type,curve,log)
calcPresMeasFilmm 0 | +
ittt | k Section: CERN-TE-MSC-LMF
% load of specific parameter % Ruthor: Ebermann Patrick
P - - % Contributor: Wolf Felix
% Date: Oct 2017
switch type |
case 'M3°’ function PicPres = calcPresMeasFilm(sample,dpi,type,curve,log)
barstep = &; La
bound = 10.0; % load of specific parameter
Bound = 50.0; i s
ticks = [10,20,30,40,50]; 11 - switch type
ticklabels = {°10_MPa’,’'20_ MPa’,’30_ MPa’,’40_ MFa', 50 MPa’}; 32| = case 'MS'
YE = [0.1,0.3,0.5,0.7,0.9,1.1,1.3,1.5]; 13 - barstep = 5:
xg_files = ['datasheet/MS_01.png’; ... 14 — bound 0.0;
‘datasheet/MS_03.png’; . 15 - Bound = 50.0:
'datasheet/MS_05.png’; - 16 — ticks = [10,20,30,40,50];
'datasheet /M5 0T g’ ; 17 - ticklabels = {'10 MPa','20 MPa','30 MPa','40 MEgff'50 MPa'};
’datashaet,,-’MS_DQI n LT 18 — vg = [0.1,0.3,0.5,0.7,0.9,1.1,1.3,1.
datasheet NS 11 ‘P E? v 19 - xg_files = ['datasheec/M5_0l.png'; ...
s atashes - ‘PRE s o 20 'datasheet/MS_03.pr
datasheet/MS_13.png’; ... 21 'datashees/M5_05.
‘datasheet /ME_15.png’;]; 22 *datasheet/MS_07.pr
35 if(curve == A7) 23 'datashest/M3_09.
yf = [4.5,11.0,15.0,19.0,21.5,24.5,27.5,30.0,32.5,35.5,38.0,41.0,45.0,49.5];. 2 ‘datasnesc/Ms 11.pr
MPa 25 'datasheec/MS_13.
% xf = [0.215,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0,1.1,1.2,1.3,1.4,1.5]; 26 *datasheet/Ms_15.

else

Code for analysis as documented in the technical node.

Rl

.

Command Window

111+| Ready

®

[tn 1

Col 1

Code for analysis in the MATLAB environment.




FUJI prescale film — analysis EDMS 1885552 /5

original sample HS (../2016-11-30/277.jpg, 300dpi x 300dpi)

mae s -y UDMSRRIMRRINE Y. 130 MPa
B8 (. Aalea '
5F E sh % DRSS Uy 7 110 MPa
E £ . ¢
E £ 90 MPa
10 8 > 10
70 MPa
151 . 4 ' ' A 4 ) ’ all 150 L i el AL e " - r . n ~ 50 MPa
5 10 15 20 25 30 35 40 45
5 10 15 20x = mfﬂS 30 35 40 45 xin mm
fer functi istic of adap the ple to domain(h(x))
130 - - - 6 . - — - - 20
=2 | | original sample
120r hHsm a (tHS G gHs)(X) i 5 ! ! - ad:meId san?:)le 3
o 110 . i : 15
S 100 PRI ' 2
c @ | | <
® 90 Bal—i | E 10
2 5 I I 5
22l : ¢
S 70t = i i S5
o (W |
50 — - : : : 0 —— 3 0
140 160 180 200 220 255 (white) 200 150 100 50 0 (black) 40 60 80 100 120 140
SRS gray scale MAX(values) 155353 MFS 2
HS Pressure Sensitive Film ORIGINAL grayscales: [127,255] MIN(values) = 50.681MPa
CODOMAIN(h,,(x)): [50.00MPa,130.00MPa] NO. ELEM. = 103740 MEAN(values) = 87.104MPa
DOMAIN(h,,(x)): [131.23,230.82] StdD(values) = 11.621MPa
HS ADAPTED grayscales: [132,230]
NO. used ELEM. = 91435 (88.14%) Aq,,, = 743.65443mm’ ... Total scanned area
too DARK = 1 (0.00%) :
too BRIGHT = 12304 (11.86%) Aesorymon = 0-00717mm? .- Resolution of the scanner _
N Ote nearly WHITE = 1232 (1.19%) T 655.44672mm? (88.14%) -+ - Areain the pressure domai
A =0.00717mm? ... Area above the pressure do
DARK
Stress values below or above the stress e zoSimar " Area below the pressure d
domain are interpretated equal OMPa. FlBpopan) = 57.09230kN ... Total integrated force
F (Agcan-Pyre) = 58:21206kN
approx.. SCAN HITE'




FUJI prescale film — limitation

Stress resolution depends on the gray scale step size (8-bit)
Analysed gray scale values between 110-230 (120 Steps)
Stress range can be extended by stacking different types of prescale film

Transferfunctions Prescale films

Ld Lo eMSA T
= Mo OMSB |.... .
SHSA |-
- OHSB [T
\ ehrs [T
e L)
= %{\ ..... L H W) R P i -

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310

Pressure [MPa]

Discrete transfer between gray scale values and stress values.

iL | ’
HL-LHC PROJECT



FUJI prescale film — limitation stress range

Good agreement between .

| Z 80

integrated force and load cell £ ol
- 40 <

Pressed area should be known w o e | [ FiceFrs A

50 60 70 80 9|0 100 110 120 138
Average pressure (FLe/Apress) n MPa
Integrated force to applied average pressure (determined by ILd.LaM..
" Arelative Should be close to 1

A Astress domain
. f— Original sample HS (samples/100/775.jpg, 600dpl)
relative h : e

Apressed

= Saturated values can be also
interpreted as oy ax

iLuMi ’
HL-LHC PROJECT

Original sample HS (samples/125/778.jpg, 600dpi)




Examples of application

Cable test Magnet assembly Mockup studies

130 MPa
g 2 110 MPa
E 4 90 MPa < o
T (- Segment 1 Segment 27 Segment 28 LD G
s f . Y qA b - ‘ . e
8 3 50 MPa E e ——— 2 i
5 10 15 20 ..-w. ‘—0‘ T ﬁ LE.
x in mm s L] SR« Gy P
] 1 e i e
- A e
-
" : : ‘ w-m. G - ‘: e
F. Wolf et al., "Characterization of the » ok : | mmos oEED -::i
Stress Distribution on Nb3Sn Rutherford o 10 pes e e e
Cabl der T C B " © - == o ‘o . R = =1
ables Under Transverse Compression, gt - s - e o o
in IEEE Transactions on Applied s 0s 8 e (. e chmwws - q
Vi g 0a® z, Qe ey CEEE 9
Superconductivity, 2018. £ R Sl B e R | |
|8 Cuemon o canermont o o '

00
0.140.42 0.71 101 130 158 187 217 246 275 3.03 332 3,61 3.90 419 4.47 476 505 5.3 561 590 6.18 6.46 6.74 7.02 7.31 7.60 787
< Position inm Nes

‘HiLumi

HL-LHC PROJECT

F. Wolf, FUJI Analysis D2 Prototype, CERN, EDMS 2471988 https://espace.cern.ch/mockuptest2020



FUJI prescale film

= Requires disassembly to access the pressure sensitive film

= Only peak stresses can be determined

= Measurement range can be extended by combination of different types

130 MPa

110 MPa
90 MPa

y in mm

o« [=2] B N
T T T

70 MPa

50 MPa




Active system

Tekscan™|-Scan system




A Tekscan™|[-Scan system

Tekscan

Experience at CERN

= Used by Paolo Fessia in 2000 for the manufacturing control of
LHC dipole magnets in the coil ends.

= A special sensor foil was produced for CERN in 2000
= Used in the 11T collaring mockup study in 2018 by Paolo Ferracin

Development:

= High pressure sensor foils with an upper limit about 200 MPa due
elastic limits of the foll.

= Low pressure sensor foils to measure the air flow on a surface.

= Only system at the commercial market which allow an online
readout of a contact pressure in a range up to 200 MPa.

Company:
= Small company in Boston with 100 employee

= https://www.tekscan.com/ \ ol
/A 7

Collaring mockup 2018. [10]

‘ HHL_!&LPAOJECTI ’ [9] Coil ends measuring procedure, CERN, 2002, provided by Paolo Fessia

[10] Collaring kinematics, mechanics, instrumentation, and mock-ups, EDMS 2130333


https://www.tekscan.com/

Tekscan™ |-Scan system

Adhesive &
Dielectric Layers
onductive

The measurement system:
= Matrix based sensor using the piezo-resistive effect
= Minimal spacing between rows od columns: 0.6 mm

= Repeatability: < + 3.5%
= Hysteresis of the sensor: < £ 4.5%

= Pressure range: up to 207 MPa (limited by the
deformation of the foil)

Flexible
Substrates

Tekscan sensor design. [8]

= Maximum number of sensing elements 50*44 = 2200 Sensor
Thickness: 0.1 mm f
Data Acqui;in‘on . S
= Scanning speed up to 100 Hz — f

= Digital pressure resolution in 8 bit (0-255)

= All sensor foils must be calibrated with respect to the
contact material by the customer

iLumi ’
HL-LHC PROJECT

Tekscan readout system. [8

[8] Tekscan, Inc., I-Scan® Product Selection Guide, [Online]. Available: https://www.tekscan.com [Accessed 2021].



Active system

CERN capacitive load transducer




History of capacitive gauge in SC magnet

comunity
e T T - ——

SSC Lab. Plenum

1990 C. E. Dick Bulk modulus capacitor load cells erees Paper e N
1993 J. Gilquin Feasibility study of a system for measuring the LHC dipole coil stresses with capacitive probes Internal Note 93-90 Report
1996 I. Vanenkov Using capacitive force transducer for measuring stresses in superconducting magnet coils for the LHC Internal Note 96-14 Report
1996 J. P. Ozelis Capacitance strain gauges - an Introduction and Modest Proposal Fermilab Internal note o — I
1997 N.Siegel, et al. Design and use of capacitive force transducers for superconducting magnet models for the LHC I1h7cépr0]ect-repon- Report
2002 A. Foussat, et al. Mechanical behaviour of the ATLAS B0 Model Coil IEEE Paper - o onrou
2009 R.B. Ragland Capacitive stress gauges in model dipole magnets Te)}(as A&M Thesis e e i e o
University
2010 Z:' Crimeliend, & Techniques of mechanical measurements for CERN application EDMS 1064933 Presentation
2010 K. Artoos, etal.  New techniques for mechanical measurements in the superconducting magnet models IPAC 10 Kyoto Paper = ——
m— Fermilab
10 2010 C. Benson Capacitive stress transducers in model dipole magnets Te)}(as A.&M Thesis f
University T
11 2011 R. Ballester Failure analysis of a press for testing sensors in the mechanical measurements lab EDMS 1146460 Report
12 2011 R. Ballester Analysis for the improvement of the capacitive gauges’ performance EDMS 1154650 Report =

Study for the improvement of the capacitive pressure gauges’ performance, and design of an

A EDMS 1110695 Thesis
automated compressing ...

13 2012 R. Ballester

14 2012 R. Ballester Study of the capacitive gauges and the calibration system EDMS 1110695 Presentation . e g e o € o
15 2012 2\’: CRIEHETE 3 Zwick visit report for capacitive gauge and load cell calibration EDMS 1214523 Visit Report

16 2012 C. Benson, et al. Improved capacitive stress transducers for high-field superconducting magnets AIP Conf. Proceed. Paper

17 2013 K. Velissaridis Optimization of the capacitive gauges in terms of testing and manufacturing procedures EDMS 1341108 Presentation

18 2020 F. Wolf Characterization and manufacturing validation of CERN Capacitive load gauges technology EDMS 2330901 Report

19 2020 F. Wolf TE-MSC-LMF-QA-Manufacturing procedure of CERN Capacitive gauges EDMS 2361251 Report

Hily

HL-LHC PROJECT




L-

Road map for development of capacitive gauge

1. Retrieve and collect all available knowledge on capacitive gauges
2. Build first prototype to learn

3. Write manufacturing procedure EDMS: 2361251

4. Validate the sensor performance EDMS: 2330901

5.  Study the multi-physic behavior of the sensor

6.  Prepare the sensor for implementation and built a small series

7. Prepare enhanced sensor design




Capacitive load gauge development for
magnet application

Stainless steel foil 50 *m Kapton film 25 *m

External protection layer

v" Collection of all available i
documentation about work on ﬂ
capacitive gauges at CERN (until 2000) E ™

v~ Knowledge transfer with Michel Parent

who was involved in the manufacturing “Sandwich” type capacitive force transducer design. [11]
process of capacitive gauges at CERN

20 year’s ago s H_'“Vﬁ

1

[CcRmeter e 2634 | 2982
oooo

"loeeee oooo o0oo

v Test and update existing DAQ system

G
(2000) and LabView code for sensor | ==
read out B ﬁf\fﬂ:ﬂ;
4_’ Schematic layout of the data acquisition system. [12]
HL-I!I-% PHOJECTI [11] I. Vanenkov, Internal Note 96-14, 1996

[12] N. Siegel et al. “LHC PROJECT REPORT 173", 1998



Sensor layout

75 mm

15 mm
IRt
Stainless steel 1 T 7 =
QI
Top view on the a capacitive gauge.
Central Central electrode Soldered Two coaxial
electrode connection shield of the cables
\\ cables
Schematic cross section of the capacitive gauge.
Top Top/bottom electrode Bottom Insulating

/j electrode connection electrode shrink hose
HL_!& 20 JECJ Connections on the capacitive gauge.



Principle of capacitive gauge

Flux path Mechanic
Cl{-‘-‘-‘-—‘-‘.-‘-‘-__/ = Two springs in series

C I T T T T A A .
=l — Electric
]
e = Two capacitors in parallel

= Flectrodes (stainless steel foil 50 pm)

Strain gauge glue (M610 bond)

s Polyimide film 25.4-50.8 pm C=0C+C,
Schematic of the capacitive gauge. [
C=c¢&cnw—
to
e —
é—j: . capacitance
LCR Meter O == C———) LCRMeter g . relative permittivity
T C, Cy G .. vacuum permittivity (8.85 x 10-12 F m-1)

. number of layers
. width of the gauge
length of the gauge
thickness of the dielectric material

Circuit diagram of the capacitive gauge.

¢ Ly

SR 00 0




Layout of the tested capacitive gauge

Sensor properties

51 um
) Vacuum permittivity 8.85 x 1012 Fm1
50 pm Stainless steel Dielectric permittivity of 3.3 [13]
26.5 um to ’ polyimide film :
- Number of parallel 2
50 um & capacitors
26.5 um to Length of the gauge 75 mm
50 um WiFith of the gaug<=j - 15 mm
n Thickness of the dielectric 25 7m -28.4um
51 pm layer
w
15 mm
l Measured :
C=c¢genw— Sens sensor : Theorgtlcal Meagured :
to or thickness in to In pm Capacity C,, | Capacity C,, in
12 F 75 000 in nF nF
C(t;) =3.3-8.85-10712=2.0.015 m - 2—*+2 m
m fo 310 27.9
303.3 25.7
311.3 28.4
308.6 27.5

iLuMi ’
HL-LHC PROJECT

[13] APICAL POLYIMIDE, “Datasheet Apical AV,” [Online]. Available: https://apicalfilm.com/technical-data/. [Accessed 2020].



= LCR meter (Agilent 4263B)
= Switch system (Keithley 7001)

=  LabView /\

HP4263A Agilent 4263B

Capacitance innF  STDEV in pF  Capacitance innF  STDEV in pF
2.33773 0.4734 2.33745 0.0924
2.41452 0.4759 2.41463 0.0714
2.37228 0.4827 2.37295 0.0712
2.38197 0.4795 2.38184 0.0726

15
1.0
0.5
0.0

-05
-1.0
-15

-2.0

zero adjusted capacity in pF

-25

Time in second
— G1 HP4263A — G2 HP4263A ——G3 HP4263A ——— G4 HP4263A
—G1 Agilent4263B — G2 Agilent4263B ——G3 Agilent4263B — G4 Agilent4263B

omparison of the capacitance signal measured by the
old (2000) and the new LCR meter.

State of the art LCR meter

DAQ for the capacitive gauges.

Improved precision by factor of 5



Sensor principle under mechnical load

LUl

1 1
— AC = g.qn Wi a—a

AC~ ko

w .
. capacitance

. relative permittivity
.. vacuum permittivity (8.85 x 1012 F m-1)
. number of layers
.. width of the gauge
length of the gauge
thickness of the dielectric material
. applied compressive stress

Schematic of the capacitive gauge.

S SERO PO




C.E. Dickey, 1990
. Vanenkov, 1996

Basic model for capacitance variation

Dielectric material is put under hydrostatic

electrodes

(stainless steel foil 23-50 Hm)

dielectric

(Kapton film 12-25 ¥m)

M610 bond framed into shell

pure (almost bond free) area

contact

Hydrostatic” type design of capacitor load cell. [6]

Both models needed to introduce a calibration factor k, based on measurements
AC~ko

R.M. Ballester 2012

Uniaxial load in the dielectric layer

C; — Cy = grggn wl (t =&g.egn wl—

1
AC = ggpn Wlt_

RNy

) —

Uniaxial stress-strain state of the dielectric layer.

[11] I. Vanenkov, Internal Note 96-14, 1996
[14] C. E. Dick “Bulk modulus capacitor load cells”, 1990




Stress - strain calculation of the capacitive gauge

)
=S8 o e Stress - strain state in the dielectric layer

1
ExXdiel — Eqiel (GXXdiel - vdiel(aYYdiel t 0224561 ))

Eyydiel = Ediel (O-YYdiel - vdiel(UXXdiel + 022 4jel ))

=0&—=  finar Cisra

i v AL PVl (azz sier — Vaiel (Oxxgie; T Oyyaier ))
1e

== O iy

L,

Simplified schematic for analytic model.

X I=XYy,2Z

Stress — strain state in the electrode

1
Exxel = E_el (GXXel - Vel(a;vyel t Ozz¢) ))
& - 1
s . i=xvy,z - _
X 7 Y &yyel = Eq (JYYel Vel(JXXel T Ozz ))
. . . 1
Schematic of the capacitive gauge with €170 = T~ (azzel — Vel (Oxxgy + Gyyy, ))
stress components. el
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tel = Xtel, tdiel = Xldiel

1

=D& Uiy Cifieney
/ / / /J / / / /J /J /J / /S S/
= Oy iy

X To'y

i=xyz

Simplified schematic for analytic model.

In plane stress and strain isotropy
Exxp = €2z, = €l
Oxxy = Ozz, = Ol

1 1 (
_ v &L, = —| o
faier = g el (Ulaiel vdlel(ay * Olgier )) lel o L el

ey

Equilibrium of lateral strain between the layers

€lgiel = Elei

Equilibrium of lateral forces
Ry = —Hg

tdiel W Ol = —lel W Ol

Lateral stress calculation

Stress - strain calculation of the capacitive gauge

Vaiel V
diel _ Vel Vdiel _ Vel
_ Egiel  Eel Egiel  Eel
Oldiel = 1 1 Oy Ole] = o
— Vdiel ( - Vel) tdiel el T <1 - Vdiel) ta  1—vg ¥
Egiel Ee Lel Egier /taier  Eel




Stress - strain state in the capacitive gauge

lgy Lateral stress calculation

Vdiel _ Vel
’ ~ Eg; E
== O e e — diel el
dielASUdiel Oldiel — 0
diel 1 — vgje + <1 - Vel) tdiel ¥
Egiel Ee ) ta

1
; ; ; €yydiel =
Strain dielectric layer Egiel

Oithie1 S e

== Gyt

(ayycliel - Vdiel(JXXdiel + Ozzgie1 ))

Vdiel _ Vel
Logier < = 1=2va Ediel  Eel
Ydiel diel 7

1
3 Egiel — Vdiel | (1 - Vel) tdiel
=0 T8y Egiel Ee) ) te

T @’gﬁ@u@ﬂg E@M

Ufima St

Oy

Capacitance variation of the gauge under applied load

1 1 _
—— t—) and t; = ¢y &y, + to tel = Ntel

t1 0
tdiel = Ltdie

1 i=xvy,z
X . N _ AC = g.¢on Wl(
Schematic of the capacitive gauge with
stress components.

__ grggnwl 1

AC = Vdiel _ Vel

to ..
diel 1 Egiel  Eel
1-2 Vgl To5— = | oyy +1.
i i E giel ( diel T=vgiel (T-Vel \liel | Y
iL | Egiel '\ Eel / tel
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Material properties of the components

Polyimide APICAL AV100 [13]

: Elastic modulus 3.1 GPa
Stainless steel Poisson ratio 0.34

" Yield strength 69 MPa

Stainless steel 316L [15]

Elastic modulus 191 GPa

Poisson ratio 0.3[16]
.. Yield strength 320 MPa

Schematic cross section of the capacitive gauge.

| Ul [ ll [13] APICAL POLYIMIDE, “Datasheet Apical AV,” [Online]. Available: https://apicalfilm.com/technical-data/. [Accessed 2020].
s [15] C. Scheuerlein, et al., “Mechanical Properties of the HL-LHC 11 T Nb3Sn Magnet Constituent Materials,” IEEE Transactions on Applied Superconductivity, 2017
6] P. Shankar, et al. , “Nitrogen redistribution, microstructure, and elastic constant evaluation using ultrasonics in aged 316LN stainless steels,” Metall and Mat Trans A 32, 200
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Advanced analytical model of the gauge.

519 ST 5
S 508t
=D e

i=xyz

Numerical model of the gauge.

=  Good agreement between numerical and analytical model

=  Stress state in the polyimide is not hydrostatic as assumed in the past [Dickey 1990, Vanenkow 1996]

80

Lateral stress o) in MPa

Stress state in the capacitive gauge

60 |

40

20 -

ot

-20

Analytic Elecirode
O  FEM Electrode

Analytic Dielectric
¢y FEM Dielectric

A
40+ g s
60
b
-80 ; :
-150 -100 -50

Comparison of analytical and numerical

Applied stress o, in MPa

lateral stress components.

= Load state in the polyimide is not uniaxial as assumed in the past [R.M. Ballester 2012]

0




Simple analytical model

D W

1 —ay
AC = Er EgN wl— | ————
to Oy + Ediel

= Requires the introduction of
a calibration factor.

iLumi ’
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Advanced analytical model
|~

=D &= Yfla 0884
== GGy

S0 @Sy

=2 &= Cligp i

Iy i=xyz

__ &rggnwl 1
to e, Vdiel Vel -1
ie 1 Ediel Eel
Egi 1=2vdiel =g Tve Vg | oW 1
iel —+(_)_
E diel Eql / tel

Allows a direct determination
of the applied stress.

Conclusion: The advanced model allows a direct calculation of the
capacitance change without a calibration factor.

Validation of the analytical model

Comparison of model and measurements

100

— — — Basic model, ty,,, = 26.5um
Advanced model, t,,,, = 26.5um
sopo 0 L Measurement
~N
~
AN
~N

%—4 60 - ~
g S
O BN

40 r
4 h N

~N
NS
20 S
- L
~N
~N
~
0 1 L L 1 \
-100 -80 -60 -40 -20 0

Applied stress o, in MPa
Comparison between model and
measurement of the capacitance

variation under applied load.

=  Advanced model agrees we
with the measurement.



Sensor validation up t

b 2
B iy
y e
.
&

Four gauges stacked on top of each

other in one load line

Good agreement of load cell and
capacitive gauge measurement

Deviation to load cell 1%
Resolution £ 2 MPa (at 100MPa)

o 100MPa

T
i'um'.

Stress distribution applied on the capacitive gauge.

120 : !
1 ——Gauge 1
1 ——Gauge 2
100 T Gauge 3 ]
| ——Gauge 4
80 — Lload cell |
©
o
= 60
£ vl e "I """"
o 0 f | g lfl--__ Gauge 1 |
8 40 Gaugez ] |- Q-mobomme
= Gauge 3
n Gauge 4 ]|
20 ! - Load cell !
375 400 425 450 | !
Timein second
0

0 200 400

600 800 1000
Time in second

1200 1400 1600

Comparison of the average stress determined by a load
cell and capacitive gauge.




Sensor validation above 100MPa

Two gauges stacked on top of each 180 .
other in one load line e v cee
T s
T 120 ; _______ ] _______:,________:________:_____ _i_ — Load Ce”_-
.. = S T U AU AR, | S
= Deviation to load cell decreases at 122 : 70
high load B 6o frnnf-- z
= (2% at 160 MPa compared to load 40 f---f--- 5
cell) 20 """ 200 400 600 800 1000
00 | 200 | 4(I)0 | 6(_.?‘0 I_ 8(I)0 | 10IOO | 1200 1400
= Time dependent CapaCIty Increase Comparison of the average stress determined by a load
at constant load cell and capacitive gauge.
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Requirements for test equipment

Requirements for an LCR meter Presented gauge design

= Astress resolution of 1 MPa requiresa  ac = & ! -1

; . toy Vdiel _ Vel
capacitance resolution of 0.5 pF e ! <1—2 Vaiel g e >oyy +1,

E gjel
Egiel \ Eel / el

w=15 mm, I=75 mm, t,,, = 26.5um

= The stress resolution can be improved
by reducing the thickness of the
dielectric layer

= Alternative sensor design can be rapidly T
studied o5t

-5 -4 -3 -2 -1 0
Applied stress o, in MPa

Capacitance variation under applied load a
‘HiLU ] ’ sensor.
HL-LHC PROJECT




Ultra thin glass [17] 12 , : 06 : : :
e o LT e
Elastic modulus 72.9 GPa or o 08y
Poisson ratio 0.208 L6 : o 04f
Dielectric permittivity 6.7 2 N =
Dielectric thickness 32 um 5 6 NS & oaf

. <] N <
Stainless steel 316L [17] 4 NS 02}
2 \‘\ 01
Elastic modulus 191 GPa h
POISson ratlo 0‘3 [16] E12[]0 -150 -150 -50 (310 V -;3 V -;5 V V -d‘t o -l2
“ Yield strength 320 MPa Applied stress o, in MPa Applied stress o, in MPa

Capacitance variation under applied load a sensor with a dielectric
layer made from glass.

32 um Ultra thin glass

50 um

s2um__ ] = Ultra thin glass seems a good candidate as
o 278 dielectric layer for high stress applications

=  The in the capacity can be determined with a

32um | presented system with a resolution of 10 MPa
15 mm n

Ultra thin glass does not creep under high load
Schematic cross section of the capacitive gauge. .

Feasibility study ongoing to machine and process
‘ HHL-I!I-ILC-LPJBOJECJ!

the glass
[17] Préazisions Glas & Optik GmbH, D 263 T Dunnes und ultradiinnes Borosilikatglas, [Online]. Available: https://www.pgo-online.com/de/D263.html. [Accessed 2020].




Summary

FUJI Prescale film

. Powerful and cost-effective tool to determine a compressive stress distribution

. Good agreement with calibrated load cells

. Stress determination up to 300 MPa

TekScan

= Only commercially available system to measure up to 200 MPa compressive stress
. No further developments were done to increase the stress range

. Locally too high stresses can damage the sensor

Capacitive gauges

" The sensor has been tested in ideal uniaxial load in laboratory conditions
" A time dependent behavior was observed at high loads (above 100 MPa)
" The gauge allows only to determine an integrated average stress
. Stress unbalances can bot be determined
. Shear stresses can damage the sensor
" Analytical modelling approach was validated by numerical calculations and measurements
= Potential improvements are shown by substituting used dielectric material
= The application of the sensor at cryogenic temperature need to be tested
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