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Outline for the Presentation

General discussion about fatigue

e Review existing design criteria limits for GlidCop® AL-15

e Progression of testing & analysis to establish new design criteria limits

 Mechanical testing of GlidCop® AL-15

e Thermomechanically-induced fatigue in GlidCop® AL-15 studies

* FE photon shutter transient non-linear FEA

e Proposed new design criteria limits for GlidCop® AL-15

e Using the thermal fatigue model as a tool to geometrically optimize component designs
e Built-in safety in the new design criteria limits

e Conclusions
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General Discussion about Fatigue

Low-Cycle Fatigue (LCF):

e |s dominated by high amplitude low frequency plastic strains
* The elastic limit of the material is exceeded and permanent plastic deformation occurs

 Number of cycles to failure < 10*

High-Cycle Fatigue (HCF):

e |s dominated by low amplitude high frequency elastic strains
* The elastic limit of the material is typically not exceeded
* Number of cycles to failure 10* — 10° or more

Our Situation:

* For APS photon shutter operation we are in a region that involves both LCF and HCF

e The beam strike surface is in compression when the beam is present

* Most of the fatigue damage occurs from residual tension when the beam is turned off
e Fatigue damage on a beam strike surface is complicated because it involves tri-axial

stress/strain
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General Discussion about Fatigue

e Thermal fatigue # Mechanical fatigue
e |tisvery hard to produce equivalent testing conditions
e Typically the slopes of the thermal and mechanical fatigue test results are similar
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SIMILAR PLASTIC STRAIN RANGE

NASA Technical Memorandum, TM-X-73307, Aeronautical Structures Manual, V.11 (1975) Sect. E1, p68.
- The general approach: 1) Obtain temperature dependent mechanical fatigue data
2) Perform thermal fatigue tests under actual operating conditions
3) Use mechanical fatigue model as a base to develop a thermal
fatigue model based on observed damage from the thermal
fatigue tests
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Existing APS GlidCop® Design Limits

The APS has used conservative criteria for establishing the maximum thermal load
acceptable for X-ray beam-intercepting components:

1. The maximum temperature on GlidCop® surfaces shall not exceed 300°C in order to
avoid material creep.

2. The maximum temperature on the cooling wall shall not locally exceed the water
boiling temperature, and thus only single-phase water is allowed.

3. The maximum von Mises stress for photon shutters shall not exceed 400 MPa, the
room temperature yield stress of plate stock GlidCop® Al-15.

SPring-8 also uses T, ., < 300°C on GlidCop® surfaces for their design criteria

Numerous studies have been performed in the synchrotron community to assess the
thermal fatigue life of GlidCop®:

1. Study at the ESRF in collaboration with APS: 2005

Study at the APS, Phase | Testing: 2005-2006

Study at the APS, Phase Il Testing: 2006-2007

Study at SPring-8: 2006-2008

Study at the APS, Phase lll Testing (this study): 2011-2014

s wnN
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Progression of Testing & Analysis to Establish New Design Criteria Limits
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5
Mechanical Testing of GlidCop® AL-15: True Stress vs. True Strain

e All tests were performed by Westmoreland Mechanical Testing & Research, Inc.
* Tension tests were performed in accordance with ASTM E21-09
e Compression tests were performed in accordance with ASTM E209-89a (2000)
e Seven different test temperatures were used
e Three samples were tested at each condition
e All samples were tested in pure argon gas (tests in vacuum were not available)
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e True stress vs. true strain data are similar in tension and compression up to ~300°C
e All ANSYS transient non-linear simulations for this project use this data
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5
Mechanical Testing of GlidCop® AL-15: Uniaxial Mechanical Fatigue Testing

e All tests were performed by Westmoreland Mechanical Testing & Research, Inc.

e Uniaxial mechanical fatigue tests were performed in accordance with ASTM E606-12
* Samples were machined from 1/2” x 6 3/8” GlidCop® AL-15 LOX extruded flats

e Four different test temperatures were used

e A total of 45 samples were tested

e All samples were tested in pure argon gas (tests in vacuum were not available)

Total Strain Range, Az (%)
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Data Reduction for Uniaxial Mechanical Fatigue Tests

- The Manson-Coffin equation and Basquin’s law are used to reduce the data set
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5
Data Reduction for Uniaxial Mechanical Fatigue Tests

- We can now solve for the Fatigue Strength Coefficient/Elastic Modulus and the Fatigue
Ductility Coefficient
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- The Mechanical Fatigue Model for GlidCop® AL-15:
where:

Ag, T —.066 3900 _ 48
= ( 67 — m) (ZNf) + (2.0 + T—) (2Ng)™ Ag, = Total Strain Range (%)

T = Sample Temperature (K)
N;= Number of Cycles to Failure
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Data Reduction for Uniaxial Mechanical Fatigue Tests
10 : |

'For GlidCop AL-15 a?t Various Temperaturés
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N
Thermomechanically-Induced Fatigue in GlidCop® Studies: Thermal Fatigue Model
 The mechanical fatigue model is transformed into a thermal fatigue model by redefining
the temperature variable in the mechanical fatigue model as suggested by Taira (1973)
e The mean temperature between the maximum surface temperature and the cooling water
temperature is used in the thermal fatigue model
 The thermal fatigue model is then used to predict the number of cycles to failure for each
test sample
e Matching the observed surface damage on the samples with the thermal fatigue model
prediction at 10,000 cycles defines “failure”

Thermal Fatigue Model:

Ae E 3900
il (67—-——)@N9 %?+@ﬂ+~?—aamp<%

2 2000 -
where:
Ag, = Total Strain Range (%)
T, = Mean Temperature (K) = average of T__ & T .ier

N;= Number of Cycles to Failure

S. Taira (1973), “Relationship between thermal and low-cycle fatigue at elevated temperatures,” Fatigue at Elevated Temperatures, ASTM
STP 520, American Society for Testing and Materials, 80-101.

Advanced Photon Source, Argonne National Laboratory

° 12



\
A Note About Conducting Tests in a Pure Argon Gas Environment

e Takahashi from SPring-8 conducted a similar study in 2006-2008
 He noted the influence of the environment (air vs. vacuum) on the fatigue life

10 . . T
. ) : — Air_473K
Takahashi’s model: : — Air 57K
- — Air 673K

=== Vacuum 473K

s i —u —~f === Vacuum_573K
g = Aap + Ag, = AN; " + BN; ", (1) -~ Vacuum_673K
¢ Exp. Air 473K
¢ Exp. Air 673K
Table 1

Exp. Vacuum_473K K
- O  Exp._Vacuum_ 573K

Environment-dependent material properties of A, B, « and § in equation (1).

A and B are independently expressed as a function of temperature (7).

Total Strain Range (%)

Manson-Coffin Basquin i
Environment T (K) A —o B -B
Atmosphere 373 60.8 —0.6 1.15 —0.086
473 51.9 —06 1.01 —0.086
673 30.9 —0.6 0.71 —0.086
Any —0.1T + 7131 —0.6 —0.0015T + 1.295 —0.086
Vacuum 473 312 —048 11 —0.086
573 24.6 —048 0.95 —0.086
Any —0.066T + 44.4 —048 —0.0015T + 1.4 —0.086
Our model: | S
100 1000 10° 10°
Ag T - 3900 :
¢ 066
= = ( 67 — m) (ZNf) + (2.0 + T_) (2N Number of Cycles to Failure

- Testing in a pure argon gas environment yields similar results as testing in vacuum

W Takahashi, S., Sano, M., Mochizuki, T., Watanabe, A. and Kitamura, H., “Fatigue life prediction for high-heat-
load components made of GlidCop by elastic-plastic analysis”, J. Synchrotron Rad. (2008). vol. 15, pp. 144-150.
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N
Thermomechanically-Induced Fatigue in GlidCop® Studies: Experimental Set-up

 Experiments were conducted at S29 FOE using two in-line U33.0 undulators
e Atotal of 30 GlidCop® AL-15 samples were tested

e Samples were subjected to 10,000 thermal cycles at normal incidence

e Various beam power loading conditions were applied to the samples

Experimental Set-up

1-Actuating shutter
2-Voice coil

3-Gate valves
4-Test chamber
5-Beam hard stop

TUHV

Mask Shutter
4.5mm x 4.5mm

Advanced Photon Source, Argonne National Laboratory
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\
Thermomechanically-Induced Fatigue in GlidCop® Studies: Sample Fabrication

e The first set of samples were made of solid GlidCop® AL-15 LOX machined from 50-mm x
56-mm extruded bar stock

* The remaining samples used 1/2” x 6 3/8” GlidCop® AL-15 LOX extruded flats machined to
a 5-mm plate thickness and explosion bonded to an OFHC copper base

e Each sample assembly contained 4 sample blocks brazed to a common copper cooling
tube loop.

e The sample beam strike surfaces were machined to a surface finish of Ra ~ 16-pin

4.00

isy
{.69) @ Qi—*— 1.084
N 542
\\J !
1.514 972 — 35

2% @ 378 THRU ALL

Dimensions are in inches

Advanced Photon Source, Argonne National Laboratory



Thermomechanically-Induced Fatigue in GlidCop® Studies: Thermal Cycle Times

e Cyclic thermal loading was applied with 1.4-second heating and 9-second cooling
* The sample heating time is sufficient to achieve near steady-state total strain range

* Peak compressive stress is achieved in less than a tenth of a second o~
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N
Thermomechanically-Induced Fatigue in GlidCop® Studies: Sample Test Conditions
 We discovered after testing a number of samples that the beam was offset by .53-mm H x
1.18-mm V. The beam was centered for all subsequent sample tests
e Calorimetry measurements were performed for offset beam cases and centered beam cases
e The beam location for each sample was accounted for during ANSYS modeling

Total Absorbed

Sample

2- Undulator

Power, .89
Absorption

Coefficient

Peak Heat

Flux

Number of
Applied

Temperature ,

Surface
roughness, R,

Number  Gap (mm) (W) (W/mm?) Cycles (Hin) E S$29 FOE Calorimetry Data
.
689.75 = i . . . . .
=h 2224 I8 il sy A7.85 - ’ —@— Calorimetry Performed on 6-15-11 (Original Beam Position)
35 22.933 733'83 10858 L0000 16.45 % —l— Calorimetry Performed on 12-19-11 (Aligned Beam) )
= 22033 15383 10858 10000 1735 —#— Available Beam Power (Aligned Beam, calculated by Gary)
20 22.07 758.28 122.82 10000 16.98 E
21 22.07 758.28 122.82 10000 13.73 5
22 22.07 758.28 122.82 10000 14.95 =] \ \
23 22.07 758.28 122.82 10000 12.8 =
24 22.07 758.28 122.82 10000 14.55 5 1500
32 22.484 816.13 115.7 10000 13.78 © \’
33 22.484 816.13 115.7 10000 13.5 B l\
1 21,641 81791 129.94 10000 7.33 2
9 21.64 817.91 129.94 10000 11.3 5 +
10 21.64 817.91 129.94 10000 12.98 =z
11 21.64 817.91 129.94 10000 11.93 ) \
14 21.243 877.54 137.06 10000 13.35 © 1000
29 22.07 8311 122.32 10000 17.75 =
30 22.07 881.1 122.82 10000 15.73 il
31 22.07 881.1 122.82 10000 10.55 g
6 20.958 923.82 142.4 10000 6.83 o
7 20.317 1032.4 153.97 10000 7.03 <
4 19.715 1141.87 166.43 10000 7.2 ©
16 19.715 1141.87 166.43 10000 11.35 g 6
44 20 1271.81 160.2 10000 9.43 @
% 195 1385.73 170.88 10000 11.23 2 17 15 19 2 2 e e e =
46 19.5 1385.73 170.88 30000 9.75 Undulator Gap (mm)
43 19 1508.55 180.67 10000 10.4
41 18 1783.56 203.81 10000 10.9
42 17 2092.39 227.84 10000 12.78
47 11 4679.62 428.09 10000 9.95

Beam offset .53mm Hx 1.18mm V
Beam centered
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N
Thermomechanically-Induced Fatigue in GlidCop® Studies: Sample Modeling

e Transient non-linear model simulations were performed using ANSYS for each sample
test condition employing the multilinear kinematic hardening model

e SRUFF was used for all undulator power calculations

e True stress vs. true strain data were used in the simulations

 Temperature-dependent material properties were used in the simulations (thermal
conductivity, specific heat, thermal expansion coefficient and Young’s modulus)

e The simulations yield the maximum temperature and total strain range data required to
predict the fatigue life for each sample
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5
Thermomechanically-Induced Fatigue in GlidCop® Studies: Sample Modeling

300 H 3 ] 2
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\
Thermomechanically-Induced Fatigue in GlidCop® Studies: Metallurgical Analysis

* Test samples were metallurgically examined in-house for surface damage and crack
presence/geometry
4 )

Evolution of GlidCop® Surface Damage with Increasing Power Loads

L 1 S — 4
| ! | \ | \
INormal Incicence Power {Watts)
from Two Undulator Sources
2300 vs.
Undulator Gap (mm)
| Theory vs. Measured I Surface Extrusion - Severe Radial Cracking
r - Melting -» Evaporation
2100 - /
1900 f
1700 /
= Surface Heaving + Heavy Cracking
T | | | Multiple Crack Systems Emerge
2 :
B 1500 =
ug" / Slight Surface Heaving + Significant Cracking
3 - - The Dominant Crack System Grows
o Cat Scratches distort into Wavy Stretch Marks
1300 =

»>

CALCULATED (W)

*

MEASURED [W)

/ L_ | Multiple Parallel Linear ‘Cat Scratch’ Lines
=> one dominates at higher power loads
1100 ——

4
/ / "'I Incipient, Hairline Cracks ‘cat scratches” I

700 — %
/ "' No Damage

w0 L]

26 25 24 23 22 21 20 19 18 17

Undulator Gap (mm) - Two Undulators UA33 at 100mA

Figure 1: GlidCop® responds in a progressive predictable manner
\_ to increasing X-ray power loads..
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\
Thermomechanically-Induced Fatigue in GlidCop® Studies: Metallurgical Analysis

e After surface images were acquired, samples were cut, polished, etched and examined in
sections to obtain information on crack morphology

. ™\
What is a ‘Crack’, a ‘Cat Scratch’ and a ‘Surface Heave’?

Cracks in GlidCop® are Surface Heaving in GlidCop® is the
fascinating sinuous paths, result of high power being deposited on a
always following grain surface constrained on all sides. The metal
boundaries, growing by fatigue plastically deforms upward and folds, much
processes from the surface like mountain building tectonics on earth. Note
down into the bulk metal. the folding and bending of the underlying
planar grain structure in the heave.

It took 10,000 cycles of double [Matches blue box of Figure 1]
',ilngUIator radia:ion at1a400 W Heaved GlidCoj rface Cross-Section

.7mm gap, almost i 2 e
of total power per cycle, to st h
grow this crack in 30 hours.

‘Cat Scratch’ surface defect

tched and Cracked GlidCop® Surface
e G e TP vy

gt B T ey

‘Cat Scratches’ are shallow regions of
surface grain drop-out. They always have
rounded ‘V-like’ shapes and are the result of
surface thermal compression ejecting weakly
bound grains.

This surface has a 283 um deep crack (right) and
a 7.44 um ‘cat scratch’ (left & magnified).
[Matches green box of Figure 1]

\

Advanced Photon Source, Argonne National Laboratory
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5
Thermomechanically-Induced Fatigue in GlidCop® Studies: Metallurgical Analysis

= ~
Evolution of GlidCop® Crack Morphology

GlidCop® Fatigue Crack — Sufface View

D-_'_'" T T 1% THEET —
i \
100 - \-1 , | /
I !\1} /
200 |- t -
= L}
E | \ 4
= 300} ] /‘
- .
fat 4
% 400 | ! P
S i L
O soof ‘ F 2
_;
600 |- ! —-_._J +
- 1 . . :
5 4 3 2 1 o SelBea

Surface Length (mm)

Figure 2: GlidCop® crack profiles
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\
Thermomechanically-Induced Fatigue in GlidCop® Studies: Sample Data Base

Total Absorbed
Power, .89 Total Maximum Estimated

Absorption  PeakHeat  Strain | Temperature, Mean Largest Largest Largest Number of
Sample  Coefficient Flux Range  ldsheating  Temperature Cracklength Crack Width Crack Depth Cycles to

Numbeld W B wmm'E (% E K H B (m B (m B (um R Comments B Failure

37 680.75 10146 0.40738 685 492 179,000
£ ARO.75 101.46 0.40738 (i) 497 | 179,000
3 753.83 108.58 0.46806 719 509 Nosur[aue degradation 48,100
% 75183 10858 046806 719 509 |5 "cat scratches” 48,100
20 588 122.82 0.53048 749 54 . 18,100
1 21 758.28 122.82 0.53048 749 54 18,100
22 758.28 122.82 0.53048 749 54 15,100
23 8.8 122.82 0.5318 9 54 | 18,100
L Ta8.28 122.82 0.53048 49 5K Nosurfare degradation, 10stretch marks 18,100
2 2 816.13 115.7 0.53367 752 55 Samdl "tal sualches™ 17,300
3 816.13 115.7 0.53367 752 525 892 474 % Several "cat scratches”, 1 small shallow crack 17,300 h
1 817.01 129.94 0.60438 78 1815 1 1058 7 "cat scratches”, 5small shallow cracks 1,650
3 9 817.91 129.94 0.60438 782 540 1238 323 2358 Surface tears, 3 small shallow cracks 1,650
10 817.91 129,94 0.60438 782 540 "(Cat scratches” and possible cracks 765
1 81701 12994 0.60438 782 540 Many "cat scratches”, no cracks 7,650
14 87754 137.06 0.67808 815 557 Several "cat seratches” and possible cracks 3880
4 29 881.1 122.82 0.6094 785 542 17,20
30 861.1 122.82 0.6094 785 542 120
31 281.1 122.82 0.6004 785 54 >Zl mtsaatdles and stretch marks, no cracks 7,20
6 Q3.8 142.4 0.73543 840 569 2989 56 630.6 13 "cat scratches”, 1long deep crack, 2 small shallow cracks 2510
7 10324 153.97 0.86914 847 598 2531 55.9 IMaw "catscratches”, several long deep cracks 1,110
Ll 14187 166.43 09884 056 627 439 53 1622 >15 "cat scratches”, 1 long deep crack 609
16 1141.87 166.43 0.93894 956 627 Evy) 04 118 Many "catscratches”, 1 long deep crack, 4 small shallow cracks 609
44 1271.81 160.2 1.0487 980 639 2554 17 M7.1 Surface "bulging”, 2long deep cracks, 1small shallow crack 475
45 1385.73 170.88 11464 1034 B66 Surface "rumpling”, several long deep cracks 30
46 1385.73 170.88 1.1464 1034 666 4792 34 Numerous long deep cracks and melting el
I 1508.55 180.67 W3 I long deep cracks and melting
4 1783.5 03.81 4624 IN umerous long deep cracks and melting
12 2002.39 7.8 5260 Numerous long deep cracks and melting
47 4b/4.62 42809 9668 Numerous long deep cracks and melting A
Beam offset.53mmH x L18mmV
Baam cantarad

- “Failure” yields “cat scratches” with the possibility of small shallow cracks < 2 mm in length

Advanced Photon Source, Argonne National Laboratory
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“Cat Scratches” are shallow
regions of surface grain
drop-out. They always
have rounded “V-like”
shapes and are the result
of surface thermal
compression ejecting
weakly bound grains.
Since the material is
extruded, the copper
grains are long and thin
with dimensions on the
order of several microns in
depth/width and tens to
hundreds of microns in
length.

(1) Length 453.37 ym -

. (2) Length 402.01 ym

- “Failure” yields “cat scratches” with the possibility of small shallow cracks < 2 mm in length

Advanced Photon Source, Argonne National Laboratory




N
Thermomechanically-Induced Fatigue in GlidCop® Studies: “Failure” Zone

No surface degradation
N¢=18,100 (1)

Sample 20 Sample 21 Sample 22 Sample 23 Sample 24

“Cat scratches”, 1 small shallow crack
N:= 17,300 @

- 3 “ “Failure” Zone
Sample 32 Sample 33 —

“Cat scratches”, some small shallow cracks
N;= 7,650 @

Sample 1 Sample 9 Sample 10 Sample 11

“Cat scratches”, 1 small shallow crack
N¢= 7,220 @

Sample 29 Sample 30 Sample 31

Advanced Photon Source, Argonne National Laboratory

° 25



N
FE Photon Shutter Transient Non-Linear Analysis

* Transient non-linear analyses were performed on the APS FE photon shutter designs in
operation including V1.2 P2-20, V1.5 P2-30, PS2 HHL shutter and PS2 CU shutter

e Both the existing maximum design conditions and the maximum MBA lattice baseline
conditions were considered

e True stress vs. strain data and temperature-dependent material properties were used in
the simulations

e A 10-sec. heating and 40-sec. cooling cycle time was used, sufficient to achieve near
steady-state total strain range

* For each transient simulation, a steady-state thermal simulation was performed first
because the maximum steady-state temperature is used in the thermal fatigue model

 The simulations yield the maximum temperature and total strain range data required to
predict the fatigue life for each shutter case

Advanced Photon Source, Argonne National Laboratory
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FE Photon Shutter Transient Non-Linear Analysis

B Tramalent Thes mal

C: Steady-State Thermal
b rature
Im!rimplm V1,2 P2-20 Temperature
Lo Type: Temperature PS2 HHL Shutter
TAAH L M Linit: ®C
Time: 1
474089 Ma .
PR 7i3/2014 7:48 PM
1505
B0 382.68 Max
i 24302
1738 303.36
L5 2637
75502
256001 Min 22404
184.38
14472
105.06
B5.401
25.741 Min

L
0.000 0.100 (m) V«;
oo B0 i) z [

0.050
500 7500

B: Transient Thes mal

Teenperature Temperature
Tygier Tempernture Twﬂ?mnamun
Unit: G Unit: *
Tiemie: 60 V1.5 P2_30 Time: 6 Psz CU Shutter
TI2I0148 L20a PM TFLAI0A L2:02 Ph

FHH T Max 20229 Max

2334 18261

PEURH 16288

g 143.36

1124 a3

14285 w4ll

L1367 LIRS

84475 BABSS

55.291

45770
25,603 Min.

26,104 Min

0,800 {rr
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Eqguiv alent Stress (FPal

o1 FHHL RADIANSYSIP2 HBA upyate, 400 mA\PS2 NBA Unyrate 00 mé

Advanced Photon Source, Argonne National Laboratory

| ms EThemia. feipuetVtab les for data reductionystaesis nop PS-HHATON-Canted MBA 200mA ey

FE Photon Shutter Transient Non-Linear Analysis

o1 Mmoot s e sl o, P2 FHL L MEDSIZ e

T \ T T | i s \ \ 5 i i i I I I
Elstc trin range = 00023404
PR b T shanvane=0 0GR
ush Elet st e = L 0528
Pl shan ange=
Tota strain ange = 0 0058621 {or
Plastic + Elastic _ L -
Elastic i z b
‘
[ i]
: :
B g5t R
F Elastic :
: 7
G H
u g it
it H Elastic
Elastic
Plastic
%t
1Ak
Plastic 3Ir
Plastic
| | | | | | 3 \ \ \ \ 15 | | | | \
5 4 4 ] 1 0 | 2 2 1 b 05 3 2% ) 15 1 Il 0 15
Equilert Total S o Eq T St il Epiel ot i
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5
FE Photon Shutter Transient Non-Linear Analysis

Peak
Aperture Size at PeakHeat  Maximum | MaximumCooling  Mean  Compressive/ ElasticStrain PlasticStrain TotalStrain ~Estimated
Photon Shutter ~ Operating ShutterLocation ~ TotalPower = FIX  Temperature Wall Temperature 'Temperature TensileStress ~ Range Range Range Number of
Type Conditions Source Parameters (mm x mm) W) (W/mm) (°c) (°c) (14] (Mpa) (%) (%) (%) CyclestoFailure
Maximum Design
Condition from Single U33.0 4430
V1.2 P2-20 T8-50 130mA 9x6 6,776 180 3146 1471 (169.8°C) | -204.8/2360 | 035786 0.06882 0.42668 152,000
Water Boiling @ Single U33.0 4511
V1.2 P2-20 153°C Condition 137mA 9x6 7134 189 3308 @ (1779°C) | -211/2503 | 0.36587 0.09170 045757 101,000
~—
Maximum Design
Condition from Single U33.0 4309
V1.5P2-30 TB-50 225mA 9x6 11,911 334 2904 94.8 (157.7°C) | -2105/246.9 | 0.36629 0.09583 046212 114,000
>20,000 Cyclesto [ DualIn-Line U27.5 4824
VL5 P2-30 Failure Condition 275 mA 1348552 25,062 364 @ 1212 (209.°C) | -203.6/252.1 | 03729 0.10417 047713 53,500
~—
Maximum Design
Condition from HHL|  Dual In-Line U33.0 409.8
PS2 HHL Shutter | FE Design Report 180mA 5x6 14,600 25 282 919 (1366°C) | -205.1/1730 | 030881 0.00615 0.3149 9.57E+06
>20,000 Cyclesto |  Dual In-Line U27.5 4732
PS2 HHL Shutter | Failure Condition 392 mA 5.6x6.72 25,521 324 @ 1333 (200°C) | -2154/2866 | 0.38103 0.17255 0.55358 20,800
S~——
Dual Canted U33.0 with
Maximum Design 1 mrad Beam
PS2 Canted Condition from Separation 409.6
Undulator Shutter| MEDSI02 Report 200mA 10x6 19,900 104 279 1298 (13657 | -2024/00 | 026528 0 0.26528 1.03E+08
Dual Canted U27.5 with
1 mrad Beam
PS2 Canted Water Boiling @ Separation 4514
Undulator Shutter| 153°C Condition 330mA 56x6.72 20,445 159 315 @ (1783°C) | -1851/97.1 | 0.233% 0 0.2339%5 3.28E+08

Advanced Photon Source, Argonne National Laboratory
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...
Proposed New Design Criteria Limits for GlidCop® AL-15:

1. Components can be designed with a maximum surface temperature of 375°C or to
where the cooling water will begin to boil; whichever occurs first will be the limiting
criteria.

2. Components can be designed with a maximum surface temperature up to 405°C, the
creep temperature for GlidCop® AL-15, if transient non-linear analysis is performed to
ensure that the number of cycles to failure exceeds 20,000 cycles using the thermal

fatigue model below:
where: Ag, = Total Strain Range (%)

T, = Mean Temperature (K) = average of T, & T

066 water
Ny = Number of Cycles to Failure

Ag, T, _ 3900
—=(.67-=2-)(2N 2.0 + ——)(2N,)—48
2 ( 2000)( f) @0+ T )(2Np)

3. Components can be designed beyond the boiling point of the water if critical heat flux
(CHF) analysis is performed to ensure that a dry-out condition can never be reached.

Note: A surface roughness of Ra < 16 pin should be specified for the beam strike surface.

= For most component designs, only steady-state thermal analysis will be required to
verify that the design meets the design criteria limits. Stress analysis is not required when
the maximum surface temperature < 375°C.

- The thermal fatigue model provides a tool that can be used to geometrically optimize
component designs.

Advanced Photon Source, Argonne National Laboratory

o 30



Using the Thermal Fatigue Model as an Optimizing Tool for Component Designs

 The thermal fatigue model can be used to geometrically optimize component designs

* Parameters such as cooling wall thickness, grazing incidence angle, cooling channel
layout, etc. can be optimized through parametric study using the thermal fatigue model

Varying Grazing Incidence Angle for PS2 HHL Shutter with Fixed Cooling Wall Thickness = 9-mm:

Photon Shutter
Type

Operating
Conditions

Source Parameters

Grazing Incidence

Angle (degrees)

Shutter
Length (mm}

Total Power

(w)

Pealc Heat
Flux

{W/mm’)

Maximum
Temperature

c)

Maximum Cooling
Wall Temperature Temperature

{C}

Mean

(K}

Peak Stress
{Mpa)

Elastic $train | Plastic 5train =~ Total Strain

Range
(%)

Range
(%)

Range
(%)

Estimated
Number of
Cycles to Failure

MBA Lattice Dual In-Line U27.5 385.3

P52 HHL Shutter | Baseline Condition 200 mA 1.05 6472.7 13,062 16.5 198.3 80.4 (112.2°c} | -196.9/1172.5 0.25638 0 0.25698 2.38E+08
MBA Lattice Bual In-Line U27.5 424.0

PS2 HHL Shutter | Baseline Condition 200 mA 1.5 556.0 13,063 23.63 276.5 103.1 (150.8°C) ] -195.3 /1838 0.33135 0.01847 00.34582 350,000
MBA Lattice Dual In-Line U27.5 445.6

PS2 HHL Shutter | Baseline Condition 200 mA 1.75 525.5 13,065 27.57 318.7 115.6 (172.4°C) ]| -198.6/236.3 0.3604 0.0735 0.4339 37,900
MBA Lattice Dual In-Line U27.5 473.9

PS2 HHL Shutter | Baseline Condition 200 mA 2.08 496.4 13,069 32.77 ( arss ) 131.7 (200.8°C) | -197.0/ 2775 0.39184 0.14963 0.54147 23,900

SN——"

- The reduction in life cycle compared to the reduction in shutter length changes significantly
between 1.5° and 1.75° and therefore the optimum grazing incidence angle lies between them

Advanced Photon Source, Argonne National Laboratory
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\
Built-In Safety in the Proposed New Design Criteria Limits

e Surface damage is cumulative (Miner’s Rule). Our thermal fatigue model assumes
every thermal cycle will occur at the worst-case loading condition. In operation, a
shutter will experience many load cycles much less than the worst-case loading
condition

- We can expect many more cycles to “failure” than the thermal fatigue model predicts

e Sample #47 was tested under the worst-case possible conditions we could achieve with
two in-line U33.0 undulators operating at 100 mA with closed gaps at 11.0 mm. Even
after 10,000 thermal cycles, the final crack length was < 10 mm and the maximum crack
depth was <2 mm

- It is hard to imagine a scenario where a crack could ever
reach the cooling channel considering the surface
temperature here was above the melting point

Advanced Photon Source, Argonne National Laboratory
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Conclusions

The new design criteria limits allows much higher operating limits compared to the old
design criteria.

For all of the APS photon shutter cases we have looked at, following the proposed new
design criteria limits will yield 20,000 or more cycles to failure

For most component designs, only steady-state thermal analysis will be required to verify
that the design meets the new design criteria limits. Stress analysis is not required when
the maximum surface temperature < 375°C.

The thermal fatigue model provides a tool that can be used to geometrically optimize
component designs.

Based on the new design criteria limits, all of the existing photon shutter designs except
for the V1.2 P2-20 could be used for the APS upgrade.

To evaluate the new design criteria limits, thermomechanically-induced fatigue tests,
performed at grazing-incidence angle on a photon shutter installed in an ID front end, are
being considered.

Advanced Photon Source, Argonne National Laboratory
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..
Data Reduction for Uniaxial Mechanical Fatigue Tests

* The cyclic strain hardening relation can be found from the uniaxial mechanical fatigue data
e The cyclic strain hardening exponent (n) is a measure of how a material hardens from

applled Strain “ For GIidICop AL-1|5 atVariclaus Templeratures & &
e Avalue of n=0 - the material is a perfect plastic solid - - R =
e Avalue of n=1 = the material is a 100% elastic solid 7 ,, ] e
% T e

c =K AEpn o = Applied Stress (MPa) s = B

Ag, = Resulting Plastic Strain (%) % 22 NN g

K = Cyclic Strain Hardening Coefficient (MPa) [ * N e S

n = Cyclic Strain Hardening Exponent itﬁgié}{iéiﬁ?iﬁi

. Lo ree 73k [

In our case: ) f‘%{fr —><%—Logt81res%s,37m

o = (730 — O 64 T) AE 0.10 Log [Plastic Strain Range, Asp (mm/mm)]
) P

550 T T T !
For GIidCop AL-15 at Various Temperatures

500

450 \‘\

400

= GlidCop® AL-15 behaves very differently than copper

Tabulation of n and K Values for Several Alloys f

Cyclic Strain Hardening Cosfficient, K (MPa)

[ =
|2024 aluminum alloy (neat treated—T3)|0.17| 780

200 \'

150
From Wikipedia 200 300 400 500 600 700 800 900

Advanced Photon Source, Argonne National Laboratory Temperature (K)

° 35

Material n K (MPa)
iLow—carbon steel (annealed) i0.:21 600 | i
1 1 1

. - a ! .
I4340 steel alloy (tempered @ 315°C) _!0.12?650 | K =730-064T
|304 stainless steel (annealed) |0.445 1400 | 300
|Copper (annealed) 044|530 | t—
i — 250
|Naval brass (annealed) !0-21 5585 | —&— Cyclic Strain Hardening Coefficient (MPa)
I

\AZ-31B magnesium alloy (annealed)  |0.16 450




Can the Proposed New Design Criteria Limits be Applied to A Case with Very

Small Beam Footprint Size?

Conditions:

DCS pink beam conditions
TFE sample, normal incidence
61.1 um x 26.3 um beam size
8.95 W total power

Heat Flux = 5,570 W/mm?

0.05 sec. heating, 0.05 sec. cooling
375.5°C steady-state (374.2°C transient)

0.000 0.050 {m)
L I

0.025

Y}&\Iﬂj‘?L REDVANSYSVTFE plastic analysis, DCS pink bearmiTFE plastic analysis, DCS pink beam. xlsx
25

Total strain range = 0.0041059
Elastic strain range = 0.0033334
Plastic strain range = 0.0007 225

g = 0.4106%
T =375.5°C

Equivalent Stress (Fa)
= ol
] ] —_ ]
T T

=
mn

1aF =
2F il
25 1 1 I |
5] 5 -4 -3 -1 0
Equivalent Total Strain . 10'3
L N; = 205,500 cycles to failure

- The proposed new design criteria limits work
for a case with very small beam footprint size

Advanced Photon Source, Argonne National Laboratory

v

36



How Does a Thermal Bump Change the Grazing Incidence Angle?

Peak
Aperture Size at Peak Heat Maximum Maximum Cooling Mean Compressive /  Elastic Strain  Plastic $train  Total $train Estimated

Photon Shutter Operating Shutter Location Total Power Flux Temperature Wall Temperature Temperature  Tensile Stress Range Range Range Number of
Type Conditions Source Parameters {mm x mm) (W) (W/mm?} °c) {°c) (K} {Mpa) (%) (%) (%) Cycles to Failure

Maximum Design
Condition from HHL| Dual In-Line U33.0 405.8
PS1 HHL Shutter FE Design Report 180 mA 5x6 14,600 24.5 248.2 91.3 (136.6°C) -205.1/173.0 0.30881 0.00615 0.31456 $.57E+06

Vertical displacement (m) Design Grazing Incidence Angle = 1.05° Temperature

300

6.00E-05

5.00E-05 “\ 250
v oors ( _ / ‘\

3.00E-05

2.00E-05

1.00E-05 f
50
0.00E+00 bbbt Aj : : T \‘““ ittt . -mﬁ“‘" W

1] 0.1 0.2 03 0.4 05 0.6 o7 o

-1.00E-05

0.08

0.06

0.0

0.02

-0.02

-0.08 -0.08 -0.06 -0.0a -002 o 0.0z 0.04 006 o.08

- The maximum thermal bump height is ~ 50 um and the maximum angular change is ~ 0.07°.
- The maximum angular change occurs well outside of the beam center, and the grazing
incidence angle is unchanged at the beam center.

Advanced Photon Source, Argonne National Laboratory
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