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• Introduction: Goal  Strategy• Introduction: Goal, Strategy

• Thermal fatigue experiment

• Numerical model for fatigue life estimation
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Background

Crotch-Absorber

Wi l Ab bWiggler-Absorber

• High heat load components- control exposure
of downstream components to intense x-rays

• Water cooled• Water-cooled

• Material- High thermal conductivity
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Glidcop Al-15 versus OFHC

Properties GlidCop® OFHC
Thermo-mechanical properties@ 300 K

Effect of temperature on Yield 
strength

Properties GlidCop® 
AL-15

OFHC 
copper

Thermal conductivity 
(W/mm °C)

0.365 0.391

Coefficient of thermal 
expansion (µm/m)

16.6 17.1

Yield strength (MPa) 331-350 195
Tensile strength 
(MPa)

413 - 483 250

{Ref:  Troxell, J.D. Proc. IEEE Thirteenth
S i F i E i i 2 (1989) 761 765 }

Ref:  Miller, T.J., S.J.Zinkle, and B.A.Chin, J. 
Nuclear Materials. 179-181 (1991):263-
266.

Symposium on Fusion Engineering. 2 (1989):761-765.}

Glidcop Al-15 preferred choice for high heat load because of its superior yield 
and tensile strength.  Strength retention at elevated temperature for Glidcop is 
better by a factor of 2.

4 BROOKHAVEN SCIENCE ASSOCIATES

y



Thermal Fatigue

HOT
COLD

+ve
Stresses

Time

+ve

• Scheme depicting the average 
temperature fluctuations

-ve

• Thermal Fatigue Cracks
temperature fluctuations 
experience by the light source 
components
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Goal and Strategy

• Goal: To assess the beam operating conditions -10,000 cycles of 
exposure to an x-ray beam-30 yrs of service life

• Strategy
T t l Glid l li ll d t• Test plan:  Glidcop samples were cyclically exposed to an x-ray 
beam at normal incidence under different beam conditions

• Numerical method: to estimate fatigue life
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Thermal Fatigue Experiment

Parameters Value
APS Undulator-A

Beam current, mA 100 

Relativistic gamma 13700

Number of periods 144

Undulator length, m 2.4

Period length, cm 3.3

The experiment was installed in the 26-ID beamline that receives x-ray beam 
from two in-line undulators (Type A)from two in-line undulators (Type A).

Distance between the source and sample station ~35 m

2mm x 2mm exit mask at 25 m from the source

Beam size on the sample’s surface = 2.8 mm x 2.8 mm
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Experiment-Test Conditions .

Estimated power density to get the required peak temperature – FEA 

Undulator gap values were estimated for beam power -20 % higher than 
the required power- Personal communication, R.J. Dejus

T °C
Power 
density Power 

W
Undulator 
gap mmy

W/mm2 W gap mm

600 125 986 14.3

550 115 904 15.1

500 105 823 15.6

450 94 736 16.5
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Verification of Undulator Gap Values

Verified the undulator gap values by computing the power deposited 
on the samples surface from measured temperature change of the 
cooling water flowing through the samples.

Undulator
∆T 
°C

Computed 
P Estimated % 

Gap (mm) °C Power 
(W) Power (W)

%
Diff

14.3 1.1 947 986 4
15.1 1.0 861 823 4.4
17.5 0.8 689 660 4.3
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Experimental Set-up

Sample set containing
Enclosure containing 

samples

Sample set containing
4 sample pieces

Voice-Coil

Upstream shutter for thermal cycling
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Crack-Depth Analysis
 

Power 
D it

T Cycles Maximum 
C k

(a) (b)

Density
W/mm2

°C Crack 
Depth 
(mm)

125 600 9503 1.626(a) (b) 125 600 9503 1.626

115 550 10,217 0.135

(d)

105 500 10,010 0.330

(c) (d)

Plane of interest
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Crack-Depth Analysis-contd.

• Initial surface defects could
lead to premature cracks in
th lthe samples.

• In the absence of surface

• Temperature = 450 °C; Cycles = 20,000; Crack 
depth = 0 01 mm

flaws and defects the
component seems to survive
20,000 cycles at 450 °C.depth = 0.01 mm

Pre-existingPre existing 
flaws

• Temperature = 450 °C; Cycles = 10,000; Crack depth = 0.33 mm
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Fatigue Life Prediction

600 °C

Transient thermal analysis

Elastic-Plastic stress analysisy
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Fatigue Life Prediction-contd.

Elastic-plastic stress analysis
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Fatigue Life Prediction-contd.
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Parameter Values

Reduction in area, % 40
Ultimate tensile
strength, MPa

385

Fatigue ductility 0 5 R A )ln(1ε2 =

{ }R.A.,σfunσ  1. uf =

Fatigue ductility
coefficient, ef

0.5

Fatigue strength
coefficient sf

503

R.A.)ln(1ε 2. f −−=

3.  C → REF:  J. Robles, K.R. Anderson, J.R. 
Groza J C Gibeling Metall Mater Transcoefficient, sf

Fatigue ductility
exponent, c

-0.6

Groza, J.C. Gibeling, Metall. Mater. Trans., 
25A (1994), 2235.

Fatigue strength
exponent, b

-0.12
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Fatigue Life Prediction-contd.
Fatigue life estimation by numerical method

Power Power T Strain

Visual inspection of fatigue specimen

Power 
Density 
W/mm2

Power 
W

T 
°C σxx

MPa

Strain 
Amp. 

%

Life 
Cycles

125 980 600 250 0 221 5000125 980 600 250 0.221 5000

105 823 500 250 0.181 7000Temperature – 600 °C

94 736 450 250 0.125 19,000
Cycles = 4600

4.  b → was calibrated to -0.12 to match with 
experimental observation

Temperature – 500 °C
C l 6000
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Fatigue Life and Crack Size Limit 

Power 
Density
W/mm2

T 
°C

Maximum 
Crack 
Depth • Criterion for light source 

components- “ Surface cracks 
must not reach the cooling

W/mm2 Depth 
(mm)

125 600 1.626
must not reach the cooling 
channel wall”

• T i l d th f li h l

115 550 0.025

• Typical depth of cooling channel 
wall ~4-7 mm

115 550 0.135

105 500 0.330
Conservative crack size limit ~0.5 

mm 

105 500 0.330

94 450 0.01

94 450 0.330
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Conclusions

• Experiments were carried out to assess the beam operating condition 
on components used for synchrotron applications

•Power density =125 W/mm2, Power = 980 W, Surface temperature 
- 600°C→ resulted in unacceptable crack size.

•Power density = 94 W/mm2, Power = 660 W, surface temperature 
-450°C, the crack size will be less than 0.5 mm.

• Numerical fatigue life estimation model was developed- for life 
estimation under any loading condition
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