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ABSTRACT

With the use of controllable-pulse-shape pulsed laser heating (PLH), we can induce
thermal cracks in a systematic way, in a small area, with a large number of repetitions,
that gives us the ability to generate a large statistical population of data that will isolate
the conditions in which cracks arise. After which metallography is performed, allowing us
to visualize the entire crack pattern induced by the laser. From this test data, we have
analyzed how adjusting extended finite element material properties and mesh density to
predict the crack initiation and stress response The results from the physical test data
showed large spread of crack depths that were independent of the number of pulses. This
corresponded with the finite element results showing the crack propagated in the first few
pulses and then stayed at that depth for the remaining pulses. We observed comparable
crack depths and crack quantities under the pulse in both the physical and FEA
simulations.
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INTRODUCTION /BACKGROUND

Understanding fatigue processes is of vital importance for operator safety. In the Army
context, it is imperative to know how many rounds a weapon system can safely fire before
it will break, so that the system will be condemned well before this failure occurs. Similar
considerations apply to industrial equipment. As a result, the fatigue process is well-
studied, and can be thought of as consisting of two phases. In the first, a crack forms,
and in the second, the crack propagates, links up with other cracks, and generally grows
until eventually it extends through the entire component, leading to failure. The crack
propagation process is well understood and proceeds in a predictable way once a crack
initiates. Thus, for most service life tests, the input criterion requires that the part already
contains some representative cracks; if this is not the case, there will be considerable
scatter in the number of cycles to failure.

The reason for this is that the formation of cracks is a stochastic process that is poorly
understood. This state of affairs is understandable. Cracks arise from service conditions
that are difficult to isolate with precision, and studying cracks requires detailed and costly
postmortem analysis that consumes otherwise usable (and sometimes expensive) parts.
Moreover, the operation of the part so as to induce the crack formation is not always quick
or inexpensive.

With the use of controllable-pulse-shape pulsed laser heating (PLH), we can induce
thermal cracks in a systematic way, in a small area, with a large number of repetitions,
that gives us the ability to generate a large statistical population of data that will isolate
the conditions in which cracks arise. After which metallography is performed, allowing us
to visualize the entire crack pattern induced by the laser. From this study, we have
analyzed how adjusting extended finite element material properties mesh composition to
predict the crack initiation and stress response.

For modeling the crack, the extended finite element method (XFEM) approach is used,
which allows the crack to initiate and propagate independently of the mesh. There are
several variants to the XFEM approach. The approach we are using is based on a concept
of using phantom nodes. This approach is similar to cohesive elements.

EXPERIMENTAL TESTING

(U) A conventional square laser pulse is applied to the surface of a specimen resulting in
linear temperature increase and an exponential decay resulting in crack formation within
the material.

1
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Figure 1: Laser pulse and surface temperature response

Testing was performed on a Tungsten W disk. The disk was 2 inch in diameter and
0.265 inches thick. The pulse laser heating, PLH, was performed using 5, 10, 25 and
50 pulse per spot at power levels of 0.8 and 1.0 J/mm with a 3mm diameter laser pulse.
After the tests were completed, cross sectional metallography was performed to
evaluate cracking.

Figure 2: Tungsten test specimen

After sectioning, the sample was imaged to determine the extent of the grinding needed
to evaluate cracking near the center of the pulse for each case.

2
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Table 1: 0.8J/mm*2 sample grinding

Sample AVE Original Distance to Center of Pulse [mm] [mils] [in]
0.8 J)/mm* 1.60175 63.1 0.0631
Comments Grinding Step Mount Sample Thickness Goal Removed [in.]| Remaining [in.]
0 0.7630 0.6999 0.0000 0.0631
set to remove 20 and removed 14 1 0.7487 0.0143 0.0488
Set to remove 20 and removed 19 2 0.73 0.0187 0.0301
set to remove 26 and removed 27| 3 0.703 0.0270
Table 2: 1J/mm”2 sample grinding
Sample AVE Original Distance to Center of Pulse [mm] [mils] [in]
1.0 J/mm? 1.08975 42.9 0.0429
Comments Grinding Step Mount Sample Thickness Goal Removed [in.]| Remaining [in.]
0 0.6979 0.6550 0.0000 0.0429
set to remove 20 and removed 17 1 0.6805 0.0174 0.0255
set to 20 and removed 20 2 0.6605 0.0200

PLH W Sample for CSRB

Figure 4: 1 J/J/mm”2 Samples

3
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Figures 5-8 shows the cross-section crack response at different 0.8 J/mm”2 pulse loads.
Figures 9-12 shows the cross-section crack response at different 1.0 J/mm”"2 pulse loads.
We note that in Figure 6 and 10 the ten pulse samples both had cracks through the entire
specimen. Tables 3 and 4 summarize the data. We note that the 0.8J/mm”2 pulse
generated 6 cracks on average, while the more intense 1.0J/mm”2 pulse averaged 5
cracks. Figure 13 shows a plot of the summarized data, ignoring the outlier data from the
10 pulse case. Several observations from Figure 13. First, we note that neither pulse
loads produced increasing crack lengths as the number of pulses increased. Only the
largest crack for the 1.0J/mm”2 case showed this. In fact, in examining the images and
summary data, we note a large spread of the data. We believe this is due the
brittleness of Tungsten, and that future testing should be performed on a more
elastic specimen to calibration testing. For purposes of this study, we have chosen to
focus on the 0.8J/mm”2 cases.
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Figure 5: 0.8J/mm*2, 5 pulses
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Figure 6: 0.8J/mm*2, 10 pulses
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Figure 9: 1J/mm*2, 5 pulses
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Figure 12: 1J/mm*2, 50 pulses
Table 3: Summary of 0.8J/mm2 Data

5 pulses 10 pulses 25 pulses 50 pulses

# cracks 6 8 5 b
shortest crack (microns) 91 106 61 118
deepest crack (microns)| 261 6731 325 252
AVE 167 984 217 193
6

UNCLASSIFIED//DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



UNCLASSIFIED

Table 4: Summary of J/mm2 Data

5 pulses 10 pulses 25 pulses 50 pulses

# cracks 5 8 4 5
shortest crack (microns) 64 74 143 48
deepest crack (microns)| 287 6731 395 421
AVE 218 1060 314 225
450
400
350
& 300
2
E 250 .
=
m - —
5 200 / BN
¥
S 150
O 4
100 . ___,-/"'-
50 S
0
0 10 20 30 40 50 60
# of pulses
——AVG 0.8 J/mmA~"2 AVG 1.0 J/mmA~2 -e-shortest 0.8 J/mm~2
shortest 1.0 J/mmA2 e deepest 0.8 J/mm~2 deepes 1.0J/mmA~2
Figure 13: Plot summary of data
NUMERICAL ANALYSIS

The XFEM approach is used to capture crack initiation. There are several variants to the
XFEM approach. Within the XFEM framework, cracks can initiate and propagate
independently of the mesh.

7
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Figure 14: XFEM Crack Initiation

In XFEM, each element in a designated region is examined at the centroid for a trigger
criterion such as a critical stress or strain. For this work we examined using a critical
maximum principal stress as the critical criteria, o,,iticq;- This unknown value is material
dependent will be evaluated with the test data to determine the value. To determine
Oqritical» TiNite element analysis (FEA) simulations were performed varying the value of
Oqriticar UP tO the ultimate tensile strength (UTS). The results are compared with the
physical test data to calibrate o.,;;;cq; t0 predict crack initiation at the correct loading
conditions. With each time/load iteration in the FEA simulation the calculated maximum
principal stresses are compared with the o,,iticai-

Once the maximum principal stress exceeds this value the XFEM algorithms are activated
with the code. The calculation of the displacement for degrees on freedom on the replaced
with

§
wh= ) N@) |w+ H®a + ) F(bf (1)
a=1

Ien

(U) Where N, is a standard finite element shape function, dependent on the element type
chosen. u; are the standard unknown degrees of freedom that are solved for to determine
the resulting displacements. H(x) is a Heaviside Function and used to separate the
element by the crack which resides on H(0). The F, functions are used to capture the
stress field around the crack tip. a; and b, are additional degrees of freedom needed to
capture the additional functions in the stress field.

(U) Abaqus software is used for implementing finite elements. Abaqus uses a variation
of the XFEM approach using what has been termed phantom nodes. In this process, once

8
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the crack is detected, it splits the element such that the split is on a plane perpendicular
to max principal stress. In the phantom XFEM approach the term, H(x)a,, is adapted as
additional “phantom” nodes, as shown in figure 16. These nodes in effect replace the

XFEM element with a cohesive like set of elements.

1.2

08 ||

-2.5 -2 -1.5 -1 -0.5 0 0.5

Figure 15: Heaviside function

f(X)>0

?\ crack

opening

FX)<0

Figure 16: Phantom Node Approach

The crack tip functions, Zilea(x)b;", are accounted for in the cohesive properties.
Complete separation of the element does not occur at this point, as is would in a standard
XFEM approach. The element slowly degrades as the crack opens. This represents the
plastic zone in the material and well as the region around the crack. The damage, D, is
related to the traction — crack opening graph, shown in figure 17. Thus, the crack tip
resides somewhere in the final damaged element and not necessarily at the shown tip

9

UNCLASSIFIED//DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



UNCLASSIFIED

5f(5max _ 60)

D= smax(§f — §0) (2)

max

Cohesive traction

Gr
o

max

Crack opening

Figure 17: Damage vs crack opening

In function (2), §° is the initial crack opening, §™%* is the maximum opening at failure.
57is the current opening and G the Fracture energy. D is then used in the stress-strain
relationship such that

0ij = (1 = D)Cijrin 3)

For the FEA simulation a two dimensional (2D) cross section of the region around a laser
pulse was modeled as shown in Figure 18. The boundary conditions are shown in Figure
19. The side and bottom represent the rest of the wafer. The Flux pulse over a 3mm edge
represents the 0.8J/mm”2 pulse.

6 mm
8 mm

Figure 18: FEA part model

10
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0.8 JIs laser pulse

/applied to the center of
finely meshed area

The model was
constrained along the v

ges to represent the L
rest of the sample
wafer

Figure 19: FEA boundary conditions

The pulse is applied as a flux square wave with a magnitude of 385%x10*3 over a 0.0026s
time frame to produce the surface temperature response as seen in figure 1. This is
equivalent to a 1.0J/mm”2 pulse. The properties used for Tungsten are:

Table 5: Tungsten Material Properties

Property Value
Conductivity Wm/K K
163 300
146  473.15
128  873.15
117 1273.15
Density 1.93E-08 Tonne/mm~"3
Young’s Modulus MPa K
400000 300
370000 1073.15
350000 1473.15
300000 2073.15
Poisson’s Ratio 0.28
Yield Stress 750 MPa
UTS 862.5 MPa
Thermal Expansion 4.6E-06 K"-1
Specific Heat 1.34e8 mJ/tonne/K

We examined several case studies, varying the o,,;;ic; @nd the mesh refinement around
the region. The first highlighted case is shown in Figure 20. The mesh generated was 50
microns by 100 microns elements. The g,,ticq: IS Set to 700MPa. The results show a fairly
uniform stress field under the laser with a 150 micron crack forming after the first pulse
and staying at that depth through 50 pulses. In the second case we increase the o,.,iticar
to 800MPa. This showed the crack depth reducing to 50 microns after the first pulse,
expanding to 100 microns after the second pulse and staying at 100 microns after the
second pulse, as shown in figure 21. In case 3, shown in figure 22, we induced the mesh

11
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to 150 microns x 150 microns and reduced the o,,;ticq; 10 300MPa. The results show an
increase to a 450 micron crack forming after the first pulse and not propagating further.

S, Max. Principal
(Avg: 75%)

+8.660e+02
+7.884e+02
+7.108e+02
+6.332e+02
+5.556e+02
+4.780e+02
+4.004e+02
+3.228e+02
+2.452e+02

1t pulse 150 microns

— — I g —

S, Max. Principal
(Avg: 75%)
+1.032e+03
+9.330e+02
+8 3426402
47 353e+02
+6 365e+02
453770402
o
: .
=N 50 pulses 150 microns
+1423e+02

Figure 20: Case 1: 50x100 micron elements with 700MPa damage criteria

5, Max. Principal

{Avg: 75%)
+8.652e+02
+7.876e+02
+7.101e+02
+85.326e+02
e
+4.775e+ .
+4,0006+02 st 50 microns
+3,224e+02 1 pu}‘se

tor

S, Max. Principal
(Avg: 75%)
+8.818e+02
+8.023e+02
+7.220e+02
+6.434e+02
+5.639e+02
+4.844e+02

1395510 2 pulses

l—]—)v

100 microns

Figure 21: Case 2: 50x100 micron elements with 800MPa damage criteria
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S, Max. Principal

(Avg: 75%)
+9.030e+02 st
8o0e0s | 1% pulse
+7.428e+02

[ .
CT e 450 microns

Figure 22: Case 3: 150x150 micron elements with 300MPa damage criteria

For case four we refined the mesh such that the elements were 20 microns deep and 15
microns wide, shown in Figure 23. The o.,;:i.q; Was calibrated to 300 MPa. This resulted
in 31 cracks created down to 200 microns. Results are shown in Figure 24. The cracks
form very close together and appear dependent of the mesh. In Figure 25 the mesh was
updated to 80 microns deep and 160 microns wide. The results show 3 cracks at 160
microns deep. In case six we updated the mesh to 20 microns deep and 200 microns
wide and 20 microns deep. The results are shown in Figure 26, showing 6 cracks at 180
microns deep. Examining Figures 24-26 we see cracks depths within range of what was
seen in the physical test data. We also see that the number of cracks generated appears
dependent on the mesh. At close examination of the stress generated under the laser
pulse is relatively constant, unlike a notched specimen where there is a stress
concentration. This results in multiple elements on the surface under the laser triggering
the crack initiation.

Figure 23: Mesh Refinement

13
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L

1 Crack Per Element:
31 Total Cracks

Figure 24: Case 1 20 microns x 15 microns elements
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Figure 25: Case 2 80 microns x 160 microns elements
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1 Crack Per Element:
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Figure 26: Case 3 20 microns x 200 microns elements

SUMMARY/CONCLUSIONS

With the use of controllable-pulse-shape pulsed laser heating (PLH), we can induce
thermal cracks in a systematic way, in a small area, with a large number of repetitions,
that gives us the ability to generate a large statistical population of data that will isolate
the conditions in which cracks arise. After which metallography is performed, allowing us
to visualize the entire crack pattern induced by the laser. From this test data, we have
analyzed how adjusting extended finite element material properties mesh composition
and mesh density to predict the crack initiation and stress response The results from the
physical test data showed large spread of crack depths that were independent of the
number of pulses. This corresponded with the finite element results showing the crack
propagated in the first few pulses and then stayed at that depth for the remaining pulses.
We observed a low critical stress criteria however, there is indication that it is mesh
dependent. Future work should include further testing with more elastic material to see if
the results can be repeated.
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