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1 .0  SUMMARY 

i. 
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The surface displacement of a steel plate caused by a permanent deformation as a result 
of local yielding was modeled by a finite element analysis. The local yielding occurs when 
a small area of the plate is heated by a laser beam. The calculated displacements are in good 
agreement with the preliminary experimental data obtained using a bend specimen with 
laser heating at the University of Alabama at Huntsville. It has been shown 
computationally and optically that the relative displacements are less than 1 pm near the 
laser heated area of the specimen. The results demonstrate that the experimental approach 
is a feasible technique for determining the residual stress under multiaxial stress field. 

2.0 INTRODUCTION 

The yield stress of a metal decreases as the temperature rises. This property is used 
for determining the residual stress with laser annealing [1,2,3]. A small area in a structure 
or a specimen is heated by a laser to relieve the local stresses. Plastic deformation is 
expected near the heated area due to the lowered yield stress. One complicating factor that 
must be considered is thermal expansion which reduces the net deformation in a tensile 
field but amplifies that in a compressive field. Optical speckle interferometry is used to 
capture this minute surface movement before and after heating. The fringes of the speckle 
pattern provide the surface displacement measurement. For example, the displacement 
differential between two fringes is proportional to the wavelength of the laser beam. In the 
case of Helium Neon laser, the relative displacement between two fringes is 0.4475 pm. 

The experiment involves a 304 stainless steel rectangular plate with an effective 
dimension of 156 mm x 137 mm (6.125" x 5.375"). The thickness of the plate is 2.54 mm 
(0.1"). A 191 mm x 171 mm (7.5" x 6.75") load frame was built so that the plate is simply 
supported by wires sitting on the grooves near the edges of the load frame. The plate is 
loaded by tightening a screw at the plate center at a point with a small load cell (Model 
LBO-500 from Transducer Techniques, Temecula, California). The load cell diameter is 8 
mm (0.3125") with a lightly curved convex surface (radius of curvature is 51 mm or 2"). 
The pre-loaded plate with the load frame is in a vertical position when the laser heating is 
applied. The laboratory tests were carried out at the Center for Applied Optics at the 
University of Alabama at Huntsville (UAH) by Professor Chandra S .  Vikram [4]. 

Numerical finite element analysis provides: 1) Determination of the optimum location 
in the specimen for applying laser heating, which depends on the achievable stress level 
due to bending; 2) Determination of the required laser power and the time duration of the 
heatingkooling cycle. Of course, the calculated displacements can be compared to the 
optical results to support the credibility of the theoretical and experimental development. 
The ABAQUS finite element program [5] was used to perform the analyses at the Savannah 
River Technology Center (SRTC). The finite element meshes were created with the 
MSCEATRAN finite element prelpost-processor [6]. The details of the finite element 
analysis are described in this report. 

3 .O NUMERICAL ANALYSIS 

3.1 MATERIAL PROPERTIES 

The analysis of laser heating for the 304 stainless steel specimens under uniaxial 
tension (up to 98% of the room temperature yield stress) has been previously performed by 
Miller [7]. The numerical result was in very good agreement with the experimental data. 
Therefore, the mechanical and thermal properties reported in Reference 7 and in the 
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Temperature (K) Young's Modulus (GPa) 
300 195.0 
366 192.4 
480 183.4 
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Poisson's Ratio 
0.297 
0.299 
0.310 

Handbook of Stainless Steels [8] for 304 stainless steel are adopted in the present analyses. 
The yield stresses in Table 1 were obtained by scaling the temperature dependent yield 
stresses from Reference 8 with the yield stress at room temperature (318.5 MPa or 46.2 
ksi) which was provided by the vendor of the plate material [9]. The material properties 
used in the finite element analysis are summarized in the following Tables. 

TABLE 1 Yield Stresses [see above text for reference] 

589 
700 
811 

TAE3LE 2 Young's Moduli and Poisson's Ratios [8] 

J 
176.5 0.3 14 
166.2 0.317 
155.1 0.321 

922 
' 1033 

1089 

145.5 0.326 
133.8 0.332 
124.8 0.340 

TABLE 3 Thermal Expansion Coefficients 181 

Temperature (K) I Thermal Expansion Coefficient (m/m*K) 
300 1 1 7x 1 0-6 

I I 

1200 I 1 9 . 6 ~  10-6 1 
TABLE 4 Thermal Conductivity [8] 

Temperature (K) I Thermal Conductivity (W/m.K) 
300 I 14.8 

I 
_ _ _  - I 

1200 I 29.5 1 
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TABLE 5 Specific Heat [8] 

Temperature (K) 

1100 
1200 

The density values for various grade of the stainless steels range from 8000 kg/m3 at 
-196°C to 7400 kg/m3 at 1000°C [lo]. A typical value of 7900 kg/m3 representing an 
average within the laser heating temperature range is used in the calculations for 304 
stainless steel. The film coefficient (also known as the heat transfer coefficient or the 
convection coefficient) for free convection is set to 5.0 W/m2*K [ 1 11 which represents the 
thermal convection from the specimen surface to the ambient temperature of 300K. It 
should be noted that the typical convection coefficient for a horizontal stainless steel plate is 
about 1.5 W/m2*K [ 121. However, in the present case, the plate is placed in a vertical 
position during the test and the high temperature spot is very small (2 mm in diameter on a 
156 mm x 137 mm plate). Under these circumstances, a buoyancy-driven air flow is 
expected near the heated spot. Therefore, the value of 5.0 W/m2*K is reasonable. 

3.2 MECHANICAL LOADING PRE-ANALYSIS 

This part of analysis was used to confirm the mechanical loading and to determine an 
optimum location for laser heating in order to produce detectable interferometry fringes as a 
result of inplane surface movement due to plastic deformation. The ideal location for laser 
heating is away from the load point to reduce the high stress gradient and to avoid possible 
interference associated with the load cell, and yet this location should be close to the load 
point so that the stress remains sufficiently high and yielding can occur by heating. The 
ABAQUS finite element code [5] was used for analysis. Since this analysis involves only 
the mechanical load, a quarter model of the plate is sufficient due to symmetry. The top 
view of the finite element mesh is shown in Figure 1 which contains five layers of solid 
(three-dimensional) elements through the thickness. There are 2445 elements which 
include C3D20 (20-noded brick elements) and C3D 15 (1 5 noded triangular prism 
elements). These are higher order finite elements, therefore, the total number of structural 
nodes is 11,853. Note that the radius of the outer-most concentric ring of elements at the 
lower left corner of the model is 8 mm. The load cell is well contained in this region with a 
radius of 4 mm. 

The point 0 in Figure 1 is the center of the plate. The X-axis and Y-axis are, 
respectively, the long and short axes of the plate. The load is applied in the positive Z- 
direction which is perpendicular to the plane of the plate according to the right-hand rule. 
The plate is simply supported on the four edges. Therefore, the finite element nodes along 
those edges are constrained in the Z-direction. In Figure 1 the symmetric boundary 
conditions are applied on the X-Z and Y-Z planes. 

Three finite element analyses were performed: 1) The load cell motion is simulated by 
a rigid contact surface and the material response is elastic-perfectly-plastic; 2) Traction (or 
pressure) is applied ts  the load cell region and the material response is elastic-perfectly- 
plastic; and 3) Traction is applied to the load cell region and the material response is linear 
elastic. Note that an elastic-perfectly-plastic material assumes a linear stress-strain 
relationship with a slope defined by the Young's modulus (Table 2) when the stress is less 
than the yield stress (Table l), beyond which the plastic deformation occurs and stress 
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remains unchanged (at the level of the yield stress) with the increasing strain until the 
material fails. 

Figure 2 shows that all three calculations gave similar results up to loading at 11 12 
Newtons (250 lbs). However, it is expected that linear elastic solution is not practical for 
this problem, and the contact problem is too much more computationally intensive. 
Therefore, the elastic-perfectly-plastic traction problem was chosen for the 
thermomechanical calculations in the next phase of the analysis. 

The surface 
displacements along the long axis and the short axis (both axes pass through the center of 
the plate) were measured for three load levels (278 Newtons or 62.5 lbs, 556 Newtons or 
125 lbs, and 834 Newtons or 187.5 lbs). The surface displacements were measured by 
using a Dial Indicator (Model 8 1-261 J, the L. S. Starrett Company, Athol, Massachusetts). 
Because this plate would be re-used in the laser annealing and speckle interferometry 
experiment, no permanent deformation was allowed to develop during this confirmatory 
test. Therefore, the loading for this phase of the experiment was carefully controlled not to 
exceed 834 Newtons to avoid possible plastic yielding of the plate. The calculated and 
experimental results are shown in Figures 3 (for long axis) and 4 (for short axis). Note 
that in Figures 3 and 4 the experimental data points for 1 1  12 Newtons (250 lbs) are not a 
direct result of the test. The values of these data points were obtained by superposing the 
test data for 278 Newtons (62.5 lbs) and for 834 Newtons (187.5 lbs). The principle of 
superposition is applicable since the majority of the deformation remains elastic, except, in 
the immediate vicinity of the location where the plate and load cell are in contact. 

The finite element result of this part of analysis has demonstrated that the numerical 
and the experimental procedures are consistent in the mechanical loading of the plate. 

The corresponding laboratory testing was performed at UAH. 

3.3 THERMOMECHANICAL ANALYSIS 

In the actual test, a mechanical load is first applied to the center of the plate. A biaxial 
bending stress state is resulted. Laser heating is then applied to the opposite side of the 
plate where the point load has been applied. It was found in the UAH test that a load of 
2046 Newtons (460 lbs) is required and the location of the heated spots (2-mm in diameter) 
is 5 mm away from the center of the plate, along either the long or the short axis. This 
arrangement will render visible and useful optical fringes for measuring the relative 
displacements of the material points near the heated spot. This surface displacement is due 
to the permanent deformation as a result of laser heating and the lowered yield stress. If the 
heated spot is located farther than 5 mm away from the center, no optical fringes could be 
obtained under the maximum loading conditions. 

This test was simulated by a finite element analysis which includes three sequences : 

SteD 1 - Mechanical Loading 
At room temperature (300K), the edge-supported plate is loaded to 2046 Newtons 
(460 lbs) at the center. Biaxial bending stress field (simultaneous bending about 
the long and the short axes) is formed. The load cell side of the plate is under 
compression and the laser heating side (opposite to the load cell side) is under 
tension. The material on both sides of the plate within the load cell diameter is 
yielded by either tension or compression and the equivalent plastic strain in the 
center of the load cell region is about 0.8%. In the intended laser heating'area (2 
mm in diameter and 5 mm away from the plate center along the long or short 
axis), the material is slightly yielded with plastic strains about 0.3 to 0.4%. 
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Steu 2 - Laser Heating and Cooling 
The heat flux and heating time for the finite element calculation is chosen based on 
the use of a 25-Watt rated laser illuminating a 2-mm diameter spot for about five 
seconds. Assuming the effective power actually delivered to the specimen plate is 
about one-half of its rating (with another half of the power reflecting away from 
the metal surface). Therefore, the rate of heat flux rising from zero to a maximum 
value is set to 80 W/cm2*sec for facilitating the finite element calculation and this 
value is an approximation for the actual heating process. It is noted that 
displacements will be caused by material flow when the temperature of the 
material reaches that of the yield stress. Therefore, as long as the laser power is 
sufficient to raise the spot temperature up to the melting temperature of the paint, 
the exact heat flux to the plate is not as important as originally expected. 
Two transient thermal analyses are needed to accomplish the heating and cooling 
cycle. The first calculation is a continuous heating for an extended period of time 
(longer than the 5-second target time). The result is reviewed for temperature 
distribution in the heated spot. In the present case, a temperature sensitive paint is 
applied over the plate at the target laser spot. The paint melts at 485.15K (212°C) 
and then the spot becomes reflective so that no more heat can be delivered to the 
plate. Therefore, by examining the calculated temperature profile on the heated 
spot, one can determine the heating time. The total heat flux is thus 80 
W/cm2*sec times the heating time. This information provides a precise heat input 
for the second set of thermal analysis. Figure 5 is a typical calculated 
temperature-time response curve corresponding to a heat flux input varying 
linearly from zero to 358.4 Wkm2 in 4.48 seconds, and shutting down in 0.005 
seconds. The calculated temperature data in Figure 5 were taken from the center 
of the heated spot. The temperatures at the edge of the heated spot are slightly 
less than the paint melting temperature. Because the temperature will not be a 
constant value over the heated spot with a heat flux input in the current finite 
element model, this temperature profile and heating time were chosen to best 
represent the temperature sensitive paint melting at 485.15K (212OC). 
Alternatively, uniform temperature rise can be imposed directly on the laser 
heating spot to simulate the effect of temperature sensitive paint (the phase change 
due to melting is not modeled). In fact, most of the results reported in this report 
were obtained by raising the temperature uniformly on the heating spot linearly 
from zero to 485.15K (212°C) in five seconds. It was found that these results do 
not differ significantly from the result by imposing heat flux. It seems that only 
the final temperature would affect the local deformation as a result of temperature 
dependent yielding. The total heat input to the specimen is required to bring up 
the temperature within a certain period of time. The parametric studies 
documented in Reference 7 support this conclusion. 
After the desired temperature pattern is achieved, the plate is allowed to cool 
down till a steady state is reached. In the ABAQUS calculations, 1000 seconds is 

heating to cooling temperature history output from this transient thermal analysis 
is used as an input to the thermal stress calculation. 

Steu 3 - Thermal Stress Calculation 
The current finite element model does not include any friction or gaps which, for 
example, would cause coupled effects of thermal and mechanical loads. 
Therefore, a standard de-coupled analysis is employed. The plate bending 
problem solved in Step 1 is restarted by first fixing the load point assuming that 
the load cell position remains unchanged after it was loaded to 2046 Newtons 
(460 lbs). This position is unaffected by the subsequent local laser heating. Then 

2.  

Ir sufficient to cool the plate down to the initial temperature (300K). The complete 
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the temperature history of heating and cooling calculated in Step 2 is applied to the 
mechanical system. The final surface displacements are used to compare those 
measured at UAH by c 

Since the laser heating spot is not at the center of the plate, only a one-half symmetry 
can be considered (see Figures 6a and 6b for the finite element mesh in the 
thermomechanical analysis when the laser annealing spot is located on the long axis of the 
plate). The same mesh is used in the thermal analysis (see Step 2 above) and the stress 
analySes (Step 1 and Step 3). The ABAQUS element type DC3D8 is used in thermal 
analysis and type C3D8 in stress analysis. All the elements are eight-noded bricks. The 
total number of elements is 9470 with 11,958 nodes. There are five layers of element 
through the thickness of the plate. An elastic-perfectly-plastic material response without 
strain hardening is assumed. 

For Steps 1 and 3, the mechanical boundary conditions are identical to those for the 
quarter-plate model used in the pre-analysis discussed earlier (Section 3.2), except that the 
symmetric condition for the Y-2 plane is no longer needed. The model is constrained in the 
X-direction at point 0 which is the tip of the load cell (the nodal coordinates are 
X=Y=z-O). The thermal boundary conditions for Step 2 are the adiabatic condition on the 
X-Z symmetric plane and free convection (5.0 W/m2*K, [lo]) to the ambient temperature 
(300K) on the model exterior surface. 

Another finite element mesh was also developed and used for calculation in the case 
that the heated spot is located on the short axis of the plate. The detailed mesh near the 
heated spot and the load cell is identical to Figure 6b. Since the aspect ratio of the plate is 
1.14, no significant differences in the solutions are expected, especially the displacement 
field of interest is in the order of 1 pm. 

verting the optical fringes to displacements. 

4.0 RESULTS 

Images of speckles are taken before and after the laser heating is applied. Subtracting 
these two images renders visible, bright-to-dark fringes. The relative displacement of the 
fringes is proportional to the wavelength of the laser beam. In the present case, a Helium 
Neon laser with wavelength 0.6328 pm is used. The corresponding relative displacement 
between two fringes is 0.4475 pm. 

The numerical procedure is performed in the same manner. The relative displacement 
field before and after heating is obtained by subtracting the displacements due to mechanical 
bending (Step 1 on page 4) from the displacements after cooling (Step 3 on page 5). 

Most of the results presented in this report were obtained by prescribing a uniform 
temperature (i.e., the paint melting temperature, 485.15K or 212OC) over the heated spot. 
In all the heating cases investigated (heating times are in the neighborhood of six seconds), 
The temperature drops down to the room temperature (300K) in about 5 to 8 mm away 
from the center of the heated spot. In other words, the majority of the test plate remains at 
the room temperature during laser heating. 

Denoting the horizontal (X-direction) displacement by U and the vertical displacement 
(Y-direction) by V, Figure 7 shows the U-contours after 2046 Newtons (460 lbs) were 
applied to the center of the plate. The displacements in micro-meters are labeled on the 
contour lines in the figure. Note that the line for U=O should occur exactly along X=O by 
symmetry. However, this is a half plate model (symmetric with respect to Y=O) and zero 
horizontal displacements need not be enforced along X=O except at the tip of the load cell 
(X=Y=Z=O). Therefore, due to a slight numerical imbalance, the U=O line was shifted 
about 0.4 mm from the centerline on the heated side of the plate. This will not impact the 
final result because the same mesh and boundary conditions were used to calculate the 
thermal stress after heating and cooling (Figure 8 for U-displacements), and only additional 
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displacements due to laser annealing is relevant. By subtracting displacement field in 
Figure 7 from that in Figure 8, the horizontal displacements due to laser annealing alone are 
shown in Figure 9. Similarly, the vertical displacements (V) around the heated spot due to 
laser annealing alone could be obtained and are shown in Figure 10. Note that the out-of- 
plane displacements in Z-direction are not considered in developing the laser annealing and 
speckle interferometry technique for the current application in which the surfaces are 
essentially flat and have very small curvatures after the mechanical loading. 

To compare the calculated displacements with the experimental results, additional 
treatment is needed for the U-displacement. Since the speckle fringes can only indicate 
relative displacements, the absolute displacement may not always be available, unless a 
fringe corresponding to a known displacement is identified, such as on a fixed boundary. 
In the present case, the horizontal displacements near the heated spot are nowhere zero. 
Therefore, the absolute displacements in the X-direction (U) are indeterminate within the 
image frame taken at UAH. Only relative displacements are available from one fringe to 
another. This “unit” relative displacement is thus 0.4475 pm. Taking arbitrarily the 
horizontal displacement at the center of the heated spot as the reference point, the 
displacement contours for U are re-plotted after subtracting the value at the center of the 
heated spot. The adjusted contour plot is then overlaid on the speckle image taken at the 
UAH as shown in Figure 11. It can be seen that there is a dark fringe around the heated 
spot (bright area). This corresponds to a one-half fringes (relative displacement = 0.4475 
pm t 2). The corresponding contour lines constructed from the finite element result show 
that the relative displacement is about 0.3 pm. The order of magnitude of the displacements 
is in agreement. 

The contour plot is straight forward for the vertical displacements (V) because it is 
known that V is zero on the long axis due to symmetry. Therefore, Figure 10 can be 
overlaid directly on top of the fringe pattern obtained at UAH. Figure 12 allows direct 
comparison of the calculated and experimental results. A zeroth order fringe, although it is 
somewhat gray in the UAH image, should exist along the X-axis. The darker area above 
the X-axis corresponds to the next dark fringe. The relative displacement in the Y-direction 
(V) between these two fringes is therefore about 0.4475 pm. In this case, it is also the 
absolute V-displacement for the darker region in the UAH image. The contour lines show 
that the calculated V-displacement there is about 0.4 to 0.5 pm. The numerical and 
experimental results are consistent in the order of magnitude. 

Note that the fringes obtained at UAH should be symmetric with respect to the long 
axis of the plate (see the overlaid X-axis in Figures 1 1  and 12). However, the spurious 
noise and vibration in the UAH laboratory might cause the flickering of images. Therefore, 
the fringes in Figures 1 1  and 12 do not appear to be exactly symmetric at the moment when 
the image frame was captured by a camera. Note that these speckle fringes in Figures 1 1  
and 12 have been digitally inverted from those in Reference 4 for direct comparison with 
the calculated results. 

The finite element results discussed so far are based on the condition that uniform 
temperature is prescribed over the heated spot. As mentioned earlier on page 5 in Step 2 of 
Section 3.3, equivalent solution may also be obtained by providing heat flux to the heated 
spot until a proper temperature profile is reached on that spot. In this case the heating time 
and heat flux are determined by a preliminary thermal analysis with extra heating time for a 
given heat flux input. It was found that the temperature at the heated spot would be 
everywhere above the melting temperature of the temperature sensitive paint (485.15K or 
212”C), if the heat flux is raised linearly to 494.4 W/cm2 in 6.18 seconds (note that the heat 
flux rate is 80 W/cm%ec as discussed earlier). The resulting relative horizontal 
displacement contours with a reference set to the U-displacement at the heated spot are 
plotted in Figure 13. The V-displacement contours are shown in Figure 14. It can be seen 
that the displacements are similar to those shown in Figures 1 1  and 12 which were obtained 
with a uniform temperature of 485.15K over the heated spot. Note that the total heat input 
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to the test plate is higher in the case for Figures 13 and 14 which are the results of 
prescribing heat flux. 

5.0 CONCLUSION AND DISCUSSION 

The calculated and measured displacements are in good agreement near the laser 
heating spot in a biaxial bending stress field. It appears that the displacement due to heating 
induced plastic deformation (as a result of lowered yield stress as temperature rises) is less 
sensitive to the heat input to the material. Rather, the temperature achievable at the heated 
spot has a more direct impact to the displacement because the permanent deformation is a 
result of thermal expansion and yield stress which are temperature dependent. Therefore, 
the key issue for the laser annealing technique appears to be the capability to maintain an 
elevated temperature in a small area so that a measurable plastic deformation can be 
captured by a laser speckle interferometer. This capability depends on the thermal and 
mechanical properties of the material, and the power of the laser beam. In general, for a 

low thermal diffusivity (Wpc, where k is the thermal conductivity, p is the density, and c is 
the specific heat) and a rapidly decreasing yield stress as the temperature rises. 

In the laboratory testing, higher fringe resolution may be required to be effectively 
compared with the finite element solutions. To significantly increase the magnitude of 
measurable displacements, an experimental design change might be desirable. On the other 
hand, a refined finite element analysis may be needed for better modeling the application of 
the mechanical and thermal loads. The melting of the temperature sensitive paint involves 
phase change simulation and is complicated. This may be pursued if a high degree of 
solution accuracy is of interest. From a practical point of view, it would be useful if more 
experimental data are available for benchmarking or calibrating the performance of the finite 
element analysis (such as the overall temperature distribution on both sides of the plate, and 
full field interferometry fringe patterns, etc.). 

, 

I given power of a laser beam, it is easier to achieve the expected result for a material with 
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FIGURE 1 - Finite Element Mesh for the Quarter Plate Model (Pre-Analysis 
Mechanical Model). 
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Solid Curves: FEA Contact Problem 

Dashed Curves: FE.4 Traction Problem 

Symbols: FEA Traction Problem 
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FIGURE 2 - Out-of-Plane Displacements from Plate Center to the Edge 
along the Long Axis (Comparison of Various Numerical Approaches). 
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FIGURE 3 - Out-of-Plane Displacements from Plate Center to the Edge 
along the Long Axis (Comparison of Experimental Data). 
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FIGURE 4 - Out-of-Plane Displacements from Plate Center to the Edge 
along the Short Axis (Comparison of Experimental Data). 
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FIGURE 5 - Typical Temperature Response by Imposing Linear Heat Flux 
with respect to Time. 
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FIGURE 6a - Overall Finite Element Mesh for the Half Plate 
Thermomechanical Model. 
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FIGURE 6b - Detailed Finite Element Mesh for the Load Cell and Heated 
Areas of the Half Plate Thermomechanical Model. 
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FIGURE 9 - Additional Horizontal Displacement due to Laser Annealing 
(Figure 8 subtracts Figure 7). (The 
values on the contour lines are the displacements in Fm). 
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FIGURE 10 - Additional Vertical Displacement due to Laser Annealing. 
Heated Spot is on the Long Axis (The values on the contour lines are the 
displacements in pm). 



WSRC-TR-97-00294 
September 1997 

pageJ5 of 16 

FIGURE 11 - Relative Displacements in Horizontal Direction with respect 
to the Displacement at the Heated Spot. Speckle Fringes were Obtained at 
the University of Alabama. Plate Center is on the Left of Heated Spot. 

FIGURE 12 - Relative Displacements in Vertical Direction. Speckle Fringes 
were Obtained at  the University of Alabama. Plate Center is on the Left of 
Heated Spot. 
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and Temperatures 2 485K (212°C) at  the Heated Spot on the Long Axis. 
The Values on the Contour Lines are the Displacements in pm. 

.* 
, .E 

x (mm) 
FIGURE 14 - In-Plane Relative Displacements in Vertical Direction. Heat 
Flux is 494 W/cm2 and Temperatures 2 485K (212°C) at  the Heated Spot 
on the Long Axis. The Values on the Contour Lines are the Displacements 
in pm. 
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