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Abstract

Residual stresses may have beneficial or detrimental effects to the materials
properties and therefore precise knowledge and control of residual stresses are of
high practical relevance. For the stress-relaxation measurement at a micro level
we explored the slit milling (crack compliance) method using Focused Ion Beam
(FIB) to release local strain induced by internal stresses and Digital Image
Correlation (DIC) of SEM images taken before and after stress release to register
it. The method allows us to measure stress components through the entire area of
laser clad coating as a function of laser clad depth. We used: (i) 3.3 kW IPG fiber
laser for cladding of tool steel, (i) LYRA Tescan dual beam system with
Focused Ion Beam and Electron Beam guns like milling-imaging instrument,
respectively, (iii) Aramis GOM GmbH Digital Image Correlation for surface
displacements registration. Finally, reducing the noise by using the appropriate
magnification, facets size, resolution and by applying of integration method
during collecting of SEM images we were able to increase sensitivity for lowest
detectable displacement (~ 1nm).

Keywords: residual stress, focus Ion beam, laser clad coating, digital image
correlation.

1 Introduction

Laser cladding is an important component of surface processing technology. Due
to the small melting pool, large temperature gradient, narrow bonding zone and
high thermal stress, cracks can be easily nucleated, especially in thick metallic
coatings [1, 2]. To prevent cracking is one of the most important issues from the
preparation and industrial points of view [3—5]. Therefore an evaluation of
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residual stresses in laser clad coating at a micrometer scale provides useful
information about the whole profile of internal stresses inside laser clad coating.

A number of methods have been developed for quantifying residual stresses.
Most of these methods determine the mean stresses in relatively large volumes.
They give suitable information when residual stresses are distributed
homogeneously and stress gradients are absent [6]. However, in many cases the
residual stresses are not distributed homogeneously over the investigated
volume. Therefore in many applications in engineering a number of non-
destructive techniques, such as X-ray, neutron diffraction, moiré interferometry
[7-11] and destructive and semi-destructive methods like layer removal and
curvature measurement, incremental blind hole drilling, crack compliance,
cantilever method etc. [12—19] have been developed, based on material removal
and the measurement of the associated strain relief. Figure 1 compares a number
of methods with respect to their sensitivity and length scale.
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Figure 1: An overview of different strain measurement methods [20].

In this work a relatively new approach of stress measurement on the micron
scale, based on applying dual beam microscopy like imaging-milling and semi-
destructive instrument to realize a mechanical relaxation method of measuring
internal stress was used. Focused Ion Beam (FIB) was used as a “sharp knife” to
release local strain induced by internal stresses. Surface relaxation in the vicinity
of such a cut was mapped using the Digital Image Correlation (DIC) and
released stresses were calculated on the base of these displacement maps. One of
the goals of this work is to prove that this microscopic method of measuring
internal stresses is appropriate for laser clad coatings.
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2 Experimental

2.1 Sample preparation

The sample used for measuring internal stress was cut longitudinally to the
cladding direction from 8 mm bearing steel bar clad with 1 mm thick
MicroMelt23 coating. Longitudinal cut (shown in Fig. 2a) does not release the
main stress inside cladding layer. Surface for measurement was subjected to the
standard metallographic procedure starting with grinding on grit papers (120,
320, 800, 1200 and 4000), and finishing with ~1 h polishing using the Struers
OP-U suspension. The spherical nano sized (25+5 nm) Yttrium-stabilized
Zirconia (YSZ) particles with appropriate distribution and density were used to
enhance the contrast of SEM surface images. These particles precipitated on the
surface of the specimen shown in Fig. 2b from the ethanol suspension which was
in an ultrasonic bath for 30 minutes to brake-up the large particle conglomerates
[16, 17].
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Figure2: = SEM image of laser clad sample cut for internal stress
measurements (a) and a detail of the measured surface area with
YSZ particles (b).

3 Results and discussion

3.1 FIB milling

For the stress-relaxation we used the idea of the macroscopic crack compliance
method [15]. The Focused Ion Beam (FIB) mills a slit with appropriate
parameters; like 2.8 um in depth, 25 pm in length and 0.5 pm in width using the
focused Ga” ion beam of 200 pA and accelerating voltage of 30 kV.

Each picture was taken with the electron beam perpendicular to the surface
with the image resolution of 768x768 pixels and magnification of 5k. Electron
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beam was accelerated by an electric field of 10 kV. The SEM image was
collected using the dwell time ¢, = 48.6 ps/pixel.

3.2 DIC analysis

Aramis GOM GmbH, a complex deformation analysis system was used for
measuring the displacements initiated by internal stress release. DIC is a
computational method to calculate displacements field by correlation of small
facets between two digital images, the first one taken before (reference one) and
the second one after the deformation. Typical standard deviation of the
displacement error for DIC algorithm is reported as 0.01 pixels [21]. DIC
calculates a discrete displacement vector (Dy, Dy) in the centers of rectangular
facets. These centers represent a rectangular grid at the measured surface with a
size for instance 21x21 pixels that uniformly covers the area around the slit.
Figure 3a shows this calculated area that almost fully covers the whole SEM
image. Brightness intensity corresponds to the measured displacement value
according scale on the right side. For a better visualisation of the displacement area
around the slit the displacement scale has been changed from +50 nm to £25 nm.

__________ 4 FIB siit

Figure 3:  Left: SEM image of a region after the introduction of the FIB slit
with the measured displacement area; right: a schematic picture of
FIB slit with defined coordinates.

3.3 Residual stress calculation

To determine the residual stress from the measured displacements we used
Inglis—Muskhelishvili solution for displacement in x direction u, in an infinitely
thick plate and for an infinitely long crack [22]:

2243 ¢ sin® @
u, =———o,|cosf| 1+
' 2(1-v)

0

where E' = E/(1 —V°), E being Young’s modulus, v the Poisson’s ratio. g is the
residual stress in x-direction, 8 = arctan (x/a) where a is the slit depth and x is
the distance from the slit. This calculation provides displacement at any distance
from the slit in both directions. Figure 4a shows the average displacements as a
function of distance from the slit. The displacements where measured along
horizontal lines within dashed area around the slit, which is not expected to be
influenced by the ends of the slit.
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Due to the form of Eq. (1) it is possible to estimate the size of internal stress
o, by plotting of observed displacements u, against calculated ones, assuming an
internal stress (e.g. o,p = -1 GPa). This plot is shown in Fig. 4b together with a
linear fit. The slope of this fit corresponds to the value of real internal stress
released from the sample during formation of the slit [23]. As Fig. 4b shows, the
compressive residual stress of —960 = 14 MPa has been released by the
introduction of a vertical slit. Because this slit was made perpendicular to the
cladding direction the detected internal stress is oriented in the main cladding
direction.
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Figure 4: Left: The average of horizontal displacement on both sides of the

slit as a function of distance from the slit; right: the measured
averaged displacements plotted versus displacement calculated
assuming a stress (-1GPa) with the linear fit.

3.4 Displacement noise and stability tests

As regards the sensitivity it is very interesting to study the lowest displacements
that could be registered by DIC of SEM images. We defined the stability of SEM
images as DIC noise between two images taken at the same conditions from the
same place with a time delay between them. If there is no noise contribution
from the SEM machine, then noise on the level of 0.01 pixel could be expected
as a characteristic noise for DIC algorithm [21].

To test this stability we used the following experimental conditions:
magnifications of 7k, 10k and 20k, 180 seconds of time delay between 3
subsequent images, image resolutions of 768x768 and 1024x1024 pixels, dwell
time tp = 48.6 ps/pixel, facet sizes of 43x43 and 21x21 pixels with a step size
between them of 21 and 5 pixels, respectively. To simulate the FIB milling
procedure the sample stage was moved and returned back into the same position,
between taking the images. Figure 5 demonstrates the fields of horizontal
(Fig. 5a) as well as vertical (Fig. 5b) displacement measured by DIC algorithm
(facet size 43x43 pixels) between two subsequent SEM images from the same
place taken at magnification 7k with the resolution of 768x768 pixels. The
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average displacements in both directions define the movement of the second
image towards the first one, due to the stage manipulation. However, the
variations of these displacements (2.4 nm in x and 3.9 nm in y direction)
characterize the average noise introduced by both: SEM column and DIC
algorithm sources. This noise corresponds to the value that about 5 time larger
than basic DIC noise (0.01 pixel).
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Figure 5:  Displacements in X-horizontal (a) and Y-vertical (b) directions
with magnification 7k, image resolution 768x768, facet size 43x43,
53.6 nm/pixel, tp = 48.6 ps/pixel facet step 21 pixels, calculated by
DIC with the reference image.

Figure 6 summarizes our average noise measurements for different
magnifications, facet sizes and image resolutions for both: vertical and horizontal
directions. This figure clearly demonstrates that the images with resolution
768x768 shown generally lower noise than the images with higher resolution
1024x1024. From point of view of magnification and facet size, the
magnification 10k and facet size 43x43 have shown the lowest noise introduced
by SEM column.

A closer observation of Fig. 5a), b) reveals the character of the noise
introduced by SEM column. This noise does not have a random character. On the
contrary, the areas of similar values of displacements are grouped in the
horizontal bands with different thicknesses. It is clear that these bands originate
from the way how the SEM image is collected [24, 25]. The electron beam scans
the sample surface in horizontal lines from top to the bottom of the image. Each
line is scanned from left to the right making a required amount of stops (768 or
1024) at equidistant positions using a preset dwell time. The displacements are
grouped in bands with a width of about 75 pixels.
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Figure 6: Standard deviation in X and Y displacements averaged in three

subsequent stages for three different SEM image magnifications,
two SEM image resolutions and two different facet sizes.

This corresponds to the time of about 3 seconds (the time in which the beam
quickly moves from end of the line to the beginning of the next one has to be
included). It is clear that time interval in which the microscope is relatively
stable is about this time.

This leads us to the idea to collect images in a different regime, i.e. to
integrate m SEM images taken with a much lower dwell time (the total scanning
time has to be smaller than ~3 s) in such a way, that the total dwell time will be
comparable with a dwell time used in slow scanning mode. In this way we
should record an image with similar noise to signal ratio but less distorted by
SEM column instability. The results of this test are shown in Fig. 7. Both,
horizontal and vertical displacements are shown for slow scanning mode
(Fig. 7a),b)) and integrated fast scanning mode (Fig. 7¢),d)) when each SEM
image was averaged from 30 scans with the dwell time of 7, = 1.8 ps/pixel. It is
clearly visible, than not only the ribbon structure of SEM column noise
disappeared but moreover that the value of noise variation has been decreased.
From these results it is clear that for SEM image magnification 7.5k and for
image resolution of 768x768 the smallest displacements possible to register by
DIC of SEM images are on the level of 1 nm.
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Figure 7:  DIC on two standard image acquisition with magnification 10kx,
image resolution 768x768, 28.18 nm/pixel, tp = 48.6 us/pixel of
displacement in X-horizontal (a) and Y-vertical (b) direction and
integration method of image.

4 Conclusions

In summary, we explored the slit milling (crack compliance) method using the
Focused Ion Beam to release the local strain induced by internal stresses and the
Digital Image Correlation of scanning electron microscopy images taken before
and after stress register this strain. The method allows measuring of stress
components through the whole area of the laser clad coating as a function of
depth.

Reducing the noise by using the appropriate magnification, facets size, picture
resolution and by applying of integration method during collecting of SEM
images we were able to increase sensitivity for lowest detectable displacement
(~1nm).

From a practical point of view this method is universal and applicable for
different types of materials like metals (crystalline and amorphous), ceramics,
plastics and for different coatings like laser clad, PVD and spin coatings.
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