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1. Introduction

The beginning of LENS technology was in the 1960s, when the first functional laser was found by
Maiman [1]. Industrial usage began in the 1980s. This technology is a non-conventional produc-
tion technology [2]. LENS technology is based on selective continuous material deposition. Metal
powder is melted by laser and deposed onto metal substrate. The process is planar. After finish-
ing the first layer, laser head lifts up and deposition of second layer begins, as shown in Fig. 1.
This production technology is used for rapid prototyping, product reparation and coating [2].
LENS is still unexplored technology and optimal machine settings, such as Laser power and
Cladding speed (speed of laser head) are difficult to determine. These two parameters have an
impact on the hardness and thickness d of the manufactured layer in multi-layered functionally
graded metal material. Furthermore, the undesirable effect of delayerization (shelling of cladded
layers) of the multi-layered material is tightly related with the thickness of deposited layers. The
thicknesses of deposited layers have also a significant influence on cutting forces, generated in
machining of these advanced materials. Nevertheless, Laser power and Cladding speed are usu-
ally determined based on technologist experience in order to produce the desired layer thick-
ness. Therefore, there is a practical interest to investigate the impact of LENS process parameters
on the thickness of the manufactured layer. The effective layer thickness measurement would
help to determine the relation between the layer thickness and LENS process parameters [3].
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Fig. 1 Laser head [3]

The LENS machine operator could use the determined relation for the optimum selection of the
LENS process parameters. The manufactured layer thickness is also an important parameter for
optimizing of the machining of multi-layered metal materials. The detail knowledge about the
produced layer thickness makes easier to find optimal cutting conditions for the milling pro-
cesses. Especially in end-milling, the layer thickness is extremely important for optimum axial
depth of cut determination.

In this paper, a visual layer thickness measurement algorithm is described. The detailed
structure of the automated measurement algorithm is presented.

In the past, the layer thickness of the multi-layered functionally graded material was meas-
ured manually, from the prepared metallographic microscopic images. These images were suita-
ble for the automated visual measurement. This procedure was time consuming, labour inten-
sive and above all inaccurate.

The measurement software was developed for simplifying this procedure. Due to the very
encouraging test results, the GUI has been also developed and embedded successfully into the
measurement software.

There has been no published research on the inspecting of layer thickness of multi-layered

gradient materials by using visual measurement systems.
In recent years, some optical measurement systems have been developed to inspect the surface
roughness of the machined piece [4, 5]. One system employs a machine vision system to inspect
the machined surface roughness [6]. Other uses fibre-optics to measure the diffuseness of the
reflected light from the surface [7]. Coman in his research [8] outlines the application of distance
measuring with Matlab/Simulink.

Advances in computer vision technology have led to the investigation of its application in tool
wear measurement. Weis [9] have employed machine vision for measuring the condition of in-
serts on an end mill during the machining process. Dutta [10] and Shahabi [11] constructed a
tool wear measuring system using a CCD camera in high speed machining. Jovanovic [12] devel-
oped a measuring device for automated control of machined automobile parts. He developed
measurement program and user interface in LabView for visual inspections of dimensions with
commercial web camera. The use of all mentioned vision-based measuring systems is limited to
the laboratory environment. These articles gave great encouragement for visual measuring
method used in this article.

The rest of the paper is organized as follows. The developed layer thickness measurement
algorithm is described in the second section. The third section is presenting the GUI develop-
ment and the results. Conclusions and suggestions for further work and development are given
in the final section.
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2. Distance measurement software algorithm

The layer thickness is measured based on the metallographic microscopic images. The resolu-
tion of the images is 1200 x 720 pixels. Fig. 2 shows a gradient material cross section of a metal-
lographic microscopic image. This image is the input to the distance measurement software. The
layer thickness d is a measured dimension.

The distance measurement software consists of a *.m file which is an algorithm part and a
*fig file which is a GUI (see Section 2) file. The output from the GUI is the layer thickness in mi-
crometers and in pixels. The detail flowchart of the distance measurement algorithm is shown in
Fig. 3.

Fig. 2 Microscopic image with measurement distance marked.
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Fig. 3 Detailed flowchart for distance measurement

Advances in Production Engineering & Management 11(2) 2016 107



Zuperl, Radic, Cus, Irgolic

Measurement starts with image reading from the memory. The image must be saved in a jpg
format and placed in the same folder as the m file (algorithm). Then the algorithm transfers the
color image into a grayscale image with “rgb2gray” command.

This step is necessary for edge recognition. After the edge recognition, the distance d is
measured (see, Fig 4).

The algorithm for measuring distance finds a top edge and a bottom edge of the multi-layered
metal material layer. Image is saved as a matrix in Matlab software; white pixels have value “1”,
black pixels have “0” [13]. The algorithm finds the cells in the matrix with value “0”. As the posi-
tion of the top and bottom edge is known in the picture matrix (value “1”), it is possible to calcu-
late the distance between two edges. Finally, the distance calculated in pixels is transformed into
micrometers. The measurement result is shown in Fig. 4. The measured distance is marked with
red lines on the image from memory (metallographic microscopic image). The grayscale image is
visible in the middle. The image with the detected edges is shown at the bottom. Noise from edge
detection is circled red, therefore edge detection is not successful, measured distance is not cor-
rect. The algorithm had found “edges” which are not layer edges.

This problem was solved with image filtration. There are built-in functions in Matlab which are
used for filtration [13].

Image from memory

Fig. 4 Edge detection result
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Moise reduction "medfilt2"

Fig. 5 “Salt and pepper” noise removed

Binary image "Im2bw"

Fig. 6 Binary image

“Salt and pepper” noise is removed with median filtering, “medfilt2” command. Command
“medfilt2” executes median filtering of the image in two dimensions.

Each output pixel contains the median value in a 3-by-3 neighbourhood around the corre-
sponding pixel in the input image [13]. Image after noise reduction is shown in Fig. 5.

After noise reduction, image is transferred to a binary image. First step in this transformation
is global threshold (level) computation. This is performed with “graytresh” command.

The “graythresh” computes a global threshold (level) that can be used to convert an intensity
image to a binary image with command “im2bw”. The level is a normalized intensity value that
lies in the range between “0” and “1” [13]. The second transformation step is conversion from
the grayscale image to the binary image by using computed threshold from previous step. A
command “im2bw” is used for this action.

Fig. 6 shows an image after the “im2bw” command. The command substitutes all pixels in the
image with luminance greater than computed threshold with the value “1” (white) and substi-
tutes the rest pixels with the value “0” (black) [13].

The objects forms with perimeter smaller than 8 pixels are cleaned in two steps. Circle shape
with perimeter 8 pixels is chosen in the first step with a command “strel(‘disk’,8)”. In the second
step, binary image is morphologically opened with a command “imopen”. The morphological
open operation is an erosion followed by a dilation, using the same structuring element for both
operations [13]. Final step in image filtration is extremes removing which is performed with a
“imreconstruct” command. An image without extremes or objects with perimeter smaller than 8
pixels is shown in Fig. 7. Through the above mentioned steps, the image is prepared for edge
detection. Command “edge” is used for this task. The prepared image for thickness measurement
is shown in Fig. 8. The thickness is measured between two red lines. After edge detection, algo-
rithm finds cells with value “1” in the image matrix. The top edge (cell) is found with command
“max”. The bottom edge (cell) is found with command “min”. A difference between top and bot-
tom edge is the layer thickness. This value is printed in “Command Window” of Matlab. Thick-
ness from pixels to micrometers is calculated using Eq. 1.
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d[pixels]

d[um] = — (1)

Transformation ratio k is determined from microscope measurement scale (circled red), as
shown in Fig. 9.

To determine the transformation ratio, known distance, in this case 500 um, must be meas-
ured in pixels. Quotient between distance in pixels and distance in micrometres is transfor-
mation ratio k (Fig .10).

In this paper, the algorithm was tested for two metallographic microscopic images. The first
is shown above in Figs. 2 to 9 (measured thickness d = 889.5 um).

The second test is shown in Fig. 11.

Cleaned objects

Fig. 7 Image without objects with perimeter smaller than 8 pixels

Binary image "im2bw"

Fig. 9 Microscope measurement scale
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500 pm

387 pixels

Fig. 10 Comparison between distance in pixels and distance in micrometers

Image from memory

Noise reduction "medfilt2"

Grayscale image "rgb2gray”

Binary image "im2bw"

Found edges "edge"

Fig. 11 Algorithm testing for second metallographic microscopic image, d = 920.4 pm
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3. Graphic user interface development, results and discussion

Graphic User Interface (GUI) was created after testing phase. Matlab “GUI Quick Start” was used
for the GUI creation. The created GUI is saved as *.fig file. Matlab automatically generates the *.m
file. The measuring algorithm is implemented in the generated *.m file. The GUI is started with a
“Run” command. An image for layer thickness measurement is chosen from a GUI drop-down
menu.

The GUI (Fig .12a) is consisted of three parts. The first part is located in the left side of the Fig.
12. It shows the image which is measured. The layer thickness which is measured is marked
with two parallel red lines.

The second part of the GUI is located in the upper right side. This part shows the measured
thickness, both in pixels and in micrometres. The third part of the GUI is a drop-down menu.

The developed GUI and the measurement results are shown in the Fig. 12(a) to 12(d).

The two-layered functionally graded metal material was used in these tests. The powder ma-
terial is stainless steel 316L and substrate material is steel Ck 45. The materials are the same in
all tests.

To minimize the porosity of multi-layered material, the laser head trajectories during clad-
ding of two consecutive layers were programmed to be perpendicular and horizontal. The weld
overlapping in all layers was set to 40 %. The diameter of laser ray was 0.8 mm. The influence of
laser head trajectories during cladding on the properties of the manufactured layers was not
investigated in this research. The scanning patterns could have an influence on the layer thick-
ness.
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Fig. 12 Measured multi-layered functionally graded metal material layer thickness for different LENS machine set-
tings (cladding speed, laser power); a) 30 mm/s, 400 W; b) 48 mm/s, 380 W; ¢) 60 mm/s, 350 W; d) 90 mm/s, 320 W
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A multi-layered functionally graded material with measured thickness of 889.5 pm is shown
in Fig. 12(a). The LENS machine settings for this test piece were: cladding speed 30 mm/s; laser
power: 400 W. Real thickness of the analysed layer is 862.4 um. This gives an error of 3.14 %.

A multi-layered functionally graded material with measured thickness of 695.7 pum is shown
in Fig. 12(b). The LENS machine settings for this test piece were: cladding speed: 48 mm/s; laser
power: 380 W. Real thickness of the analysed layer is 622.1 pm. This gives an error of 11.8 %.

A test piece with measured thickness of 920.4 um is shown in Fig. 12(c). The LENS machine
settings for this test piece were: 60 mm/s; laser power: 350 W. Real thickness of the analysed
layer is 912.3 pum. This gives an error of 0.9 %.

A test piece with measured thickness of 448.4 pm is shown in Fig. 12(d). The LENS machine
settings for this test piece were: cladding speed: 90 mm/s; laser power: 320 W. Real thickness of
the analysed layer is 414.9 um. This gives an error of 8.1 %.

The distance measurement software needs approximately 1 second to complete the meas-
urement of the thickness of one deposited layer. In this period seven steps of the measurement
algorithm are executed automatically. The developed software is able to recognize multi-layers
bounds and measure the thickness of a separate layer in the multi-layered workpiece where
several layers of identical material are deposited on the substrate. The software requires two
seconds to determine the distances between the four-layer bounds in four-layered material. The
distances are displayed on the GUI in the order form the upper to the lower layer. Therefore, the
measurement process is fast once the initial metallographic microscopic images are available in
a JPEG file format.

4. Conclusion

The scientific implication of this paper is to present a prototype for the visual measuring of layer
thickness in multi-layered metal materials. The layer thickness is automatically determined by
the software based on cross-section metallographic images in a few seconds. The developed al-
gorithm can be used in industrial environment without special preparation and any knowledge
of graphics and programming. This makes the proposed measuring algorithm practical and ap-
propriate for industrial application.

The measurement algorithm consists of seven steps, which can be separated in 3 parts (Fig.
3). The first part is responsible for image preparation and noise filtration. The second part of the
algorithm finds edges of the analyzed layer in the metallographic image. The third part measures
distance between found edges. The developed GUI is intuitive, simple to use and easy to imple-
ment. The algorithm is not memory consuming.

Measurement error depends on the layer structure. For compact layer error is up to 3 %. For
less compact layer error can be as high as 11 %. Therefore it can be used in controlled industrial
environment.

Knowledge about multi-layered functionally graded metal materials layer thickness makes
easier to find optimal cutting conditions for the milling process. Optimal cutting conditions are
important for cutting tool durability. The critical parameter is an axial depth of cut. For technol-
ogist it is important to know whether the milling cutter is machining in the hard or soft layer of
gradient material.

The LENS machine operator could use the measured layer thickness for the machine parame-
ter setup. It would be useful to find correlation between LENS machine parameters and layer
thickness. This will be the goal of future research.

The metallographic microscopic images shown in this paper are not taken with the same mi-
croscope zoom; therefore it would be beneficial to create an image base with identical zoom.
Such base would make software easier to use. It is now necessary to adapt software for every
measurement because of different transformation ratio k.

The future work focuses on the metallographic microscopic image base with identical micro-
scope zoom. Additionally, automated measurement with camera is the ultimate goal for the de-
veloped measurement algorithm.
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