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10 Abstract: Additive manufacturing (AM) is a promising new technology that is having a very fast

11 growth from home workshops to high-tech cutting-edge factories. As any manufacturing technique,
12 adequate metrology services are needed to assure the quality of items manufactured by AM. One
13 of the most widely used instruments to measure the characteristics of surfaces manufactured with
14 AM is the confocal microscope. In this paper, authors present a whole calibration procedure for
15 confocal microscopes designed to be implemented preferably in workshops or industrial
16 environments rather than in research and development departments. Because of that, it is as simple
17 as possible. The procedure is designed without forgetting any of the key aspects that need to be
18 taken into account and based on classical reference material standards. These standards can be
19 easily found in industrial dimensional laboratories and easily calibrated in accredited calibration
20 laboratories.

21 Keywords: additive manufacturing; confocal microscopy; measurement; calibration; traceability;
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23

24 1. Introduction

25 Additive manufacturing (AM) is a modern technology, developed in the mid 1980’s, based on
26  the creation of entire objects through the gradual accumulation of material layer by layer [1, 2, 3, 4,
27  5]. 1t has been the most important advance in manufacturing technologies in the last 30 years. This
28  technology has different names, such as “Rapid Prototyping”, “Solid Free-form Fabrication” or
29  “Three-Dimensional Printing” [6]. As it is known, this technology starts from a Computer Aided
30  Design (CAD) model, what enables to design three-dimensional physical entity models, and shapes
31  them layer by layer, depositing each layer over the previous one [3]. This is achieved by using a
32  computer program designed for creation of two-dimensional cross sections. Nowadays, AM is used
33 mainly in aerospace and automotive industries as well as in medical applications [7, 8]. This kind of
34 technology allows the design and manufacturing of infinite types of geometries, without the
35  constrains usually found when subtractive techniques are used [9].

36 There are many AM processes apart from 3D printing: selective laser melting, selective laser
37  sintering, stereolithography, fused deposition modeling, electron beam melting and laminated object
38  processes. [4, 10, 11]

39 Despite the multiple benefits and options of additive manufacturing, it is important to note that
40  this technology is currently being studied and it is still at an early stage of development. It seems that
41 it will be a key manufacturing option in the near future [9].

42 According to several authors, there are many technologies at their first stages of development
43  and their future is still unknown. There are many fields that can be studied, standing out the
44 following [4, 7]:

45 e  Materials.
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46 e Design for AM.

47 e  Micron-scale systems.

48 e Biomanufacturing.

49 ¢ Modeling, sensing, control and process innovation.
50 e Characterization and certification.

o1 e Integrated systems for Niche applications.

52 In the literature, the importance of two key parameters for AM processes is highlighted:
53  dimensional accuracy and surface quality [8, 12]. On one hand, it is necessary to ensure dimensional
54 accuracy and measurement traceability with a reasonable level of confidence so that manufacturers
95 should be able to ensure the conformity with product specifications. On the other hand, it is necessary
56  to have control over surface quality. For a correct deposition of each layer, it is necessary to have a
57  controlled roughness value. Because of this kind of processes, AM manufactured parts usually have
58  high values of this characteristic [9].

59 Since every manufacturing processes have a dimensional tolerance scheme, AM processes also
60 need to go through metrological control. Traditional subtractive machines are verified using
61  reference standards with suitable traceability [9]. We can define traceability as the property of a
62  measurement result by which it can be related to a reference through an uninterrupted and
63 documented chain of calibrations, each of which contributes to measurement uncertainty [13]. There
64  are many traditional techniques in Dimensional Metrology to achieve the necessary traceability going
65  from simple measurement methods, as using a Vernier caliper, to more precise and flexible methods,
66  as three-dimensional coordinate measuring systems. For surface quality, the most common method
67  is to make a roughness measurement with a surface roughness measuring machine (usually a 2D
68  stylusinstrument [14]). In many cases, manufacturers prefer to control texture and geometry without
69  mechanical contact between the instrument and surface [15]. In addition, taking into account that one
70  of the tendencies in AM processes is to reduce the size of the three-dimensional structures to micron
71 size [4, 7], it is necessary to use other type of instruments. One of the most used nowadays, both in
72 industry and in research, is confocal microscopy, which permits both dimensional and roughness
73 measurements [16] without mechanical contact.

74 1.1. Confocal Microscopy

75 This type of microscope, developed in 1955 by M.L Minsky [17, 18], allows to obtain images of
76  optical sections of the samples from which the full 3D geometry of the object can be reconstructed.
77  The importance of confocal microscopy lies in being a powerful tool for observation and
78  measurement both at scientific research level and at workshop level. It presents the following
79  advantages [19]:

80 e The addition of the Z-axis to a traditional measuring optical microscopes which only work in
81 the XY plane.

82 e It allows analyzing the 3D geometry of the object surface and characterize its quality from data
83 points acquired while scanning it.

84 e The lateral resolution is better than in traditional optical microscopy.

85 e It permits to obtain more precise 3D images of the objects being measured, of higher quality and
86 in shorter times compared to other methods. This allows to carry out many useful measurements
87 in short intervals of time.

88 e Transparent specimens can be observed, as well as sections with a certain thickness, without no
89 need to section the object under study.

90 Confocal microscopy has applications in many fields, both in research and in industrial

91  applications. This type of microscope is widely used in biomedical science, material science and
92  surface quality metrology at micro and macro-scale [20].

93  1.2. Operating Principle
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94 The confocal microscope usually uses a low power, high-intensity, monochromatic, laser system

95  for illumination [21, 22, 23, 24]. Laser beam passes through a beam splitter and one of the beams is

96  then redirected to the sample going through complex optics [18]. Once the scanning surface is

97  illuminated, the reflected beam will travel the same way back. If the illumination is properly focused

98  on the surface, the reflected beam will go to the detector without losing intensity, but if surface is out

99  of focus, the intensity will be lower. The filtered beam arrives to the detector and a computer system
100  processes the signal, making a 3D reconstruction of the surface [20, 21, 23].

101 Several factors affect the quality of these measurements [16, 25]:
102 e Metrological characteristics of the instrument: measurement noise, flatness deviation, linearity
103 errors, amplification coefficients, squareness errors between axes and uniformity of the
104 resolution of the measurements along the axis of operation.
105 ¢ Instrument geometry: alignment of components and XY stage and rotary stage error motions.
106 e Source characteristics: focal spot size and drift.
107 e Detector characteristics: pixel response, uniformity and linearity, detector offset and bad pixels.
108 e Reconstruction and data processing: surface determinations, data representation and calculation
109 approaches.
110 ¢ Environmental conditions: Temperature, humidity and vibrations.
9
8
1 Laser source
< > 7 2 Light source pinhole aperture
3 Laser beam splitter
4 Electronic controller and Z motion actuator
1 5 3 5 Objective lens
7 — axis — 6 Sample surface
7 Beam condenser (focusing lens)
4 ﬁ 8 Detector pinhole aperture
L 9 Detector (photo-multiplier tube)
— 5
Y — axis
6
X - axis
111
112 Figure 1. Scheme of a confocal microscopy [16, 23, 26].
113 The confocal microscope projects illumination patterns over the surface that is being explored

114 and capture the returned rays through to the same pattern of illumination. As a result, it is possible
115  to discriminate the returned rays that are out of focus and filter them [16, 18, 21, 22, 27].
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117 Figure 2. Filtration of out of focus signal (red) in confocal microscopy [16, 18, 21, 22, 27] in comparison
118 with in focus signal (green).
119 Once the on focus image goes to the detector, the computational treatment starts. The electronic

120  controller makes the confocal microscope able to take images at different steps along Z-axis. In this
121  way, to make an interpolation between consecutive images to create the computational model of the
122  scanned surface is needed. As in photography images are composed of pixels, the resolution of these
123 models is measured by voxels. This concept allows discretizing the three-dimensional objects [28].

72 E> 72

7

~
124 Z1 Pixel Z1 Voxel
125 Figure 3. Transformation from pixel to voxel.
126 In order to achieve dimensional accuracy in measurements with confocal microscopy, it is

127  important to know the size of the pixels, therefore it is necessary to make a dimensional calibration
128  for X and Y-axes. Additionally, as our computerized model generates the voxels, it is necessary to
129  know their height. For this reason, there is another scale that needs to be calibrated: the Z-axis.

130 The purpose of this paper is to describe how to provide suitable traceability to a confocal
131  microscope when performing metrological activities in Additive Manufacturing using single
132 topography measurements. The calibration procedures presented by the authors are intended to be
133  simple and are based on classical mechanical standards. Please note that the objective is not to
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134 perform a state of the art calibration of a confocal microscope [29, 30, 31, 32], neither to achieve very
135  low uncertainties, but just to ensure adequate traceability with adequate uncertainty estimation in
136  the field of dimensional metrology for additive manufacturing. Please note that, when image
137  stitching is not used (single topography) there is no movement of the XY stage and, therefore, there
138  isno need to calibrate the displacements of this stage.

139 2. Materials and Methods

140 In order to ease the understanding of the calibration procedures described later in, the
141  calibration will be carried to the following confocal microscope:

142 e Leica DCM3D confocal microscope with a 10x objective (EPI-L, NA 0,30). Field of view 1270 x

143 952 pm (768 x 576 pixels). 1,65 pm nominal voxel width. The overall range of the Z-axis is 944
144 um using 2 um axial steps (voxel height), but the instrument is used in a reduced working range
145 of only 100 pm.

146 e SensoSCAN - LeicaSCAN DCM3D 3.41.0 software developed by Sensofar Tech Ltd.

147 The instrument is going to be used for single topography measurements, that is, without using
148  image stitching. Therefore, XY stage is not moved during measurement and its errors do not
149  contribute to uncertainty in single topography measurements.

150 The complete calibration procedure includes the following:

151 e Calibration of the X and Y scales, using a stage micrometer as a reference measurement standard.
152 e Estimation of the squareness error between X and Y-axes.

153 e Estimation of the flatness error of the focal plane using an optical flat.

154 o Calibration of Z scale using a calibrated steel sphere.

155 e Calibration of the confocal microscope for measurement of 2D roughness using periodic and
156 aperiodic 2D roughness measurement standards.

157 e All uncertainties will b estimated following the mainstream GUM method (Guide to the

158 Expression of Uncertainty in Measurement [33]) or EA-04/02 M:2013 document [34] as it is a
159 standard procedure in calibration laboratories accredited under ISO 17025 [35].

160 All reference measurement standards used have been chosen to be:

161 e« Easyto find.

162 e Easy to calibrate with low enough uncertainties in National Measurement Institutes (NMIs) or
163 preferably in Accredited Calibration Laboratories (ACLs).

164 e Stable mechanical artifacts that could guarantee long re-calibration intervals

165 ¢ Common in the field of dimensional metrology in order to facilitate its acquisition, calibration
166 and correct use.

167  2.1. Flatness Calibration

168 Before calibrating the X and Y-axes, a flatness calibration must be performed. It is necessary
169  because it is often observed that the XY plane of the confocal microscope is slightly curved. This is
170  evident when exploring a flat surface such as an optical flat whose total flatness defects are usually
171  lower than 50 nm. In these cases, the reference flat surface when observed by the confocal microscope
172  appears curved, as if it was a cap of a sphere or an ellipsoid. According to manufacturers, this error
173 isusually small enough but it is impossible to carry out an accurate measurement without taking into
174 account this component of uncertainty [36].

175 For this calibration authors propose following a procedure based on [37], but using the confocal
176  microscope instead of an interferometer. The software of confocal provides a topographic map of the
177  explored surface from which the total flatness defect (peak to peak) or the RMS flatness defect can be
178  estimated.

179 The calibration will be done in two positions (0° and 90°) and, therefore, two measurements will
180  be obtained:
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181 Figure 4. This figure shows (a) the different positions of scanning for the flatness pattern; (b) flatness
182 pattern used during calibration.
183 For this calibration, authors recommend to use the RMS flatness defect because it is more

184  statistically stable than the total flatness defect.
185  2.2. XY Plane Calibration

186 In the literature, it is possible to find several procedures for this calibration. Following the
187 studies of de Vicente et al [38] and Guarneros et al [39] it is possible to calibrate scales X and Y and
188  estimate their squareness error by making measurements of a stage micrometer in four positions:

= 7

000 \
090 135 1mm
@) (b)
189 Figure 5. This figure shows (a) the different positions of scanning for the Stage Micrometer; (b) the
190 stage micrometer used during calibration.
191 A stage micrometer is easy to calibrate in a National Measurement Institute (NMI) or in a

192 accredited calibration laboratory (ACL) with uncertainty small enough (equal or lower than a 1 pm)
193 for the calibration of a confocal microscope.

194 It is strongly recommended that the stage micrometer should be metallic and have the marks
195  engraved, not painted, as those used to calibrate metallographic microscopes. Marks painted over
196  glass are difficult to detect with a confocal instrument.

197 The matrix model proposed for calibration by de Vicente et al [40] would be the following:

X1 [P Cxy +a 9/2]_p 1
[}’] _[q]+[ 0/2  cy—a [Q] @
198  where (p,q) are the readings directly provided by the confocal microscope for the Cartesian
199 coordinates in the XY plane. (x,y) are the corrected Cartesian coordinates once the calibration

200  parameters c,,, a and 6 have been applied using the previous matrix model.
201 The meanings of these three parameters are the following;:

202 e ¢, represents the deviation of actual pixel width w,,, from the nominal pixel width Wy om:

Wxy = Wxynom " (1 + ny) (2)
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e a represents the difference between pixel widths along x-axis (w,) and y-axis (w,):

Wy = Wxynom * (1 +Cxy t a) 3)

Wy = Wxynom * (1 + Cxy — a) 4)
(Wy +wy)

Wyy = % (5)

e 0 represents the squareness error between x-axis and y-axis. The actual angle between these
axesis m/2 —6.

The amplification coefficients a,, a, and a, of the axes (according to ISO 25178-70 [41]) would

be:
ay=1+cy +a (6)
ay, =1+cy —a (7)
a,=1+c¢, (8)

Authors recommend using the average pitch ¢ of the stage micrometers. £ would be the
average of the all individual pitches (distances between two consecutive marks) observed in the
images provided by the confocal microscope. Figure 6 summarize the measurement of the stage
micrometer in one position. Using a special software for this task, it permits to estimate all distances
between two consecutive marks (pitches) in the stage micrometers. Moreover, pitches can be
measured in different positions: in the middle, in higher and in lower positions. In Figure 6a, for each
pitch, the average value has been represented by a circle and the measurement variability around
this value has been represented with a vertical line. In a similar way, non-linear errors have been
depicted in Figure 6b.
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Figure 6. Measurement of stage micrometer in position 0°: (a) Pitch measurements results in um (b)
Non-linear errors in pm.

Let be £, the average pitch of the stage micrometer certified by a suitable laboratory with a
standard uncertainty u(¥,). ¥1, £, €3 and £, are the average pitches measured with the confocal
microscope in positions 0°, 90°, 45° and 135° respectively. Their corresponding standard uncertainties

d0i:10.20944/preprints201911.0124.v1
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222 are u(?y), u(¥;), u(fs) and u(#,) where only the variability observed in Figure 6 (or equivalent
223  ones) has been taken into account.

224 When the matrix model is applied to positions 0°, 90°, 45° and 135° we obtain the following
225  expressions which permit simple estimations of calibration parameters c,,, a and 6:
Position 0% 1 (1+cyy ta) =4, 9)
Position 90°: £ - (14 ¢y —a) = 4, (10)
Position 45° €5+ (1 + ¢,y + 6/2) = £, (11)
Position 135% £, (1 + ¢, — 6/2) = £, (12)
226 From those expressions it is easy to conclude that possible estimations of c,,, a and 6 are:
—80(1+1+1+1) 1 13
=\, T, T, (13)
with u(ny) _ VuP(o)+[u?(£1)+u? (L) +u?(£3) +u?(£4)]/16 (14)
4o
_ ( 1 1 ) 15
=2\ T, (15)
with u(a) = SEEDREE) (16)
0
11
« 0=4(5-7) (17)
with u(g) = V) (18)
0
227 Correlations between these parameters (cy,, a and ) are usually very small (lower than 0,01).
228  Therefore, these correlations can be neglected.
229  2.3. Z-Axis Calibration
230 Document [42] propose calibrating the Z-axis to use a step gauge build with gauge blocks over

231  an optical flat. However, the short field of view of a confocal microscope makes it difficult to carry
232 out the calibration with this type of measurement standards.

233
234 Figure 7. A step gauge build with an optical flat and gauge blocks.
235 To solve this problem, several authors [16, 43] propose to use step height standards. Wang et al

236  [43] used them with nominal values 24, 7, 2 and 0,7 um. This kind of measurement standards have
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237  several grooves whose nominal depths cover the range of use of the confocal microscope on the Z-axis.
238  Following their procedures, every groove has to be measured ten times, changing the position of the
239  standard on the objective.

N2 S

(@) (b)

240 Figure 8. This figure shows (a) a typical model of step height standard and (b) different models of
241 step height standards grooves (ISO 5436-1 types A and B). [38, 43, 44, 45]
242 This kind of standard is typically used for roughness calibration. If the purpose is to make a

243 calibration on Z-axis, these standards have the limitation of the groove’s depth, which usually is small
244 to cover the range of the Z-axis.

245 In order to solve this problem, authors propose using a small metallic sphere with nominal
246  diameter between 1 mm and 10 mm, similar to the one used in [46]. This kind of measurement
247  standard is easy to find and easy to calibrate both in NMIs or in ACLs with uncertainties equal or
248  lower than 0,5 um. The software of the confocal microscope permits to fit a spherical surface to the
249  points detected over the observed surface of the spherical measurement standard. Therefore, it is
250  possible to compare the certified diameter D, of the sphere against the diameter D,, of the spherical
251  surface fitted by the confocal microscope. Authors propose to use an extended matrix model to take
252  into account the calibration of the Z-axis:

X D 1+ Cxy +a 9/2 0 D
[y] = [q] + 6/2 1+cy —a 0o |- [q] (19)
z r 0 0 1+4+c,| '7

253 Where p,q,r are readings provided by the confocal microscope for the Cartesian

254 coordinates x, y, z. The calibration parameters are those described in section 2.2 (¢, a, 8) and the new
255  parameter c, isintroduced to permit the calibration in Z-axis. The corrected z coordinate would be:

z=1+c)r (20)

256 This simple matrix model supposes that there is no perpendicular error (or it is negligible)
257  between Z-axis and XY-plane. This a hypothesis very close to reality when the Z-axis range is clearly
258  lower than ranges of X and Y-axes. When Z-axis range is equal or higher than X, Y ranges a more
259  complex model must be used (zero terms in the matrix of the model are no longer zero, see, for
260  example the document [47]). It is easy to demonstrate that, using the matrix model, the corrected
261  diameter D of the spherical surface fitted by the confocal microscope software would be:

1+ 2¢y,

D=D, -
™ 1+,

21)

262  Where D, is the diameter provided by the confocal microscope prior to apply any calibration
263  parameter. Therefore an estimation of ¢, would be:

D
C; = D_r: (1 + 2ny) -1 (22)
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264  Where D, is the certified diameter of the sphere by the ACL. The standard uncertainty of ¢, would

265  be:
u?(Dy) + u?(Dyy,
u(c,) = \/ (o) 2 (Pm) + 4u? (ny) (23)
DO
266 The expression (22) of ¢, shows a clear positive dependency with c,,,. Therefore, the correlation

267  coefficient r(c,, cyy) should be estimated and it can be done using the following expression:

u(cxy)
) = 2 '
r(CZ ny) u(cz) (24)
°
268
269 Figure 9. Steel sphere used in calibration.

270 2.4 Calibration for Roughness Measurements

271 The calibration of Z-axis against the reference sphere (previous section) guarantees the
272  traceability of the vertical measurements performed with the confocal microscope to the SI unit of
273  length (the meter). Therefore, any vertical roughness parameter will have an adequate traceability
274 once the instrument has been calibrated along its Z-axes. Notwithstanding, authors followed the
275  recommendation included in documents DKD-R 4-2 [48, 49, 50] which propose to perform an
276  additional calibration against roughness standards to validate the Z-axis calibration for roughness
277  measurements.

278 There are many parameters used to characterize surface texture. Among 2D roughness
279  parameters, one of the most widely used is the R, parameter, which is the arithmetic mean of the
280  absolute values of the profile deviations from the mean line of the roughness profile [51]. Authors
281  will only consider the R, parameter during calibration, but readers interested in other 2D roughness
282 vertical parameters (R;, Ry, R,, R, ...) can use the same calibration procedure described in this
283  paper but only with minor variations. Calibration will be performed in the range 0,1 pm < R, < 2 pm.
284  For this range, according to ISO 4288 [52], the sampling length should be . = 0,8 mm, which is
285  possible to carry out with a field of view of 1270 x 952 um. For R, > 2 um the sampling length should
286  be I, =2,5mm or higher and it is impossible to achieve it with a field of view of 1270 x 952 um (10x
287  objective). Measuring roughness lower than R, = 0,1 um has no sense with an instrument with
288  repeatability in Z-axis around 0,5 pum. Therefore, calibration for R, < 0,1 pm and R, > 2 pm is
289  discarded.

290 Figure 10a shows three metallic, aperiodic 2D roughness standards. Figure 10b shows three glass,
291  periodic 2D roughness standards. Other types of 2D roughness profile types are described in section
292  70fISO 25178-70 [41]. Authors recommend the use of aperiodic standards because they cover a wide
293  range of wavelengths in contrast to periodic standards that only cover a single wavelength. However,
294 periodic standards will be used in this case in order to complete the range of measurements between
295 0,1 um and 2 pm for different calibration points and for different materials (glass instead of metallic

296  items).
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Figure 10. Step height standards used during calibration. (a) aperiodic, metallic standards (b)
periodical, glass standards.

These standards will be measured over five different zones in two different orientations (see
Figure 11a,b). In each zone, the measurement is carried out along a line always perpendicular to the
roughness lines (see Figure 11c) and located at the center of the zone. Therefore, a total of 2-5 = 10
roughness measurements will be obtained from each standard.

L] [2]

[2] [a]
[s] [s ]
[1] 3]

ENREN

(a) (b) ()
Figure 11. Location of the five scanning position for roughness calibration: (a) horizontal
orientation; (b) vertical orientation and (c) location of measurement lines

Authors recommend to use, at least, three different roughness standards with nominal values of
R, uniformly distributed along the range where the instrument must be calibrated. However, it is
advisable to use five or more standards and, if possible, made of different materials, for example,
metallic and glass.

It is important to note that there will be differences between measurements obtained with a
confocal microscope and measurements obtained with a stylus instrument [53, 54]. Main reasons for
that are:

e The way the surface is detected is totally different: microscopes use light and stylus instruments
amechanical tip. As a consequence, optical instruments tend to overestimate surface roughness.
e Stylus instruments permit evaluation lengths [,, as long as necessary (see ISO 4288 [52]).

Microscopes usually have small fields of view that limit the maximum length of the profile that

can be scanned. For example, for samples with 0,1 um < R, < 2 um, ISO 4288 recommends

using five sampling lengths [, = 0,8 mm for a total evaluation length [,, = 4 mm. This is not a

problem at all for stylus instruments, which can cope with longer evaluation lengths (up to 100

mm in some cases). But the confocal microscope described at the beginning of section 2 has a

maximum evaluation length of 1,27 mm. Therefore, only one sampling length [, = 0,8 mm can

be used. Using only one sampling length instead of five usually causes a bias towards lower R,

accompanied by an increase in variability. The effect is considerably higher when even the

sampling length [, has to be reduced.
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324 In order to ensure a good match between roughness measurement performed with stylus
325  instruments and optical instruments, the concept of “bandwidth matching” should be correctly
326  applied [53].

327 2.5. Summary of Characteristics of Measurement Standards Used during Calibration

328 In this section, the nominal values and the uncertainties of the different measurement standards
329  used during calibration are summarized. All of them were calibrated in ACLs.

330 Table 1. Nominal values and the uncertainties of the material reference standards used during
331 calibration. ! S, is a spacing parameter defined as the mean spacing between peaks. S, values
332 included in this table are only informative.
ified Val . i
Reference Measurement Std. Parameter Certified Value = Std. Uncertainty
(um) (k = 1) (um)
Obtical flat Total flatness defect 0,118 0,025
P RMS flatness defect 0,028 0,007
Stage Micrometer Average pitch 4, 9,980 0,005
Sphere Diameter D, 4 001,08 0,25
R, (R 183 39
Roughness std. #1 metallic, aperiodic a (Ro) 0 00
Sm ! 48
R, (R 12 41
Roughness std. #2 metallic, aperiodic a (Ro) 05 0.0
Sm ! 185
R, (R 1,677 7
Roughness std. #3 metallic, aperiodic a (Ro) /6 0,05
Sm ! 176
g R, (Ro) 0,460 0,030
Rough td. #4 gl d e e
oughness s glass, periodic s 100
R, (R
Roughness std. #5 metallic, aperiodic a (Ro) 0,850 0,030
Sp 1 120
L R, (Ro) 2,440 0,080
Roughness std. #6 glass, periodic S 200
333 We include the calibration of the confocal microscope against roughness standard #6 only for

334  informative purposes. Its measurements were made using a sampling length [, = 0,8 mm because
335  of the reduced field of view of the instrument (with an x10 objective). However, according to 1SO
336 4288 [52], it is recommended to use a sampling length [, = 2,5 mm, measurement impossible to
337  achieve with a x10 objective.

338  3.Results

339  3.1. Flatness Calibration

340 The following figure shows a topographic image of the optical flat of Figure 4 that has been used
341  as a flatness calibration surface. This optical flat has been calibrated previously in an accredited
342  laboratory. Total flatness defect is 118 nm with a standard uncertainty of 25 nm (k = 1) and its RMS
343  flatness defect is 28 nm with a standard uncertainty of 7 nm (k = 1), see Table 1.
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344
345 Figure 12. Result of the glass flatness pattern measurement.
346 Figure 12 shows the absence of visible curvature in the XY plane. It could be an empirical

347  demonstration of a good adjustment and/or correction of the microscope by the manufacturer. In a
348  situation like this there is no need to apply any correction to compensate the curvature of the
349  XY-plane.

350 Table 2 shows the results of the measurements performed with the confocal microscope (in both
351  positions 0° and 90°):

352 Table 2. RMS flatness defect measured with the confocal microscope in positions 0% and 90°.

Position RMS value (um)

0° 0,48
90° 0,59
353 The RMS values of Table 2 are small values when compared with Z-axis axial step (2,0 um).

354  Therefore, they are probably caused only by the lack of repeatability of the instrument. In any case,

355  the most conservative option is to estimate a component of the uncertainty associated with the

356  possible curvature of the XY plane equal to the average value of both RMS values of Table 2:
uppr = 0,54 um

(25)

357 Probably a better estimation for ug,r would be to subtract quadratically the RMS flatness of the
358  optical flat (0,28 pm):

upr = /(0,54 pm)? — (0,028 um)2 = 0,539 um (26)
359 Anyway, authors consider that the first estimation (upyr =054 pm) is slightly more
360  conservative and clearly simpler.
361  3.2. XY Plane Calibration
362 The following figure shows the four positions (0°, 90°, 45°, 135°) in which the stage micrometer

363  was measured in the confocal microscope during de XY plane calibration:
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365 Figure 13. Different measurement positions (0°, 90°, 45°, 135°) of stage micrometer.
366 In each position, the average pitch ¢; was determined from the readings provided by the
367  confocal microscope. The results are shown in Table 3.
368 Table 3. Measurements of the middle step, the standard deviation and the uncertainty of the
369 measurements of stage pattern.
. Average Pitch Uncertainty Repeatability s Non Linearity RMS

Position 2,(um) u(®;) (um) (um) (um)

- 0° 9,892 34 0,000 53 0,34 0,71

2- 90° 9,891 56 0,000 49 0,42 0,69

3-  45° 9,897 33 0,000 57 0,38 0,60

4- 135° 9,889 50 0,000 47 0,34 0,61
370 An average value for repeatability in XY plane would be s.(x) =s,(y) = 04 pm. It is a
371  reasonable value when compared with 1,65 um lateral resolution (nominal voxel width).
372 The stage micrometer has a certified average pitch £, = 9,980 um with a standard uncertainty
373 u(£,) =0,005 um.
374 Using expression for section 2.2 we obtain the following estimations for calibration

375  parameters c,y, a and:

fo (1+1+1+1) 1=0,00883 27)
C = — | — —_— —_— — - =0,
w=3 ettt
with u(ny) _ \/u2(€0)+[u2({’1)+u2(;12)+u2({’3)+u2({’4)]/16 = 0,000 50 28)
0

a=2. (i - é) = —0,000 040 (29)
with u(a) = S — 0,000 036 (30)

0
6 = £, (> —+)=-0000798 (31)

3 4

with u(9) = —W = 0,000 074 (32)

0

376 All three parameters are dimensionless.

377 Observing non-linearity RMS values in Table 3, an overall standard uncertainty estimation for

378  non-linearity in the XY-plane would be uyy,y, = 0,7 pm.

379  3.3. Z-Axis Calibration

380 Figure 14 shows an example of a measurement of a spherical cap of a stainless steel reference
381  sphere with a 4 mm nominal diameter (see Figure 9). It is a three-dimensional reconstruction of the
382  sphere surface.
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383

384 Figure 14. This figure shows the results of the measurement of the bearing sphere with white light.

385 Using this information, the confocal microscope software can perform a least-square fitting to a
386  spherical surface from which we can estimate the diameter of the sphere and RMS error of the fit.
387 In this calibration, two different types of illumination are used (white and blue light) and

388 measurements were taken in three orientations: 0°, 45° and 90°. Finally, there are n =6
389  measurements.

390 Table 4. Root-mean-square error, diameter D,, and standard deviation u(D,,) of the spherical caps
391 fitted using least-squares.

P . . RMS Di t
Position Illumination error lameter

(um) D,, (mm)
0° Blue 0,86 3,9740
45° Blue 1,08 3,9562
90° Blue 1,08 3,9638
0° White 0,86 3,9740
45° White 0,89 3,9828
90° White 0,87 3,9766
392 The average value D,, of the six diameters D,, is D,, =3.9712 mm and the standard deviation
393  s(D,) =0,0096 mm. We will estimate u(D,,) as:
N (Dm)
u(Dpy) = > == =0,0039 mm (33)
394 The RMS error is an estimation of the repeatability in the Z-axis that, probably, includes to the

395  non-linearity in the Z-axis. A mean value for this Z-axis repeatability would be s,(z) =0,8 um which
396  seems to be a resasonable value when compared with the Z-axis axial step of 2 um.

397 The certified diameter D, of the reference sphereis Dy =4,00 01 mm with a standard uncertainty
398  u(Dy) =0,25 um.
399 Using the expression of section 2.3 the Z-axis calibration parameter c, can be estimated as

400  follows:

D
c, = D—’"- (1+2¢c,,)—1=0,0101 (34)
0
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with u(c,) = \/w + 4u2(cyy) = 0,0014 (35)
0
401 The correlation coefficient 7(c,, ¢y,) would be:
u(exy)
Jepy) =2 —2 =072 36
lenen) =25 o
402 This correlation coefficient is clearly higher than zero showing a strong positive correlation

403 between ¢, and c,, thatshould be taken into account after calibration when needed.
404 Correlation coefficients r(c,,a) and r(c, 0) are usually very small (lower than 0,01) and
405  therefore correlation between ¢, and parameters a and 6 can be neglected.

406  3.4. Calibration for Roughness Measurements

407 As an example of data acquisition results when measuring a material roughness standard, the
408  following figures show three-dimensional reconstructions of the surface of an aperiodic, metallic
409  roughness standard (Figure 15) and a periodic, glass roughness standard (Figure 16).

410
411 Figure 15. Measurement of an aperiodic roughness standard with a confocal microscope: a 3D view
412 of the measurement results.
(@) (b)
413 Figure 16. Measurement of a periodic roughness standard with a confocal microscope: a 3D view of
414 the measurement results with roughness lines in (a) parallel to X-axis and in (b) parallel to Y-axis.
415 Calibration is performed by repeating 10 =5-2 times (five zones, two orientations) the

416  measurements of six roughness standards (see Table 1). Results are summarized in Table 5: average
417  results R of the ten repeated measurements and its corresponding standard deviations s(R). Direct
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418  readings R provided by the confocal microscope were obtained prior to introduced the calibration
419  parameter c, using only one sampling length [, = 0,8 mm.

420 Therefore, these readings should be correcting applying the following expression to take into
421  account the Z-axis calibration:

Riorrected = R- (1 + CZ) (37)

422 Authors followed the recommendations of ISO 4288 [52] that, for 0,1 mm <R, <2mm,
423  recommend five sampling length [, = 0,8 mm for a total evaluation length of [, = 4 mm. Due to the
424 limitations of the field of view of the instrument, (see section 2) only one sampling length L, =
425  0,8mm could be used. This reduction in the number of sampling lengths from five to one would
426  cause slightly lower values for R, and higher variabilities [53].

427 Table 5. Results obtained when calibrating the confocal microscope described in section 2 using six
428 roughness standards (Table 1). ! Values obtained when measuring roughness standard #6 are
429 included in this table only by informative reasons. Measurements of this standard were made using
430 a sampling length [, = 0,8 mm, because of the reduced field of view of the instrument, instead of a
431 sampling length [, = 2,5 mm as recommended by ISO 4288 [52].
Bi
Reference Meas. Average Repeatability Corrected R, ) 1as' Standard Uncertainty
Std a s(R) (um) R-(1+c, estimation u(b) (um)
: R (um) H (pm) b (um) "
Rough;fss std. 0,43 0,06 0,43 0,25 0,04
Rough;;ss std. 0,59 0,06 0,60 0,08 0,05
ROUgh;‘;SS std. 1,70 0,11 1,71 0,04 0,07
Rough;‘fs std. 0,51 0,04 0,52 0,06 0,03
Roughgss std. 0,95 0,05 0,96 0,11 0,03
Roug};‘;ss std. 2,50 0,06 2,53 0,09 0,08
432 It can be concluded from Table 5 that a typical value for s(R) would be s(R) = 0,07 pm, the
433  quadratic average of repeatabilities of the first five standards.
434 Note that corrected values R - (1 + ¢,) are always higher than the certified values R, (compare

435  results from Table 5 to those from Table 1). It seems that for surface roughness similar to the nominal
436  voxel height (w, = 2 pm) readings provided by the confocal microscope present a positive bias caused
437 by noise observed, for example, when measuring an optical flat (see section 3.1, Figure 12). The RMS
438  flatness error observed when measuring the optical flat (0,54 um) is slightly higher than R, observed
439  when measuring roughness std. #1, a quasi-flat surface (certified value R, = 0,183 um) for an
440  instrument with a voxel height of 2 pm. Definition of R, is similar but not equal to definition of RMS
441  flatness but, most important, R, is evaluated after filtering the readings using a low-pass filter
442  (defined through the sampling length [,).

443 Authors suggest to estimate the positive bias at each calibration point using the following
444 expression, where R, is R, certified value for the standard used at each calibration point:

b=R-(1+c,)—R, (38)

445 Its corresponding standard uncertainty u(b) would be:

s?(R)

u(b) = Juz (Ro) + R2 - u?(c,) + 39)
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446 Using this approach, the calibration results are those values, b; and u(b;), presented in the two
447  columns on the right side of Table 5. Index i refers to the roughness standard used. These results
448  have been represented graphically in figure 17. Red lines represent values corresponding to metallic,
449  aperiodic standards #1, #2 and #3. Green lines represent values corresponding to standards #4 and #5.
450  The blue line is the result from standard #6 that will not be taken into account. Vertical lines
451  represents uncertainty intervals b; + U(b;) where the expanded uncertainties U(b;) = k - u(b) has
452  been evaluated for k = 2. The horizontal black solid line corresponds to the average value b of the
453  first N = 5 roughness standards:

YMab; by +by+bs+ by + bs

b=
N 5

=0,11 pm (40)

0.4 |

OQHTT ............ N —— N B T

bias b (um)
o

=9

14

-0.2 : : : '
0 0.5 1 1.5 2 2.5
454 Roughness R_ (pm)
455 Figure 17. Bias observed at each calibration point (roughness calibration).
456 In order to make a correct estimation of average biasb, correlation between bias b; at each

457  calibration points should be taken into account. Due to these facts:

458 e Dominant contributions to uncertainties u(b;) are the calibration uncertainties u(R,) of the
459 roughness standards.

460 e There is a high probability that all roughness standards have been calibrated in the same
461 calibration laboratory. Therefore, there will be strong correlation between them.

462 There will be a high correlation between bias b;. Authors have performed estimations in

463 different situations and it is possible to see correlation coefficients r(b;, b;) as high as +0.8.
464 In order to simplify calculations authors suggest assuming r(b;, b;) = +1, which leads to higher
465  estimations for the uncertainty u(b) of b. Then, it can be demonstrated that u(b) is:

— 1V by) +u(b,) + u(bs) + u(by) + u(b
u(B) :_Z u(b;) = u(by) +u(by) +u(bs) + u(by) + u(bs) — 0,05 um (41
NLui— 5
466 In Figure 17, the uncertainty interval b + U(b) is represented by the space between the higher

467  and lower black dotted lines. U(b) = k- u(b) is the expanded uncertainty of b evaluated with a
468  coverage factor k = 2. Please note that all uncertainty intervals b; + U(b;) overlap the interval b +
469  U(b). Notwithstanding, point b, is outside the interval b + U(b). This could indicate that some
470  variability of the bias b has not been taken into account in u(b). Therefore, a conservative approach
471  would be to assume that there is a variability represented by b that should be added to u(b). Let
472  suppose that 6b is a uniform random variable of null mean and a full range byax — biin. Then its
473  standard uncertainty would be:

Brax — bmi
u(8b) = % = 0,06 um (42)

474
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475 In order to estimate the noise of the instrument, according to documents [48, 49, 50], we repeat
476  ten measurements over a on optical flat (that of Figure 4) in two orientation: 0° and 90°. An optical
477  flatis, for a confocal microscope, a specimen with null roughness (very small in comparison with its
478  noise). Therefore, values of R, obtained over an optical flat are a very good estimation of the
479  instrument noise. The average value and the standard deviation of the ten R, values were:

R, = 0,09 um (43)
s(Ry) = 0,003 pm (44)
480 Then, a good estimation for the uncertainty component associated with noise instrument would
481  be:
Unoise = Ea = 0,09 pm (45)
482 4. Discussion
483 Table 6 summarize the results obtained during the confocal microscope calibration (section 2)
484 Table 6. Results of calibration. ! Non-linearity in Z-axis is included in s, (2)
Parameter Value Units Standard Uncertainty
Cxy 0,008 83 - 0,000 50
a - 0,000 040 - 0,000 036
0 - 0,000 798 - 0,000 074
(o 0,0101 - 0,001 4
7(Cays ¢z) 0,72 - -
UFLT 0,54 pm -
uNL_xy 0,70 um -
sr(x) = 5, (¥) 0,40 pum -
s-(2) 0,801 um -
b +0,11 pm 0,05
&b 0 pm 0,06
s(R) 0,07 pum
Unoise 0,09 pm
485 Please note that these results are only valid for measurements made with the same objective
486  (x10).If other objectives are going to be used, a whole re-calibration is needed with each new objective.
487 Parameters ¢, and c, are those whose effects and their uncertainties the highest. If their effects

488  are not corrected, their contribution to the relative expanded uncertainty would be around 1%.

489 Fortunatelly, software of confocal microscope permits to introduce their value in order to
490  compensate their effects. If this compensation is done, their contribution to the relative expanded
491  uncertainty is reduced to 0,3%.

492 The effect of parameter a (difference between pixel lengths along X and Y axes) is negligible.
493  Tts absolute value is lower than its expanded uncertainty U(a) = k - u(a) (for k = 2), therefore the
494  null hypothesis a = 0 cannot be rejected. Its contribution to the relative expanded uncertainty is very
495  low (around 0,01%).

496 The effect of parameter 6 (squareness defect between X and Y axes) seems to be significant (its
497  absolute value is clearly higher than its expanded uncertainty) but its contribution to the relative
498  expanded uncertainty (around 0,1%) is clearly negligible in comparison with ¢,, and c,.

499 Contributions of XY-plane flatness defect (ug.r) and the non-linearity in X and Y axes are clearly
500  lower than the voxels dimensions (w,, = 1,65pum and w, =2 pm). Therefore, the instrument
501  adjustment performed by the manufactured seems to have been good.

502 Repeatabilities in the XY-plane and in the Z-axis, in comparison with voxels dimensions, are
503  clearly low. Again, this can be used to conclude that the instrument is working well.
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504 In roughness measurements (only apply when using R, parameter), repeatability s(R), average
505  bias b, bias variability u(6b) and instrument noise ;5. are very small in comparison with voxel
506  heightw, = 2 pm.

507  4.1. Expanded Uncertainty Estimation for Length Measurements in the XY-Plane

508 As it was pointed out, the instrument software usually permits to introduce parameters c,, and
509 ¢, inorder to apply the corresponding corrections. On the contrary, parameters a and 6 cannot be
510 introduced. Therefore, the effect of uncorrected, non-null parameters a and 8 would be taken into
511  account as a systematic effect which equivalent standard uncertainty would be respectively |a|/v3
512  and |6]/4/3.

513 For length measurement performed in plane XY the following expression could be a good
514  estimate of its expanded uncertainty (for a coverage factor k = 2), where pixel width component has
515  been estimated as wy,/V12 (uniformly distributed between *w,,/2):

a? 62 wg,
U(Lyy) =k~ [I2y - |u?(cyy) + 3t u?(a) + 3t u2(0) | + Uy +52(x) + 12 <
(46)
<19 + L
=27 H T 7600
516  4.2. Expanded Uncertainty Estimation for Height Measurements Along the Z-Axis
517 For height measurement (0 < h < 100 pm, the Z-range approximately covered by the sphere cap

518  measured) the following expression gives us a reasonable estimation of its expanded uncertainty
519  U(h) for a coverage factor = 2:

w2 h
Uh) =k- |h?-u?(c,) + ubir +s2(2) +—=<22pm+— (47)
12 120
520  4.3. Expanded Uncertainty for Roughness Measurements
521 Following recommendations of documents DKD-R 4-2 [48, 49, 50], a model for a corrected R,
522 roughness measurement performed after instrument calibration would be:
Ry =R-(1+¢;) = (b +6b) + 8Ryoise (48)

523  Wherenow, R istheaverage of m repeated measurements made over the specimen being measured
524  and 8Rpise arandom variable of null mean and distributed normally with standard deviation upjse-
525  The standard uncertainty of R, would be:

u(Ry) = \/SZT(nR) + R2-u2(c,) + u2(b) + u2(6b) + u? ;e (49)

526 The expanded uncertainty U(R,), using a coverage factor k would be:
U(RY) =k - \/SZT(nR) +R2-u2(c,) + u2(b) + u2(6b) + u ;e (50)
527 Considering a coverage factor k = 2 and assuming that measurement will be repeated m = 3

528  times, the expanded uncertainty would be:
U(R,) < 0,25 pum (51)

529 This value is very good for an instrument with a voxel height of w, = 2 pm.
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530 5. Conclusions

531 A whole calibration procedure to give adequate traceability to confocal microscope used in
532  quality control in AM has been presented. This procedure provides adequate traceability to length
533  and roughness measurements performed with confocal microscopes. The calibration procedure is as
534  simple as possible, as it is designed to be implemented in industrial environment. Reference material
535  standards have been chosen to be easy to find and easy to calibrate again in industrial environments.
536  The calibration procedure covers all the key points of operation of a confocal micrososcope. It permits
537  toestimate:

538 e Amplification coefficients a, =1+ c¢,, +a, ay=1+c¢y,, —a and a, =1+¢,
539 e Non-linearity errors.

540 e Squareness error 6 between X and Y axis.

541 o Relative difference 2a in pixel dimensions along X and Y axis.

542 e Repeatabilities when measuring lengths or heights.
543 e Flatness defect in XY-plane.

544 e Bias deviation b when measuring roughness.

545 e Instrument noise when measuring roughness.

546 e Repeatability when measuring roughness.

47 Some of these parameters (amplification coefficients, flatness defect in XY-plane) can be
548  introduced in the instrument software to compensate their effects. Others cannot be compensated
549 (6, a) but, if high values are detected the user can ask the instrument manufacturer to adjust and/or
550  repair the instrument to reduce their effects.

551 Uncertainty estimations have been carried out for all parameters following the mainstream
552  GUM method. In addition, for measurements of lengths and roughness, expression for expanded
553  uncertainties of measurement carried out by the instrument have been provided. There are other
554 types of measurements, like angular measurements, that have not been addressed in the paper due
555  to limitations in the extent of the text. Notwithstanding, all the information needed to propagate
556  uncertainties to angle measurements is provided in the paper.
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