QOAKy . INSTITUT EUR MASCHINENELEMENTE
5 %O% .!-RU BAF < |m,kf KONSTRUKTION UND FERTIGUNG
i nuniversitat.

PROFESSUR ADDITIVE FERTIGUNG

. . ie Ressourcel
Py -
'PEIBEQ\O Seit 1765.

ANALYSIS AND MEASUREMENT OF PEP
PARTS

IMKF | Professur Additive Fertigung | Prof. Dr.-Ing. Henning Zeidler




2

Analysis and measurement of PEP

Plasma electrolytic polishing is a material ablating process that affects:

* Parts’ mass

* Parts’ dimensions

* Parts’ surface roughness

* Parts’ gloss

The changes due to the PEP process can be characterised by:

* Weighting parts with sensible enough scale

* Measuring parts with a micrometre

* Characterising parts with optical or tactile surface roughness measurement devices
* Characterising parts with a glossmetre
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Analysis and measurement of PEP

Analysis by human eye:
- mistakes (matte shadows, thick oxidlayers)

- with lot of experience people could see differences in set parameters (voltage, temperature, duration,
orientation of the part, etc.)
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Surface roughness

Surface roughness can be evaluated using contact and non-contact methods.

Contact measurements are done with profilometers.
/d”ve“few Advantages of contact measurement methods:

traverse unitin X

position index —___| [ / * Relatively simple to set up a measurement

|
sliding pads ——_| _X,L | * Results are not influenced by illumination parameters
‘ |

stylus\ R\ \  Part size is limited

'\ (grofund bar) Disadvantages of contact measurement methods:
workpiece e Parts with complex geometry are difficult to measure
Working principle of a stylus profilometer .

Only line roughness is available

* There is an upper limit of surface roughness that could
be measured without damaging the device
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Surface roughness

Non-contact measurements are done with 3D-profilometers, i.e., laser or confocal light microscopes.

X-Y scanning optical system

Color CMOS camera — Half mirror
1 *— Short-wavelength laser
— e i light source
' .

ﬂ / Condensing lens

gy Pinhole
VEY

Light-receiving element

Half mnor

\ / ' (photomumpl

White light source

Objective lens —l

Observation target ———<@ip-

Inside system of a KEYENCE 3D-
profilometer

GAK.
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Advantages of non-contact measurement methods:

* Complex parts can be measured

* 3D surface evaluation is possible

* Roughness of a surface (not a line) can be evaluated

Disadvantages of non-contact measurement methods:
* lllumination parameters have an affect on measuring results

* Measurements of additively manufactured parts is still a challenge
due to shadows of partly molten particles on a surface
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Surface roughness. Examples

& TURBO DATAWAVE 1.51 - [Standard T1000 Basic]

Lens 20X
DTU MEK 1x10x20_Part6_Bottom Middie
’jMeBprog‘ Profl  Bearbeit. Einst. Formular  Ansicht Opfionen Fenster Hilfe

F1 F2_ [F3 .= [F4 F5a [FE__F7, . |F8 Fa_ [FO_[FlT=[F12 S
T el [Efaig &l
w52 2l 0] [S[=aa
pm

HOMMELWERKE

TURBO DATAWAVE V1.51

MeBbedingungen

Tastertyp: TIE

MeBbereich : 80 pm

LW: LVi6

Taststrecke : 4.80 mm

Geschwindigkeit : 0.50 mmis

Lc (Cut Off): 0.250 mm

Filter: 150 11562(M1)
HOMMELWERKE Auftraggeber: DTU MEK Ist 10 -
TURBO DATAWAVE V1.51 Abteilung: PeP Ra 0.83 pym 00 05 ) I5mm 00 o3 o Lemm
MeBbedingungen Priifer: KNAV Rt 13.24 um
Tastertyp : TIE werkstlick: AM Maraging Steel Rz 6.28 pm o
1":‘:;:;':52 : inangm Datum: Datum:14/12/2021 Rmax 13.24 pm e TR

: : . . Channel _ Topography channel Channel _ image chanel

Lc (Cutoff): 0250 mm Bemerkung: Bemerkung: Esk 11.01748 pography g
Filter : 1S0 11562(M1) a 24 pm

LclLa: 100 RSm 0.0895 mm @»@ 1 @‘@ “
R- Profil ausgerichtet Filter 1SO 11562(M1) Lc = 0.250 mm Middle_Bottom 14.12.21 ‘ - um
- 14:15 mn 20

10.0 b ; ' ; 7 7 ; . !

0.0
[um]
; : ; ; i e T
-10.0 T 4.80 ﬂ el Topoirzphy charwel Channall | Topography channel
Taster TIE Lt =4.80 mm ' i
s. - ¥ 3RAnm ¥ Bimm 17O ®|© 6 , D[RR [ ]| ©@ —}

Measurement protocol of a tactile profilometer A segment of a measurement protocol of a 3D-
TURB. profilometer Mahr.

= GAK
6 | IMKF | Chair for Additive Manufacturing | Prof. Dr.-Ing. Henning Zeidler Imkf éﬁ;}‘f%:"g
AF 2N -

SEAMAC Summer School | 01.09. — 07.09.2024 | Dipl.-Ing. Toni Bottger

g g



Surface roughness. Examples in detalil

&5 TURBO DATAWAVE 1.51 - [Standard T1000 Basic]

|j Mefprog. Profl  Bearbeit. Einst.  Formular  Ansicht  Optionen  Fenster  Hife TO do before Startlng'
Fi CENRN CEE =) [N P - 7 =

FS,=E; F'I[l_EI Fﬂ. F12
= |

Y| @ || et

2igliti.2

* Asses the surface roughness (gut

HOMMELWERKE

TUREO DATAWAVE V151 feeling) to properly choose the

MeBbedingungen .

Tastertyp: TIE measuring head

r\EBbereich : BL(\]#E.m

Ta;ststrecke : 4.80 mm [ ] i

Geschwindigkeit : 0.50 mmis GueSS the necessary measurlng

Lc (Cut Off): 0.250 :

o . distance, based on probable roughness
HOMMELWERKE Auftraggeber: DTU MEK Ist

TURBO DATAWAVE V1.51 ilung: :

Mefibedingungen britert KHAY Ra 083 um * Based on provided table set the
Tastertyp : TE Werkstiick: AM Maraging Steel ; - - -

MeBbereich : 80 ym Datum: Datum 4122021 | (e S measuring parameters like, filter, cut off,
I:St(sgstcg?) ] g'ggomr:‘m Bemerkung: Bemerkung: Rsk 1.078 . d .

Filter : ' ISO 11562(M1) Ra_ ohddum measuring IStance

LelLs: 100 ’

R- Profil ausgerichtet Filter 1SO 11562(M1) Lc = 0.250 mm Middle_Bottom 11-:_2]-?
10.0 T CTTTTT YT """"""" :
0.0 b e o .
: VAR A \rv W"\" e W \JV \Jw‘}/ L,/ W \/ an L
[bm] 0 St Pt SO SO SO
0.0 O S S b N H i
Taster TTIE Lt =4.80 mm 4.80
. ogs . . . Q"’Ak'qo
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Surface roughness. Examples in detalil

To do before starting:

* Asses the surface roughness (gut feeling) to properly choose the
necessary measuring distance

* Set the required number of images to be stitched so that the right
measuring distance would be available

To do after measuring:

* Set up the measuring protocol with selected filters for removing
the part’s form, levelling its’ surface

* Profiles can be extracted for evaluating the line roughness
* Select the right standard for evaluating the surface roughness

0 i 0
M I nm

0.0 4= — %

0.0 05 10 15 3
Information Information S
Channel  Topography channel Channel  Topography channel ]
§

W: 2159 X: 231 N = e =
S ™| M 278 4mm RY: Z67mm " | 171410®©®6, D DD AR f100% -] O- {}

- GAK.
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Gloss measurements

Lamp Filtered detector

Gloss measurements can be done only on a fairly large S—
absolutely flat surface.

Surface must be clean before the P
measurement is done.

=)

i

Sample

A working principle of a gloss meter

1 e ‘
[ o ]
A gloss meter ZGM 1120
A B C D E F G H I J K L M N
1 | N® Date Time 20" Value 60" Value Group 20° Upper limit 20° Reference Value 20° Lower Limit 60° Upper Limit 60° Reference Value 60° Lower Limit Sample name Remark
? 1 07.10.2022 14:16:19 6282 4938 =default= 0 0 0 0 0 0
3 10 07.10.2022 14:15:49 653.3 5232 =default= 0 0 0 0 0 0
1 9 07.10.2022 14:15:21 7795 547.3 <default= 0 0 0 0 0 0
3 8 07.10.2022 14:14:55 2719 4945 <default= 0 0 0 0 0 0
3 6 07.10.2022 14:14:14 698.8 5321 <default= 0 0 0 0 0 0
7 5 07.10.2022 14:13:48 508.8 511.2 <default= 0 0 0 0 0 0
3 4 07.10.2022 14:13:19 3816 450.5 <default= 0 0 0 0 0 0
) 2 07.10.2022 14:12:33 4469 478.7 <default= 0 0 0 0 0 0
0 1 07.10.2022 14:12:04 498 4 5135 <default= 0 0 0 0 0 0
A measurement protocol form a gloss meter ZGM 1120
; . . . . - \‘C’Auo
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Dimensional accuracy, edge rounding, MRR on different positions of the
part (CMM)
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Part name

A length of titanium parts before and after the PEP
process.
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Part name

A diameter of austenitic steel parts before and after
the PEP process. PEP duration was 30 min.
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Dimensional accuracy, edge rounding, MRR on different positions of the
part (CMM)
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PEP is self-orienting and self-
regulating process, targeting
the highest peaks on the
surface, or sharp edges of a
part. Overexposure to the PEP
process leads to edge
rounding and / or dissolution of
fine features.

Additively manufactured parts
out of CrMnNi before (left) and
after (right) PEP



Dimensional accuracy, edge rounding, MRR on different positions of the

part (CMM)
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Accurately the dimensional change of a part could
be assessed only by using a micrometer with a
high resolution (submicron area).

Without a forced convention, i.e. induced
electrolyte stream during the PEP process, the
reduction in dimension is of the same magnitude
on the outer areas of the part as of the inner
structures. Therefore is the material removal rate
(MRR) too.

With induced electrolyte flow a local material
ablation on the part can be achieved, ergo the
intensity of local MRR could be induced.



Material removal rate and process efficiency (conductivity, electrolyte
temperature and concentration influence on en. used per achieved MRR)

There are many factors that influences material removal intensity:

* pH value of the electrolyte. Each material can be efficiently polished only in a certain material specific pH
range;

* Electrolyte conductivity. For each material there is an optimal electrolyte conductivity window where the
PEP process can be carried out;

* Applied voltage. There is an optimal voltage range for each material for efficient polishing, and thus
material ablation.

- GAK,
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Material removal rate and process efficiency (conductivity, electrolyte
temperature and concentration influence on en. used per achieved MRR)

Material removal rate can be calculated based on mass difference or on volumetric change of the part's
dimensions.

mo —m; d2 . d2 0.15
MRR,,; = —— Yo — 4
m,i T ml ( 4 > 0.14 0
MRRy ; = @
’ T E’ 0.13
Mass-based MMRm. Volume-based MMRv. d = ¢ | i
m is mass, 71 is time is diameter. = ___
and subscripts 0 and S o 2Tl
© el
| refers to before and 5
after, respectively. g o
{E; 0.09 | PEP time 5 min |
=
0.08 |- @
o u
0.07 | | | |
300 340 360 380 390

Applied voltage, U, (V)
MRRm of additively manufactured AMZ4 as a function of
applied voltage. PEP time 10 minutes.

- GAK.
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Material removal rate and process efficiency (conductivity, electrolyte
temperature and concentration influence on en. used per achieved MRR)
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Applied voltage, U, (V)

MRRm of Nitinol wire with transformation temperature
4.5 °C as a function of electrolyte temperature
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The influence of electrolyte temperature on the MRR
intensity is material specific:

L » For AMZ4 with increasing te MRRm is increasing;
|« For Nitinol with increasing te MRRm is decreasing.

| ! With increasing PEP time MRRm for Nitinol is
1 decreasing.
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Material removal rate and process efficiency (conductivity, electrolyte
temperature and concentration influence on en. used per achieved MRR)
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MRRm of brass discs as a function of applied voltage
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Applied voltage, U, (V)
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360

I MRRm is influenced by multiple variables that
depending on the materials type has varying effect:

1 * Applied voltage;

* Electrolyte temperature;
* Processing time
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Microstructure / thermal influence (e.g. referring to SEM / EDS
measurements)

0 T | PEP is a thermal process that might have an effect
POl _PEP i W w 1 on various material properties like:

600

550 -+ * Mechanical stability;
500 i

ss0l- ‘ .| * Transformation temperature ( relevant for
g a0t | functional materials like Nitinol);

e

g | " | = Microstructure
? 250 - ’ -
200 -
150 - . T
100 - —
50 - ' _

0 1 \ 1 ! 1 ! I ! I ! I ! I !
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Strain, (%)

Mechanical test on a Nitinol wire before and after PEP
under tensile loading

17 | IMKEF | Chair for Additive Manufacturing | Prof. Dr.-Ing. Henning Zeidler |mkf N
SEAMAC Summer School | 01.09. — 07.09.2024 | Dipl.-Ing. Toni Béttger AF o0



Microstructure / thermal influence (e.g. referring to SEM / EDS
measurements)

o ' ' T PEP shows a minor influence on DSC
08 : Db el measurements of Nitinol wire:
i i | With increasing PEP time the peaks tend to shift
o4r T towards higher temperatures;
03+ Heating——> T .
5,1 i IE | * With increasing PEP time the measured enthalpy
= slightly decreases.
@ 01 F .
0.0 - 4
01+ .
-0.2 - «—Cooling 7
03+ 1
_0 1 1 1 1 1 | 1 | 1 1

4 .
-100 -75 -50 -25 0 25 50 75 100 125 150 175 200 225
Temperature, t, (°C)

DSC test on a Nitinol wire before and after PEP

] A
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Microstructure / thermal influence (e.g. referring to SEM / EDS
measurements)

PEP smoothens the surface, however
cannot remove the deep cavities or non-
metallic inclusions.

* Ra before PEP was 0.15 ym in the
region where SEM measurement was
taken;

* After 180 s of PEP Ra was reduced to
0.09 pym in the same region.

SE1  2500kV WD= 14mm 1.00 K X Joum  sg1  2500kv WD= 15mm 1.00K X W

SEM pictures of Nitinol plates before (left) and after (right) PEP.
The process time 3 min

GAK.
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Microstructure / thermal influence (e.g. referring to SEM / EDS

measurements)

Before PEP | After PEP | Before PEP | After PEP

-

1
2
3
4

5

Results of EDX measurements of Nitinol plates before and after various PEP
duration

IMKF | Chair for Additive Manufacturing | Prof. Dr.-Ing. Henning Zeidler
SEAMAC Summer School | 01.09. — 07.09.2024 | Dipl.-Ing. Toni Bottger

10
30
60
120
180

52
52
52
52

51
51
51
51
51

48
48
48
48

49
49
49
49
49

chemical composition of a
material significantly. The
obtained results are in the
range of accuracy of the
EDX measurements

{ mkf "’



Microstructure / thermal influence (e.g. referring to SEM / EDS
measurements)

N A 200 pm EHT = 20.00 kV Detector SE1 ; - 7 100 pm EHT = 20.0 kv Detector = SE1
# Fraunhofer —A WD=850mm  Mag= 10 Date: 25 Mar 2022 Z Fraunhofer — WD=878mm  Mag= 300X 10 May:2022

SEM pictures of carburised steel gear segment before (left) and after (right) an additional PEP
step. The additional PEP process time 6 min

GAK.
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Microstructure / thermal influence (e.g. referring to SEM / EDS
measurements)

C
@)
Na
Mg
Al
Si
P
S
Cl
K
Ca
Ti
Cr
Mn
Fe
Ni
Mo
Cu

Carburised steel gear segment, w %

Element
5.41 5.1 5.89 14.58 3.81 43.73
1.31 1.13 1.63 10.85 6.3 15.4

- - - 0.18 0.14 0.22

- - - 0.43 0.11 0.74

0.1 0.1 0.1 1.97 0.2 6.91

0.2 0.19 0.21 2.06 0.18 7.26

- 0.27 0.27 0.27

0.1 0.1 0.1 0.28* 0.28* 0.28*

- - - 0.09 0.09 0.09

- - - 0.68 0.09 1.26

- - - 0.33 0.33 0.33

- - - 0.13 0.13 0.13

0.91 0.88 0.97 0.76 0.45 0.97

0.42 0.38 0.47 0.42 0.24 0.55

88.49 87.87 89.13 71.65 45.69 90.4

2.8 2.68 2.96 2.19 1.23 3.05

- - - 0.27 0.25 0.28
0.28 0.28 0.28 - - -
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EDX results on an additionally
polished carburised steel gear
segment.

Previously the segment was
polished for 30 min using a
plastic fixator.

The segment was not
passivated after PEP, thus
corroded.

After additional 6 min of PEP
the corroded spots were
removed. The segment was
passivated.

EDX measurements were done
on multiple spots.
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