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G Additive Manufacturing of Ceramics

CHARLOTTE

Direct Additive Manufacturing of Advanced Ceramics Multi-step AM
— e —
Singlo-stcp processes Multi-step processes Ceramic feedstock
preparation
Bedless Bed Bed Bedless 1
Olracted Enargy MMEFU ion Binder Jettin, Shest Material Extrusion Material Jettin oo AM of
Deposition : ’ e Lamination " ‘ Photopolymerisation ceramic
LENS Powder- dLS Powder-iLS Powder-BJ LOM Wax-based | Water-based| Solvent-DIP 1
Slurry- dLS Slurry-iLS Slurry-BJ CAM-LEM FD( RC / DIW Wax-DIP DLP / LCM Retrieval of 2s-
printed ceramic part
MIJS FEF SPPW {
Available/soon to be at UNC Charlotte
/ T3DP CODE 2PP Green part
https://camac.charlotte.edu/ 4
PHASE* | 3DGP ; |
: Binder
. LENS: Laser Engineered Net Shaping FDC: Fused Deposition of Ceramics ; burn-out
. dLS/iLS: direct/indirect Laser Sintering : MJS: Multiphase Jet Solidification 1
© BJ: Binder Jetting . T3DP: Thermoplastic 3D Printing } =
. LOM: Laminated Object Manufacturing . PHASE: PHotopolymerisation-ASsisted Extrusion - *suggested acronym o pers
. CAM-LEM: Computer-Aided Manufacturing of Laminated Engineering Materials | RC: Robocasting l
. SL: Stereolithography DIW: Direct Ink Writing High-températine
. DLP: Digital Light Projection . FEF: Freeze-Form Extrusion Fabrication : furnace sintering
. LCM: Lithography-based Ceramic Manufacturing CODE: Ceramic On-Demand Extrusion : 1
. SPPW: Self-Propagating Photopolymer Waveguide : 3DGP: 3D Gel Printing :

: : Sintered ceramic
‘ . 2PP: Two-Photon Photopolymensatnon . DIP: Direct Inkjet Prmtmg : component


https://camac.charlotte.edu/

G Vat Polymerization — Stereolithography (SLA)

CHARLOTTE

Printing Debinding Sintering

Mirrors

200 Debinding Process Temperature Cycle 2000 Sintering Process Temperature Cycle
615°C 1650 ° C
600 - )
—_ —~ 1500
Laser beam Q ©
g g
E g 1000
2 )
: ;
3 B 500
Build platform
direction
0'] 1 I 1 I
5 0 0.25 0.5 0.75 1 1.25 1.5
Days Days
* Photocurable Polymer
« Ceramic powders (@< 1pum) * Limits to feature thickness e 20% shrinkage is not uncommon
* Layer thickness: 50 - 100 pm * Anisotropic shrinkage

e Laser wavelength: 405 nm
* Laser spot size: ~50 um
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G Stereolithography (SLA) - relevant length scales
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Optical Microscope CSI Height Map

Laser

Mirrors

| -7.753 um

"

bl 3,
e

»L

- -6.629 um

Coherence Scanning Interferometers (CSI) with Stitching

! Contact Profilometers >

0.01 0.1 1 10 100 1000 10000 UM

10 nm 10 mm

Max feature thickness
Min printable feature sizes.
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O Surface Metrology and Analysis Approaches
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SLA Printing

Surface Measurement Analysis

C1

Probability
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‘XL.

™N= [[] FN=[F] FP= [] TP-

Measurement Assessment
* /ygo Zegage * Process signhatures
* 20x(FoV 0.417 um x 0.417 um) * Part characteristics
* Lateral sampling 0.7 um Classification
Alumina - printed bars Surfaces measured e SQuID™ - ML approach

4 mm H:—: Top surface — last layer * Processing variances
MM 2 e ——————— Side - build direction

—® Fractured surface

-y e e States

| * @Green
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Printing conditions

Non-ideal
Slurry Al,O, Same
Slurry age 1 month old 3 months past expiration date
Pre use 3.5 hrs mixing Same
Laser spot ~50 mm Same
Wavelength 405 nm Same
Power ~50mW Same
Layer thickness 50 mm Same
Mark time Nominal, Note: one test done Nominal

with a 50% reduction in mark
time

Time in green- state ~10 days ~42 days
Debinding ramps / max. Nominal/ 615 ° C Same
temp.
Debinding atmosphere Nitrogen Air
Sintering ramps/ max. temp. Nominal/ 1650 ° C Same

THE WILLIAM STATES LEE
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G Nominal Build — Green — Top surface

CHARLOTTE

Measurement amm Representati\ie
® CS/.' Obj. 20 X 3mm areas on sample
* Stitched: 10 x 12 4 mm
* Removed
o See below
. 16.6 um X : 4045.136 pm -18.9 um "
1000 X 402%5(5336 lJmBOOO 4000 H»ﬂﬂﬁ___»f:ﬁ — 2000 _3000 A= g > ié’” __.l . /_ I T
— L JE<E : R o e yd"
T i. Sintered | e /[ 60 ur1n
e — 1000 - 8 1000 » 10 g é -.‘ _ v i .
e ~ 2000 & & J2000 &2 5 § e - ! :
q: ] a = . B == o = I -
— 3000 | scavssrum % 3000 5 ¥ 75 el (¥ | I
$q:0.9026m - 'y L Py £ ./
! e - | = |
ey S —— o ey + 8 Turn-around region
4.04 mm -50.8 um X : 4045.136 pym -12.4 um PV: 748 um 1 =¥
. . \ J
Processing: Plane removed Processing: 10 order removed Y \ Y 4
5q: 2.7 um 59: 0.8 pm Slice through Laser Scan path

5q: 0.9 um
c THE WILLIAM STATES LEE 5z2:40.5 pm
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G Nominal Build —Green & Sintered — Side surface

CHARLOTTE

Measurement
e C(SI: Obj. 20 x
e Removed
o Best fit plane

Representative
measurement

3mm areas on sample --- ’
— ~

1.00E+13
Sintered state:

— 1.00E+12 Peak: 24 mm -
E Layer thickness: 42 um
— 1.00E+11
>
=
€ 1.00E+10
@
=)
© 1.00E+09
2 Green state:
2 1.00E+08 Peak: 21'1 mm -

Layer thickness: 48 um
1.00E+07
1 10 100
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Printing conditions

Non-ideal
Slurry Al,O, Same
Slurry age 1 month old 3 months past expiration date
Pre use 3.5 hrs mixing Same
Laser spot ~50 mm Same
Wavelength 405 nm Same
Power ~50mW Same
Layer thickness Same
Mark time Nominal, 0: test done Nominal

with a 50% reduction in mar N
time

Time in green- state ~10 days ~42 days
Debinding ramps / max. Nominal/ 615 ° C Same
temp.
Debinding atmosphere Nitrogen Air
Sintering ramps/ max. temp. Nominal/ 1650 ° C Same
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O Reduced mark speed- Green - Top surface

CHARLOTTE

Measurement o Representatie
* CSI: Obj. 20 x | T sne aressonsample
e Stitched: 10 x 12,4 x 11 45 mm
* Top surface
« Removed: Ideal - Green State 50% Mark time - Green State
o 10% order poly ~ < 4.05 mm % . 3.91 mm R
h - _ — o o
N Vo D

: . ; :
gy e O s
i\ )\
S§z: 98.612 ym

Sq: 3.553 pm . :
Sa: 2.282 ym _ ;
Ssk: -1.08 - 3

ww gyL

o e o2

Sz: 31.283 pm
Sq: 0.799 pm
Sa: 0.585 pm
Ssk: -0.01
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O Reduced mark speed- Green - Fractured surface
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Measurement L L. g Represenae
° CS/ Obj. 20 X 7 e 3mm areas on sample Q___ —
e Stitched 45 mm
* Fractured surface
* Removed Nominal build 50% reduction in Mark Time
o 4t order poly
2.87 mm o 2.18 mm
Layer lines? .
L& :
1 » -
: ‘ £
e
- sk %
V4 —i
/
| - -
lq\ \ e |
Sz:15M861pm =
Sq: 12.8
Sa:9.213 ~
Ssk: -0.36

| THE WILLIAM STATES LEE T
| COLLEGE OF ENGINEERING



Printing conditions

] Ideal Non-ideal
Al,0, Same
1 month old (1 3 months past expiration date
Preuse | 3.5 hrs mixing Same
~50 mim Same
405 nm Same
Power ~ 50mW Same

Nominal, Note: one test done Nominal
m with a 50% reduction in mark

time

10 days 42 days
Debinding ramps / max. Nominal/ 615 ° C Same
temp.
Debinding atmosphere Nitrogen Air
Sintering ramps/ max. temp. Nominal/ 1650 ° C Same
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G ldeal Vs Non ideal — Green State

CHARLOTTE

Representative
measurement
3mm areas on sample

4 mm

Ideal - Green State Non-ldeal - Green State

CSI Measurement 4.05 mm 10.5 mm

= S IR e SO e e e |

b 20 X B . - g = o - :
R : ":‘ l.,‘;_.,.‘,'-_».‘. _, 4 “./._ﬂa & ' SlnterEd y v v R ':f’v o - .l . ) ﬂ’
5 PO 2 dad 4 ! . R .2 ] <

e Stitched SRIRGSe e
3 ‘ ' 'i;é*?ooun; + /%calize

 20% overlap
th Hooe o Sue g 52: 92 pm - NS G e
e 10'™ order poly gl s S e 'Sq:1.57um * o i A8 T Periodicity {

A : "ij

3.39 mm

Removed
Ssk: -0.24 -2 ‘- - Ll il

L
CSI Measurement R, ¥

.« 20x TR e £
", _‘ .'\_4‘_‘4ﬁf." T ¥ "},‘“ R E <
Removed "',*;“~""f et NERAE IS R0 3 i
N Ty Bt U ; 4 :

* Best Fit Plane T Lk, Y A A e
iy < Ry ) e N e i %
"Tr’"';’ T S;: 14.5 pm

5 3 AR 2 g
A2 0 R g MEOQP R R
c | THE WILLIAM STATES LEE £ ,‘7’.{;"} "Hi“‘::{a s Sq: 0.68 um
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6 Non ideal — Green and Sintered States

CHARLOTTE

Measurement
« CSI: Obj. 20 x
* Side surface
* Removed:
o “horder poly

Representative

4 mm
measurement
3mm areas on sample [ ], A
= .

Non-ideal Non-ideal
deal Green Non-ideal Green  Non-ideal Sintered Sintered — e _ Sintered - Fracture
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O Surface Metrology and Analysis Approaches

CHARLOTTE

Analysis

o Green and full-strength parts measurable
o CSI measurements capture process signatures

Distribution ® |
=

obability

vvvvvv
Undesirable: d’=0
>

\
£ A
N
/ 2N
/ PN
AN a AN\ ¥
1 %

0 —
Xe
™= [[] FN= [F] FP= [] TP-

Pri

Assessment
* Process signatures
* Part characteristics

° . o I -f- .
o Need into quantify observed differences Classilication

e SQuID™ - ML approach
o Which metrics track with observed variances? / Processing variances

Link with process physics, slurry condition etc.




4 Systematic approach to the problem

CHARLOTTE

Systematic approach
o Analytical Framework: Surface Quality and Inspection Descriptors (SQuID™)
o Automatic isolation of suitable classification metrics
o Simple, interpretable decision tree outputs i = |“A2‘“BZ|
_\/(GA+JB)

2

Classification features?

0.6

IC|aSSI A: TP Desirable: d>3
o> e 5 Class B:
0.5F Metric’s 3 § <ame -
distribution -, z
XN 04F | -lues ~ ‘ metric’s . =
& Z \ Distribution S \ a
oo 5 0.3f \ values - - X
0
) > R NL 8 - . I
 ICE I BRI x I | Undesirable: d'=0
VLTSI 0.2
S Lo I I AR 2
N A B\ Ty P\
% A 'Miu.‘~':”?",..tf'~" 3 0.1F
HESR S S N A ) | z
'N..,"ﬁ&,::-x.. B2 BRKERR m.ag-‘_ y =
- || Class B | 0l : Cey 5
BB AR TSI c DL- p
c

LU T I === TP=
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CHAR?OTTE Data flow chart and SQuID™ output

Data processing SQuiD™ d’ Values

F AT o Fifteen 20x

sA measurements from See GitHub Associated with
| https://jesse-redford-squid-

each surface main-otrfh7.streamlit.app/ each I1SO metric
T o Best fit plane subtraction
i L o Calculate ISO 25178-2
B TR T O Sl . . o
iR et metrics — using 21 of :
i"""A".:‘-_ W e jn‘
21

Metric values

Data collection

o Multiple height maps - - ) 5??
per class When using multiple Down selection of ?ﬁ
o Will also work for metrics, a can | optimal metric(s)
jpeg, bmp, etc. be ger\.erat.ed to ogt.lme sq -
: classification decision
Full details:

J. Redford et al.
Journal of Manufacturing Systems 71 (2023) 131-143

c | THE WILLIAM STATES LEE
Mlqu £ OF ENGINEERING CIRP Winter Meeting — Paris, February 2024 18



https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
https://jesse-redford-squid-main-otrfh7.streamlit.app/
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CHARLOTTE

ldeal Vs Non ideal — Green State

Ideal - Green State

Nominal Conditions

* 15 CSI measurements: 20x
* Best fit plane removed

* Top surface

Non-ldeal - Green State
Old Slurry
* 15 CSI measurements: 20x
e Best fit plane removed
* Top surface e

THE WILLIAM STATES LEE
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45 mm

SQuiD™
Software
Platform

4 mm

3 mm

Sa (ym)

=

k-
E

HEEEL 7ig

Sq {pm)

Sv {pm)
Sz ()

Sdg (pnymm)

d'
Sal (pm) |
Sid (7) 6
str

Sle (m)-

Spk (um)- 1

vme (pmtpm)-|

Vinp (uipm )

Ve (pmium)-
Vi [p".w..‘:), O

150 Flatness (um) MUK

Shi- (RS
Sal (pmume)-

Sa2 (pmpma)- 5.9

Spk Threshald (pm) m

Swk Threshold {um) (RS

el ) U3

Density Estimation

Representative
measurement
areas on sample

o d'=5.4 |d 86.63

S <« d'=5.

Expiced >

05

s Nominal

0.3 4

0.2

0.1

005 81 .../86 88 U

units)

Smr2(%)

Material probability curve

and its plateau and dale

regions

o Related to the extent of
valleys/voids below the
surface plateau

Sk

- Spk

Svk |

SRRy

Y

0 20 40 60 80 100
Smr1 Smr2



O Mark Speed reduction — Green State
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. Representative
mm
: _— B measurement
3mm areas on sample —
e ~

Nominal Mark Speed Developed Interfacial Area
e 15 CSI measurements: 20x Ratio (Sdr)

e Best fit plane removed
* Top surface

Ideal - Green State

o difference between the

509 projected surface and the
=35+ actual surface

[ee]

Nominal

=)

SQuiID™

50% reduction - Green Software

50% reduction in Mark Speed | ' Platform

* 15 CSI measurements: 20x

* Best fit plane removed 066 01 o0z 03 04
Sdr Value (units)

* Top surface

/ Surface area of the scale limited
surface

\

Density Estimation
S

N

Projected Area
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O Summary and insights

CHARLOTTE

Can Surface Measurements Provide Processing & Part Integrity Insights?

Summary

o CSI measurements capture expected and unexpected features
o Surface metrics can detect process drift
o Green strength can be used to assess process state

Repeatability:
o Needs more work beyond that shown here, but initial results are promising

Predictability:
o More work (much more) needed to link the process output to process physics and
performance

THE WILLIAM STATES LEE
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SQuID™

CHARLOTTE

Inclusion Patches

(Pa)

Crazing

(In)

1
0.95 S
Scratches
(S¢)
0.9

Inclusion Scratches Patches Pitted- Surface Crazing Rolled-in-scale
(In) (Se) (Pa) (PS) (RS)

,9 _'. :

= 50/50 NEU Fit
= 50/50 Normal Fit
a Height

O Spatial

= Misc

< Hybrid

+ Functional

0.85

0.8

© Volume
ACrvsIn
Aln_vs_Pa
ACr_vs_Sc
Aln_vs_RS
QCr_vs_PS
OCr vs RS
Oln_vs Sc
OPa_vs_PS
OPa_vs RS
@Pa_vs_Sc
OPS_vs_Sc
@RS vs Sc
@Crvs Pa

<¢In_vs_PS 00 02 04 06 08 10 12
¢PS vs RS

Accuracy
(=]
9
i

0.7

0.65

0.6

Classitication accuracy

0 1 2 3 ‘ 5 6 7
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CHARLOTTE

CSI measurements
Objective: 2.75 x
Tube Lens: 0.5 x
FoV 6.05 mm x 6.05 mm
Spatial sampling: 5.9 um
Removed: Best fit plane
Measurements: 36/tile
Metrics: 22 ISO metrics
Sa, Sq, S sk,
Sku,Sp,Sv, Sz,
Sdgqg, Sdr,
Sal, Str,
Sk S pk,
Srl, Sr2 Svk
Vme, Vmp,
c 1 Vve, Vv, Sxp

| COLLEGE OF ENGINEERING

<« 6.05mm

«— I150mm

“— 100 mm »

T|Ie 7 | ,

T|Ie 10

SQuID™

SQuID

performance

o 50/50: test/train

o Classification
Accuracy™®: 65%

*Accuracy:
(TP+TN)/(TP+;’LI1\1+FP+FN)



G SQuID™
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o-T1 -T2 © T3 =T4 o©T5 - T6 4T -—=T8 % T9 -+ TI10
oomessosseeoees P (Single CSI Measurement) -------ooooooooonos > Bandwidth filter the CSI Measurements
(© Vo v We—re Wy —e W, »a W > 0.018mm-> 1mm-=> 03mm- 0.1mm-> 0.018 mm -
1E+16 | 1 | 0.3 0.1 0.018 6.05 mm 3 mm 1 mm 0.3 mm 0.1 mm
1E+15
1E+14 | S
5 1E413 |
= ' g @ o oooy
»  1E+12 -
E Eﬁgm o L 0
£ 1E+1 : :ﬁ:?‘:o;t o4 [. =
S 1E+10 ! X ;i
E :. 1 - T S _ith
B 1E+09 . . ER 1
100000000 =
10000000 g
1000000 |
100000 s
2t
1 0.1 0.01
Snatial Wave Ienoth {mm
SQuID performance o
L] h
o Isolates top metrics (5) from 88

6 i o Classification Accuracy = 99%
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SQuID™

(root)
'Sal (pm) Wb <= 133.84]

~

yes no

@ .

Sal (um) Wa <= 64.4|

(@)

/

/,/ \\ //

® S (© ©

. sf A . — Y — - "
Sdq (°) Wa <= 0.03 Sdq (°) Wa <= 0.02] Sdq (°) Wa <= 0.03

/
/
/
/

\
\\
\

,\

@

/"
\ /
\ /
/

TO8 T07) T10 T09

/
/
/
/

| TO6
| THE ; & T
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a2 4

TO5| ([Sdq *)_ Wb <= 0.02]

TO04

[Sdq (°) Wa <= 0.04]

\

@

N _—
Str Wa <= 0.08

\
\-

TO3|  [Sir Wa <= 0.5|

\
\
// \\\
/
J

T02 TOT.
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Non ideal Top Surface: Green and Sintered

Observations:

$z: 52 pm
Sq: 0.84 pm
Ssk: 2.18

* Potential pores on both
surfaces

Sintered Up to 10t Order Removed

* Future thresholding

" 5 ' -n segmentation analysis

| e T % with surface parameter
& investigations to pursue.

$2: 92 pm . # '

Sq: 1.57 pm o LA T Perlodlmty

ssk: -0.24 ' 3 a Aoy .:IL(I o Sq 0.68 pHm — 0.91 Hm

$q:0.91 pm . o ." I
Ssk: -0.99 - S ks o
< 0.434 mm ’

THE WILLIAM STATES LEE 27
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G Non-ideal — Sintered

CHARLOTTE
Sintered Flf’\' sz"{

(Fracture 1) < .

Periodicity Amplitude of Slice

10 -
E I - .-"_ 0 |I
3 0 | -
=10 I i et
S2: 555 pm Observations:
Sq:17.32 pm —
g S * Height Parameter Values are Affected by
) 0434 mm ” Features in Measured Region

Results of Slice:
/ e Sz:34.44

f
| THE WILLIAM STATES LEE )8
c | coLLec oF EciNEeRING * Sq: 8.013 -



CHARLOTTE

ww p'g

Bottom

THE WILLIAM STATES LEE
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~ 611 um

Non-ideal — Green

—

Scraping
Direction

Internal Fracture Surface

No obvious
indication of
50 um layers

29
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