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Vat Polymerization – Stereolithography (SLA)

Build platform 
direction

• Photocurable Polymer
• Ceramic powders (Ø< 1m)
• Layer thickness: 50 - 100 m
• Laser wavelength: 405 nm
• Laser spot size:  ~50 m

Printing
Printing Debinding Sintering

For Alumina: 615 ° C

Days!

1650 ° C

• 20% shrinkage is not uncommon
• Anisotropic shrinkage

• Limits to feature thickness 
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m1000 10000 

10 nm 10 mm

SEM

Contact Profilometers

Coherence Scanning Interferometers (CSI) with Stitching

Laser Spot size, Layer heights, stepovers, etc.Particle size

Min printable feature sizes.
Max feature thickness

Stereolithography (SLA) -  relevant length scales

Optical Microscope 
Image0.4 mm

CSI Height Map

-6.629 μm

-7.753 μm

0.42 mm

Sq: < 1 m 20 ×



Surface Metrology and Analysis Approaches

(b)

AnalysisSurface Measurement

Alumina - printed bars

SLA Printing

45 mm

3 mm
4 mm

Measurement
• Zygo Zegage
• 20 × (FoV 0.417 m × 0.417 m)
• Lateral sampling 0.7 m
Surfaces measured
• Top surface – last layer
• Side - build direction 
• Fractured surface
States
• Green
• Sintered

Assessment 
• Process signatures
• Part characteristics
Classification
• SQuID  - ML approach
• Processing variances 
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Ideal Non-ideal
Slurry Al2O3 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 
with a 50% reduction in mark 

time

Nominal

Time in green- state ~10 days ~42 days

Debinding  ramps / max.  
temp.

Nominal/ 615 ° C Same

Debinding atmosphere Nitrogen Air
Sintering  ramps/ max. temp. Nominal/ 1650 ° C Same

SLA Printing

Printing conditions



Nominal Build – Green – Top surface

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

Processing: Plane removed
Sq: 2.7 m
Sz: 67.5 m

Processing: 10th order removed
Sq: 0.8 m
Sz: 31.3 m

16.6 m

-50.8 m -12.4 m

-18.9 m

3
.4

 m
m

4.04 mm PV: 7.48 m

60 m

Turn-around region

Slice through 
periodic features

Laser Scan path

Measurement
• CSI: Obj. 20 ×
• Stitched: 10 × 12 
• Removed

o See below

λ=120 m

Sq: 0.9 m
Sz: 40.5 m

Sintered



Nominal Build –Green & Sintered – Side surface

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

20 ×

0.434 mm

Green state: 
Peak: 21-1 mm  → 
Layer thickness: 48 m

Sintered state: 
Peak: 24-1 mm  → 
Layer thickness: 42 m

Measurement
• CSI: Obj. 20 ×
• Removed

o Best fit plane

Sintered
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Ideal Non-ideal
Slurry Al2O3 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 
with a 50% reduction in mark 

time

Nominal

Time in green- state ~10 days ~42 days

Debinding  ramps / max.  
temp.

Nominal/ 615 ° C Same

Debinding atmosphere Nitrogen Air
Sintering  ramps/ max. temp. Nominal/ 1650 ° C Same

SLA Printing

Printing conditions



Reduced mark speed- Green - Top surface

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

Measurement
• CSI: Obj. 20 ×
• Stitched: 10 × 12 , 4 × 11
• Top surface
• Removed: 

o 10th order poly

50% Mark time  - Green State 
3.91 mm

Ideal - Green State 
4.05 mm



Reduced mark speed- Green - Fractured surface

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

Measurement
• CSI: Obj. 20 ×
• Stitched
• Fractured surface
• Removed

o 4th order poly

2.18 mm

1
.8

3
 m

m

Layer lines?

50% reduction in Mark Time

2.87 mm

2
.5

3
 m

m

Nominal build
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Ideal Non-ideal
Slurry Al2O3 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 
with a 50% reduction in mark 

time

Nominal

Time in green- state ~10 days ~42 days

Debinding  ramps / max.  
temp.

Nominal/ 615 ° C Same

Debinding atmosphere Nitrogen Air
Sintering  ramps/ max. temp. Nominal/ 1650 ° C Same

SLA Printing

Printing conditions



Ideal Vs Non ideal – Green State

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

10.5 mm

2
.8

8
 m

m

4.05 mm

3
.3

9
 m

m
0

.4
3

4
 m

m

20 ×

Sz: 14.5 m
Sq: 0.68 m

0
.4

3
4

 m
m

20 ×

CSI Measurement
• 20 ×
Removed
• Best Fit Plane

CSI Measurement
• 20 × 
• Stitched
• 20% overlap
Removed
• 10th order poly

Ideal - Green State Non-Ideal - Green State 

Sintered



Non ideal – Green and Sintered States

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

Measurement
• CSI: Obj. 20 ×
• Side surface
• Removed: 

o 4th order poly

20 ×

0.434 mm 0.434 mm0.434 mm

20× 20×

Non-ideal Green Non-ideal Sintered

Non-ideal 
Sintered – Fracture

Non-ideal 
Sintered – Fracture 

20 ×
0.434 mm

Ideal Green



Surface Metrology and Analysis Approaches

(b)

AnalysisSurface Measurement

Alumina - printed bars

SLA Printing

45 mm

3 mm
4 mm

Measurement
• Zygo Zegage
• 20 × (FoV 0.417 m × 0.417 m)
• Lateral sampling 0.7 m
Surfaces measured
• Top surface – last layer
• Side - build direction 
• Fractured surface
States
• Green
• Sintered

Assessment 
• Process signatures
• Part characteristics

Classification
• SQuID  - ML approach
• Processing variances 

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

o Need into quantify observed differences
o Which metrics track with observed variances?

Link with process physics, slurry condition etc.



B. Mullany     CIRP Winter Meeting – Paris, February 2024

Systematic approach to the problem

Systematic approach
o Analytical Framework: Surface Quality and Inspection Descriptors (SQuID )

o Automatic isolation of suitable classification metrics
o Simple, interpretable decision tree outputs
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Undesirable: d'=0
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Desirable: d'>3

P
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a
b
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Ps

β

XC

TN= FN= TP=FP=

Class A:
Metric’s 
distribution 
values

Class B:
same 
metric’s 
Distribution 
values

d′ =

Class A

Class B

…

…

Classification features?

d′
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B. Mullany     CIRP Winter Meeting – Paris, February 2024

Data flow chart and SQuID  output

Class A

Data collection
o Multiple height maps 

per class
o Will also work for 

jpeg, bmp , etc. 

Class B

…

…

Data processing 
o Fifteen 20× 

measurements from 
each surface

o Best fit plane subtraction 
o Calculate ISO 25178-2 

metrics – using 21 of 
them

SQuID
See GitHub

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

d’ Values
Associated with 
each ISO metric

d´ values
…

Sal

Sq

Sku

Metric values

Down selection of 
optimal metric(s)

When using multiple 
metrics, a decision tree can 

be generated to outline 
classification decision

Full details:

J. Redford et al.
Journal of Manufacturing Systems 71 (2023) 131–143
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https://jesse-redford-squid-main-otrfh7.streamlit.app/
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Ideal Vs Non ideal – Green State

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

Nominal Conditions
• 15 CSI measurements: 20× 
• Best fit plane removed
• Top surface

…

Old Slurry
• 15 CSI measurements: 20× 
• Best fit plane removed
• Top surface

SQuID
Software 
Platform

Nominal

Expired

Smr2(%)

d’= 5.4
Material probability curve 
and its plateau and dale 
regions
o Related to the extent of 

valleys/voids below the 
surface plateau

d'

6

4

2

0

…

Ideal - Green State 

Non-Ideal - Green State 



Mark Speed reduction – Green State

45 mm

3 mm

4 mm
Representative 
measurement  
areas on sample

Nominal Mark Speed
• 15 CSI measurements: 20× 
• Best fit plane removed
• Top surface

…

50% reduction in Mark Speed
• 15 CSI measurements: 20× 
• Best fit plane removed
• Top surface …

SQuID
Software 
Platform

Ideal - Green State 

50% reduction  - Green

Nominal

-50 %Nominal
-50%

d’= 3.5

Surface area of the scale limited 
surface

Projected Area

Developed Interfacial Area 
Ratio (Sdr)
o difference between the 

projected surface and the 
actual surface



Summary and insights

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
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CSI measurements
Objective: 2.75 ×
Tube Lens: 0.5 ×
FoV 6.05 mm ×  6.05 mm
Spatial sampling:  5.9 m
Removed: Best fit plane
Measurements: 36/tile
Metrics: 22 ISO metrics

6
.0

5
 m

m

SQuID 
performance 
o 50/50: test/train 
o Classification 

Accuracy*: 65%

*Accuracy:
(TP+TN)/(TP+TN+FP+FN)

Tile 1 Tile 3 Tile 5

Tile 10Tile 7

SQuID
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1 mm → 
3 mm

0.3 mm → 
1 mm

0.1 mm → 
0.3 mm

0.018 mm → 
0.1 mm

0.018 mm → 
6.05  mm

SQuID performance 
o Isolates top metrics (5) from 88 
o Classification Accuracy = 99%

Bandwidth filter the CSI Measurements

25

SQuID
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SQuID
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Green Up to 10th Order Removed

Sintered Up to 10th Order Removed

*NOTE: These are not measurements of the same segments.

0.434 mm

Sz: 14.5 m
Sq: 0.68 m
Ssk: -1.10

0.434 mm

Sz: 28.6 m
Sq: 0.91 m
Ssk: -0.99

Observations:

• Potential pores on both 
surfaces

• Future thresholding 
segmentation analysis 
with surface parameter 
investigations to pursue.

• Sq: 0.68 µm → 0.91 µm

Pores?

A B

Pores?

27

Non ideal Top Surface: Green and Sintered 
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0.434 mm

λ = 38 µm 

Sz: 555 m
Sq: 17.32 m
Ssk: -0.02

Periodicity Amplitude of Slice

Observations:

• Height Parameter Values are Affected by 
Features in Measured Region 

Results of Slice:
• Sz: 34.44
• Sq: 8.013

Fracture
1

A B C D

Fracture
2Sintered

(Fracture 1)

28

Non-ideal – Sintered 
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x

PV
~ 454 μm

y 2.9 mm

Top

Bottom

3
.4

 m
m

PV
~ 611 μm

3 mm

4 mm

Internal Fracture Surface

No obvious 
indication of 
50 µm layers

20X

Scraping 
Direction

Non-ideal – Green


	Slide 1
	Slide 2: Additive Manufacturing of Ceramics
	Slide 3: Vat Polymerization – Stereolithography (SLA)
	Slide 5
	Slide 6: Surface Metrology and Analysis Approaches
	Slide 7
	Slide 8: Nominal Build – Green – Top surface
	Slide 9: Nominal Build –Green & Sintered – Side surface
	Slide 10
	Slide 11: Reduced mark speed- Green - Top surface
	Slide 12: Reduced mark speed- Green - Fractured surface
	Slide 13
	Slide 14: Ideal Vs Non ideal – Green State
	Slide 15: Non ideal – Green and Sintered States
	Slide 16: Surface Metrology and Analysis Approaches
	Slide 17: Systematic approach to the problem
	Slide 18: Data flow chart and SQuID™ output
	Slide 19: Ideal Vs Non ideal – Green State
	Slide 20: Mark Speed reduction – Green State
	Slide 21: Summary and insights
	Slide 22: Acknowledgements
	Slide 23: SQuID™
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29

