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Mechano-Chemical Surface Modifica.on
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Treated surfaces: Ground cast iron  
Shot peening media:  Al2O3, size 44-75 µm, and 
Cu2S, size <44 µm 
Carrier gas: N2, pressure 2 bar 
Outcome: Cu2S and Al2O3 = ultra low friction, 
high wear resistance and Superior lubricity. 
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Solu.on Processing Approach and Needs

Recurring	challenges:	
	
	
	
Slot	coaZng	advantages:	

6	[1]	Søndergaard,	R.	R.;	Hösel,	M.;	Krebs,	F.	C.,	J.	Polym.	Sci.,	Part	B:	Polym.	Phys.	2013. 	[2]	Krebs,	F.	C.,	Sol.	Energy	Mater.	Sol.	Cells	2009.	

Gravure	

Screen	prinBng	

SpuCering	Ink	jet	

SelecZve	deposiZon	

Low	waste	 Wide-area	

Broad	viscosity	range	+	
+	 +	

+	

Mask/master-free	paIerning	 Material	formulaZon	

Waste	reducZon	 Process	complexity	

Tool	clogging	 Scalability	



Research objec.ve
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ObjecBves:		
To	develop	and	implement	a	slot	coaZng-inspired	approach	for	
heterogeneous	micro-scale	paCern	features,	without	subtracZve	steps,	
masks,	or	pre-paIerning	of	the	substrate,	by	studying	the	effects	of	liquid	
bridge	behavior,	fluid	properZes,	and	weVng	and	diffusion	of	one	or	more	
fluid	species.	
	

Key	QuesBons:	
1. What	are	the	physical	mechanisms	enabling	paIern	formaZon?	
2. How	does	the	process	drive	and/or	limit	material	formulaBon?	
3. What	physical	limits	exist	on	minimum	feature	size?	

	



Materials – Fluids, Substrates, and Tooling

CoaBng	fluids	(Primary)	

1.  Polyvinyl	alcohol	(PVA),	Mowiol®	4-88,	aqueous	soluZon	
2.  Poly(3,4-ethylenedioxythiophene):	polystyrene	sulfonate	

(PEDOT:PSS),	Clevios™	PH1000	doped	with	1%	Triton	X-100	and	
6%	ethylene	glycol	

CoaBng	fluids	(Secondary)	
3.  Polydimethylsiloxane	(PDMS)	
4.  	Glycerol,	95%	aqueous	soluZon	
5.  Vacuum	pump	oil	(VPO),	KMP	Corp.	L340	

Solid	phases	
6.  Polyethylene	terephthalate	(PET),	film	substrate	and	shim	stock	
7.  Polymethyl	methacrylate	(PMMA)	
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Materials – Rheology and WeYng

Material	 𝝁	(cP)	 𝝈	(mN/m)	 𝜽	on	PET	film	(°)	 𝜽	on	cast	PMMA	(°)	

PVA	(10%	aq.)	 29	 44	 56	 59	

PVA	(15%	aq.)	 107	 43	 58	 62	

PVA	(20%	aq.)	 392	 42	 60	 65	

PVA	(24%	aq.)	 1057	 42	 --	 --	

PDMS	 970	 20	 --	 --	

PEDOT:PSS	 29	 32	 17	 17	

Glycerol	 400	 63	 --	 --	

VPO	 64	 31	 --	 --	
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Viscosity	 Surface	tension	(𝝈)	 Contact	angle	(𝜽)	



Methods: Slot coa.ng tool and techniques

•  MulZple	inlet	ports	can	accept	mulZple	coaZng	fluid	species	(some	can	be	unused)	
•  Shims	with	cutouts	implement	internal	geometry	(mulZple	shims	can	be	used)	
•  Localized	outlow	regions	can	be	actuated	independently	

10	[1]	Parsekian,	A.	W.	and	Harris,	T.	A.	L.,	US	Provisional	Patent	ApplicaZon	No.	62/593,323	(2017)	



Process control – one fluid phase
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CoaBng	fluid:		
Polyvinyl	alcohol	(PVA),		10%	aqueous	
(ρ	=	1.023	g/mL		µ	=	26	cP,		σ	=	44	mN/m)	

Parameters:	
Q 	volumetric	flow-rate 	G 	slot	gap 		
V 	substrate	velocity 	w0 	slot		width	
H 	coaZng	gap 	w 	width	of	coated	stripe	

Parsekian	and	Harris,	Chem.	Eng.	Proc.	109,	2016.	



Slot coa.ng tool for alterna.ng-stripe pa+erns
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•  Localized	outlow	regions	correspond	to	an	array	of	inlets	
•  Internal	geometry	manipulates	flow	for	each	inlet-outlet	pair,	and	assists	feature	size	scaling	
•  Flow	through	each	inlet	can	be	sourced	independently,	or	le{	unused	

Slot	coaBng	tool	–	processing	parameters	 AlternaBng-stripe	coaBng	configuraBon	

[1]	Parsekian,	A.	W.	and	Harris,	T.	A.	L.,	US	Provisional	Patent	ApplicaZon	No.	62/593,323	(2017)	



Process control – Two Fluid Phases

CoaZng	fluids:	PVA,	10%	aqueous	(transparent)	and	with	>2%	dye	added	(dark)	
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Single	coaBng	fluid	(separate	coaBng	beads)	 Two	coaBng	fluids	(interacBon	within	coaBng	bead)	

CoaBng	fluids:		
1.  Polyvinyl	alcohol	(PVA),	10%	aqueous	(transparent)	
2.  PVA,	10%	aqueous,	with	>2%	dye	added	(dark)	



WeYng transi.on in immiscible stripes

(1a) 
 
(1b) 

  (2) 
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Single	coaBng	fluid	 InteracBng	immiscible		fluids	

(2)	
(3)	

		
42	mN/m	

	20	mN/m	

	31	mN/m	
	8.2	mN/m	

​𝜎↓𝐴 =		
42	mN/m	

​𝜎↓𝐵 =	20	
mN/m	

​𝜎↓𝐵 =	31	
mN/m	

​𝜎↓𝐵 =	31	
mN/m	

​𝜎↓𝐴 =		
42	mN/m	

​𝜎↓𝐴 =		
63	mN/m	

​𝜎↓𝐴𝐵 =	
5.2	mN/m	

​𝜎↓𝐴𝐵 =	
8.2	mN/m	

​𝜎↓𝐴𝐵 =	
9.1	mN/m	

Liquid	phases:	
•  PVA	– 	Polyvinyl	alcohol	(PVA),	24%	aqueous		
•  PDMS	– 		Polydimethylsiloxane		
•  VPO	– 	Vacuum	pump	oil	L430	



WeYng transi.on for immiscible fluid phases
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Severe	spreading	

CoaBng	fluids:		
1.  Polydimethylsiloxane	(PDMS)	
2.  Polyvinyl	alcohol	(PVA),	24%	aqueous,	with	>2%	dye	added	



Feature size limita.on for single fluid phase


16	[1]	Parsekian	and	Harris,	Chem.	Eng.	Proc.	109,	2016.	

[1]	

Liquid	bridge	breakup	event	defines	a	minimum	feature	size	(wcrit)	for	narrow-stripe	slot	coa=ng	



Feature size improvement with two fluids
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CoaBng	fluids:		
1.  Polyvinyl	alcohol	(PVA),	10%	aqueous	(light)	
2.  PVA,	10%	aqueous,	with	>2%	dye	added	(dark)	



Conclusions
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Material	formulaZon	
•  De-weVng	issues	miZgated	
•  Miscibility	of	coaZng	fluids	required	to	

circumvent	unique	weVng	issue	
•  Mixing	phenomena	must	be	minimized	to	ensure	

paIern	fidelity	

Process	capability	
•  Independent	control	over	paIern	geometry	

(stripe	width	and	spacing),	and	film	thickness		
•  Micro-scale	paIern	features	demonstrated	

AlternaBng-stripe	slot	coaBng	
(two	coaBng	fluids)	
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