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Components of paint film appearance
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Classification of surface structure in the waveleng th ranges Wa – We

� Different characteristics 
of wavelength distribution 
results in varying visual 
impressions

� Typical wavelength of 
orange peel: 1-10 mm
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Measurement and evaluation: visual, wave-scan dual (BYK), profilometry

1. Visual evaluation

wavy pattern of light
and dark areas

source: BYK

3. Profilometry
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Measurement of
Orange-Peel and DOI

on glossy surfaces

wave-scan dual (BYK-Gardner) tactile measuring device

2. wave-scan

source: BYK



Influence on paint film structure

� Different paint film structures:

horizontal/vertical, different substrate structures, different paint or application parameters
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Causes and mechanisms in the formation of surface s tructures of 
paint films

1. Structure formation by superposition of paint droplets

2. Leveling caused by surface tension driven paint flow

3. Influence of gravity on vertical leveling

4. Flow-induced structure formation on wavy substrates (vertical)

5.  Structure formation by film shrinkage due to solvent evaporation
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5.  Structure formation by film shrinkage due to solvent evaporation



Structure formation by superposition of spray dropl ets

droplets(Ø ca. 20-50 µm)

� Stochastic superposition of 
droplets

� First published: S. Tanno and S. 
Ohtani: Mechanism of Paint-Film 
Formation in Spray Coating, Intl. 
Chem. Eng. 19, 306 (1979)

� Modeling: Shot-noise model

� Impact: all wavelength ranges 
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source structure

� Impact: all wavelength ranges 
(also >1 mm)



Modeling „source structure“ ( shot-noise model)

� Substrate ideally smooth
� Number of droplets: 1000
� Mean droplet diameter: 20 µm
� Drop shape: Gaussian bell
� Spray: normally distributed
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Calculation with MATLAB  
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Causes and mechanisms in the formation of surface s tructures of 
paint films

1. Structure formation by superposition of paint droplets

2. Leveling caused by surface tension driven paint flow

3. Influence of gravity on vertical leveling

4. Flow-induced structure formation on wavy substrates (vertical)
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5.  Structure formation by film shrinkage due to solvent evaporation



droplets

leveling

Horizontal residual structure according to Orchard (2D)

ν speed of leveling
σ surface tension
η viscosity
d layer thickness
λ wavelength

λλλλ

source structure residual structure
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� Analytical solution of the Navier-Stokes equation 
(2D)

� Surface tension σσσσ is the driving force for leveling
� Viscosity ηηηη(t) ist limiting factor regarding leveling
� Layer thickness and wavelength have strong 

influences

Wavelength λλλλ

Layer thickness d

Viscosity ηηηη

Surface tension σσσσ

Parameters: λ,σ,η,d 
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5.  Structure formation by film shrinkage due to solvent evaporation



Influence of gravity on vertical leveling

droplets

source structure

� Vertical residual structure 
generally exceeds horizontal 
structure

� Gravity causes flow up to 
sagging

vertical

vertical residual structure
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horizontal residual structure

leveling
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5.  Structure formation by film shrinkage due to solvent evaporation



� K. A. Smith, R. J. Barsotti
und G. C. Bell (1989): 
Flow-Induced Surface 
Roughness of High Solids 
Finishes on Vertical 
Substrates

� Strong mapping of 
structure mostly in Wd and 
We band (mapping ratio 

Mapping of 
substrate 

profile within 
seconds

Flow-induced structure formation on wavy substrates  (vertical)
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Substrate with 
structure in 
Wa-We range

We band (mapping ratio 
nearly 1:1)

� Phase shifting between 
substrate and paint profile

� Important factor for 
structure formation in 
multi-layer coating 
systems

g



Creation of substrate structure with inverse 2D Fou rier transform

� Substrat structure (1D tactile measurement, 1D optical measurement)
� Wa: 0.032 µm
� Wb: 0.316 µm
� Wc: 0.10 µm
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Figure 1: Surface structure created in frequency
domain for 3D substrate profile

Figure 2: Surface profile in the spatial domain created
with inverse Fast Fourier transform (MATLAB function) 
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5.  Structure formation by film shrinkage due to solvent evaporation



Structure formation by film shrinkage due to solven t evaporation

� Shrinkage ~ content of 
solvent cLM

vol% = (1- cFk
vol%) 

des Lacks (cFk: solid content; 
cLM: solvent content)

� In case without flow:

� High-solids show low level 

Spaint = (1 –cFk
vol%) · SsubstrateSpaint = (1 –cFk
vol%) · Ssubstrate

Shrinkage model
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� High-solids show low level 
of shrinkage structures

� Especially during oven time 
there is a strong structure 
formation by shrinkage 
(because of the high 
viscosity the leveling is highly 
limited)

x



Lubrication theory

� Time-dependent solution of the Navier-
Stokes equation for free-surface thin-film
flows h(x,y,t) taking into account surface 
tension, viscosity and gravity

� Numerical calculation of the differential 
equations in three dimensions

Model is based on Lubrication theory
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Phenomena that can be represented by this simulatio n

1. Structure formation by superposition of paint droplets

2. Leveling caused by surface tension driven paint flow

3. Influence of gravity on vertical leveling

4. Flow-induced structure formation on wavy substrates (vertical)

5.  Structure formation by film shrinkage due to solvent evaporation



Simulation 3D
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Next step: Modeling interrelations between intrinsi c physical parameters and 
process parameters

Paint parameters
temperature, mixture of 
solvents, flow additives, 
anti-sagging-additives, 

etc.

Application 
parameters 

bell velocity, spraying  
air, paint flow rate, 

spraying distance, etc.

Intrinsic physical 
model parameters

droplet spectrum, 
surface tension σ(t), 
viscosity η(t), solvent 

concentration c(t), 
layer thickness d(t), 
substrate structure 
(Wa-We), density, 
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Spray booth/ 
oven parameters
temperature, relative 

humidity, air flow,  
etc.

(Wa-We), density, 
gravity



Thank you for your kind attention
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