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ABSTRACT 

 
Appearance is generally the first property of surface finishes which is evaluated.  For decorative coatings it is the essential 
purpose for application, but also for functional surface finishes appearance becomes increasingly relevant as an added value on 
top of specified technical requirements.  Appearance is affected by spectrum and intensity of incident light, roughness and 
morphology of the coating surface, optical properties of the coating material, eventual superficial oxide films, and individual 
perception.  The predominant factor is surface roughness, which in turn depends on base material roughness, quality of 
substrate pretreatment, and nucleation and growth kinetics of the electroless nickel deposit. Interdependency of gloss 
measurements via optical reflectance with roughness measurements and with chemical composition of coatings was investigated 
for the new generation of mid-phosphorus electroless nickel (EN) processes and compared to traditional mid-P EN processes. 
 
Introduction 
 

Appearance is the first property of surface finishes judged right 
after plating.  Even for functional surface finishes appearance 
has become increasingly relevant as an added value on top of 
the specified technical requirements.  The goal of this work is to 
determine a method to quantify appearance for an objective 
comparison of electroless nickel (EN) coatings. 
 
The primary term for evaluating coating appearance is gloss, 
i.e., the specular reflectivity of light on a surface.  For EN 
coatings, this property is dependent on a number of factors, 
including the substrate (nature of the material, surface 
roughness, surface texture and its pretreatment); the EN 
process (chemical composition, operating parameters, age of 
the bath, presence and the nature of surface active 
components); the EN coating (its composition, phosphorus 

content and thickness), as well as the gloss testing itself.  The effects of each of these factors was investigated in this study. 
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Gloss measurement 
 

The optical reflectance was evaluated by use of a Glossmeter, 
which measures the intensity of 
the reflected light in a defined angular field around the 
reflection angle (Fig. 1).  The outcome instead is not the 
intensity but a so-called Gloss Unit value, which is defined as a 
ratio between the detected signal from the specimen and the 
signal reflected from a glossy black reference defined to a 
value of 100 GU for all measurement angles (n = 1.567; λ = 
587.6 nm). 
 
Because the substrates in this study were Hull cell and Q-
panels, with a directional surface texture imparted by cold 
rolling, it was necessary to determine whether the angle of 
incidence and the orientation of the panel itself affected the 
gloss measurement.    
 
The incident angle determines the measurement area.  At 20° 

to the perpendicular, the elliptical area is smaller than that occurring at 60°.  Using these two settings, measurements were made 
on unplated panels oriented at 0, 45 and 90° to the plane of the light beam.  Figure 2 shows that the Q-panel at 60° was 
particularly sensitive to panel orientation.  This setting was not used in the remainder of the study.  
  

 
Figure 2 - Effect angle of incidence and panel orientation on glossmeter readings. 

 
The mean RMS surface roughness (SA) of an uncoated Hull cell panel was found to be lower than that of an uncoated Q-panel 
by a factor of 3.5-4.0.  Accordingly, the Hull cell panel at both 20 and 60° was less sensitive to the orientation of the panel rolling 
texture.  
 
Experimental 
 
Typically, mid-P EN deposits (5-10 wt% P) appear to be very reflective and therefore this type of electrolyte was mostly applied 
in this study.  The optical and surface properties of high and low-P EN coatings were investigated for comparison.  Gloss 
measurements were taken in the center and in from the four corners of the Hull cell and Q-panels.  
 

 
Figure 1 - Glossmeter principles. 
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In addition to measuring gloss, surface roughness was determined by atomic force microscopy (AFM), interferometry and optical 
scatterometry.  Deposit thickness and wt% phosphorus were measured using x-ray fluorescence. 
 
Substrate material and roughness 
 
There was a distinct correlation between substrate roughness 
and the gloss measurement.  High Gloss Unit Values were 
exhibited by the smoother Hull cell panels.  This further 
shown in Fig. 3, where data for electroless nickel and other 
plated coatings are added to this analysis.  It will be noted 
that the mid-P EN coating exhibits the highest reflectance of 
the three EN coatings studied. 
 
EN coating thickness 
 
Gloss increased with EN coating thickness, leveling to a 
maximum at approximately 30 μm for both the Hull cell and 
Q-panels.  As noted in Fig. 4, the first 2 μm of EN enhanced 
the gloss unit value of the Hull cell panels by 50%, whereas a 
33% enhancement occurred for the Q-panels, with a higher 
substrate surface roughness.  Comparable Aq data for laser-
based scatterometry, with its high measurement speed, showed similar results (Fig. 5).  These results are confirmed visually in 
Fig. 6 for both Hull cell and Q-panels. 

  
Figure 4 - Gloss enhancement vs. EN thickness via gloss-
meter measurements. 

Figure 5 - Relative Aq value vs. EN thickness via laser 
scatterometry. 

 

  
Figure 6 - Surface appearance vs. EN thickness for (L) Q-panels and (R) Hull cell panels. 

 
Figure 3 - Brightness range of common metallic surfaces. 
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Bath age, bath volume and phosphorus content 
 
The basic chemistry for electroless nickel is given as: 
 
 NiSO4 + 3 NaH2PO2 + 3 H2O → Ni↓ + 2 H2↑ + H2SO4 + 3 NaH2PO3   (1) 
 

The chemical changes as the bath ages are 
shown in Fig. 7 for eight metal-turnovers (MTO).  
During operation the nickel and hypophosphite 
concentrations are properly maintained.  Over 
time, the orthophosphite content increases at 
about 0.3M/MTO.  The sodium and sulfate 
contents also increase, at 0.3M and 0.1M per 
MTO, respectively.  The total salt content (black 
line) rises steeply with age.  At 1.25 g/cm3 of total 
salts, performance issues of stability, deposition 
rate and appearance become of significant 
concern. 
 
In terms of appearance, the gloss value 
decreases with bath age, as seen in Fig. 8 for 
two mid-P EN baths and two bath volumes, 
expressed in terms of g/L of nickel plated.  For a 
given bath volume, the declining trend is clear.  
On the other hand, bath volume had only a 
marginal effect on the gloss value. 
 

Figure 9 shows the effect of phosphorus content on gloss reflectivity.  The mid-P EN (5-10 wt%) deposit exhibits the highest 
gloss, as has been noted earlier.  Next is high-P (>10 wt%) and then low-P (2-4 wt%) EN deposits.  An examination of the phase 
diagram in the inset of Fig. 9 indicates that each of these deposits exists in different phases: low-P EN exhibits a microcrystalline 
structure (ß), mid-P EN consists of mixture of crystalline and amorphous phase (γ) with fine crystallites which disappear 
completely at about 11% P in the coating which turns into so called metallic glass, a completely amorphous structure.   
Accordingly, the morphology would has indirectly a big impact on EN appearance. 
 

 

Figure 8 - Effect of bath age and bath volume on EN deposit 
reflectivity. 

Figure 9 - Effect of phosphorus content on EN deposit 
reflectivity. 

 

 
Figure 7 - Chemical changes in an electroless nickel bath over 
eight metal turnovers (MTO). 
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Surface active components 
 
Surface active components, or surfactants, are often 
used in process solutions to lower surface tension, 
thereby improving the wetting of the 
substrate/solution interface.  in electroless deposition, 
improved wetting can produce reduced surface 
roughness.  Gloss measurements were made for 
electroless nickel deposits with and without the 
addition of a surface-active agent.  The results are 
shown in Fig. 10, including a bare Hull cell substrate 
test.  Electrolyte D contained no surfactant, but, as 
expected, the gloss reflectivity improved.  Electrolyte 
A, with a surfactant, significantly increased reflectivity 
to the boundary between technical brightness (500-
1000 GU) and mirror brightness (1000-1500 GU).  
 
Gloss-Roughness Correlation 
 
A deeper look into roughness measurements 
revealed that micro-roughness measurements at low lateral resolution (>1 µm) which is very fast and representative for a certain 
surface area compared to the measurements methods with a high lateral resolution (< 1µm) correlates with gloss values for 
huge differences in roughness (e.g. Hull cell panel vs. Q-panel) (Fig. 11), but it shows no correlation for moderate differences in 
roughness and gloss levels (Fig.11).  Five Hull cell panels with gloss values between 550 and 920 GU show average roughness 
Ra from 70 to 78 nm but the values do not correlate. 
 

Summary 
 
The goal of this work was to determine a method to quantify appearance 
for an objective comparison of electroless nickel (EN) coatings.  Gloss 
measurement was found to be effective in quantifying appearance via 
surface reflectivity.  It was found that gloss was dependent on many 
variables, including the nature of the substrate, surface roughness and 
coating morphology, deposit thickness, and operating variables such as 
bath age.  The measurement was also sensitive to the settings of the 
test equipment. 
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Figure 10 - Effect of surface active agent on the surface roughness  
and gloss unit value of EN coatings: Electrolyte D with and Electrolyte 
 A without surfactant present. 

 
Figure 11 - Correlation gloss - roughness at low  
lateral resolution for Hull cell vs Q-panel. 


