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ABSTRACT 

The corrosion resistance of high phosphorus electroless nickel (EN) is well known.  But how is the corrosion resistance affected 
by an overlayer of a lower coefficient of friction electroless nickel?  The two codeposited nanoparticles under study in the upper 
layer are polytetrafluoroethylene (PTFE) and boron nitride (BN), separately.  EN/PTFE and EN/BN deposits of various wt% 
concentrations are plated over high phosphorus electroless nickel and the neutral salt spray (NSS) results are compared to those 
for a single layer of high phosphorus EN. 
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Introduction 
 
The corrosion resistance of high phosphorus electroless nickel (EN) is well known.  Typically, high phosphorus deposits of 1 mil 
(25 µm) thickness or more can pass 1000 hr in neutral salt spray (NSS) testing.  It has been shown that duplex EN coatings 
using high phosphorus as a base deposit can yield neutral salt spray (NSS) results well above 1000 hr with low/mid- and mid-
phosphorus EN deposits.1  A high phosphorus electroless nickel is the lower layer, which provides corrosion resistance, while 
the upper layer endows a particular property needed for a specific application.  In this paper the upper layer consists of a 
codeposition EN deposit with particles such as polytetrafluoroethylene (PTFE) and boron nitride (BN). 
 
Both EN/PTFE and EN/BN deposits provide a lower coefficient of friction than that of high phosphorus EN.  They are utilized 
primarily in the automotive, machinery, engineering and mold and die industries.  The lower coefficient of friction deposits provide 
the hardness of electroless nickel and the lubricity of PTFE or boron nitride.  The incorporation of PTFE particles provides dry 
lubrication and improved release properties.  Some applications include plating molds and dies, self-lubrication for electronics 
and other sensitive equipment, and low friction wear against mated surfaces.  The incorporation of boron nitride particles 
improves the sliding friction characteristics of electroless nickel.  EN/BN deposits can withstand higher abrasion forces and 
higher temperatures compared to EN/PTFE. 
 
EN/PTFE and EN/BN are both porous deposits, which provide poor corrosion resistance.  This study investigates whether or not 
the codeposition overlayer improves, decreases or has any effect on the corrosion resistance of the high phosphorus base layer 
when compared to a single layer of high phosphorus electroless nickel.  Varying amounts of codeposited particles and varying 
layer thicknesses are explored. 
 
Electroless nickel systems 
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The base layer for the duplex coatings consisted of a RoHS-compliant high phosphorus deposit of approximately 10.1-10.3 wt% 
P.  The high phosphorus plated at 0.37-0.43 mil/hr (9-11 µm/hr).  The EN/PTFE layer was plated to various PTFE compositions: 
2-3, 6-7 and 10-11 wt%.  All EN/PTFE baths had a plating rate of approximately 0.3 mil/hr (7.5 µm/hr).  The high phosphorus 
matrix for the EN/PTFE was the same system used for the base layer.  The EN/BN deposit was generated from a low/mid-
phosphorus RoHS-complaint electroless nickel bath with a hexagonal boron nitride dispersion with low-to-moderate mechanical 
agitation to keep the particles suspended in solution and in constant motion.  The EN/BN deposits plated at a rate of 0.6-0.7 
mil/hr (15-18 µm/hr). 
 
The surface topography of the high phosphorus EN used as a base layer for all testing is shown in Fig. 1.  It is a smooth, pit-free 
deposit.  The low porosity helps to establish a good base for the subsequent layers. 
 

 
Figure 1 - Surface of high phosphorus electroless nickel (500× magnification). 

 
Figure 2 features magnified SEM pictures of the surface of the electroless nickel/PTFE codepositions at various weight 
percentages of PTFE.  The dark spots indicate PTFE particles.  They are evenly dispersed across the deposit.  As the amount of 
codeposited PTFE decreases, fewer particles are codeposited and this creates a higher coefficient of friction.  The codeposited 
particles have a particle size of 260-280 nm. 
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Figure 2 - Surface SEM photos of EN/PTFE deposits at (a) 2-3 wt%, (b) 6-7 wt% and (c) 10-12 wt% PTFE. 

 
Figure 3 shows the magnified SEM photo of the electroless nickel/boron codeposit.  Again the dark areas are codeposited 
particles, but in this case, they are boron nitride particles.  It is evident that the boron nitride particles have a higher average 
particle size.  The particle size of the boron nitride ranges from 800-1000 nm (0.8-1.0 µm).  The volume percent boron nitride 
codeposited is 8.9 vol%. 
 
Test parameters 
 
Test panels were pre-treated and plated on a small scale production line.  The high phosphorus EN was plated in a 15-gallon 
stainless steel tank with 5 µm filtration.  The panels were rinsed briefly with deionized water before transferring to the next tank 
(either PTFE or BN, 10-gallon polypropylene tank) to plate the lower coefficient overlayer.  All panels were 3 × 6”, plated in 
triplicate, edges stopped off, and placed in NSS as-plated.  Both steel and aluminum panels were plated for most sets.  Steel 
panels were unpolished cold rolled steel (CRS) from ACT (Hillsdale, MI).  The pre-treatment for steel was as follows: soak 
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Figure 3 - Magnified surface photo of EN/BN Deposit with 8.9 vol% boron nitride. 

 
cleaner, rinse, electrocleaner, rinse, 50% HCl activation, rinse, EN.  Alloy 6061 T6 aluminum panels were purchased from ACT 
and were pretreated with alkaline cleaner, rinse, tri-acid etch, rinse, zincated (1 min), 50% nitric acid, rinse, zincate (30 sec), 
rinse, EN.  Rate panels were plated along with each set of panels to obtain the plating rate and for %PTFE and %BN analysis.  
All EN baths were run at the optimal temperature and pH according to their technical data sheets. 
 
All panels were tested in accordance with ASTM B117.2  The test features a 5% chloride electrolyte at an elevated temperature 
and utilizes a fine-fog mist.  Salt spray results provide an evaluation of corrosion protection for each deposit (i.e., the ability to 
protect the substrate), and it also helps to show the overall porosity of coatings.  Panels in NSS were checked for corrosion sites 
daily.  The NSS results are reported as an average of the three panels per set.  Panels that reached 2000 hr without corrosion 
were removed from the cabinet and 2000 hr was recorded for each panel for averaging purposes. 
 
Results 
 
EN/PTFE and EN/BN without base layers 
 
Figure 4 shows the NSS results for the EN/PTFE deposits at 2-3, 6-7 and 10-11 wt% PTFE and the EN/BN (2-3 wt% BN) deposit 
at a thickness of 0.2 mil (5 µm) without a high phosphorus base layer.  The lower coefficient of friction deposits do not survive a 
long time in NSS due to the porous nature of the deposits.  In fact, the higher the wt% PTFE in the deposit, the more porous the 
layer and the less corrosion resistance it has.  The 2-3 wt% PTFE deposits provided over 150 hr in NSS before failure.  This 
result is significantly better than the 24-48 hr provided by the 10-11 wt% PTFE deposit. 
 
The NSS results for the boron nitride deposit are surprisingly similar to the 10-11 wt% PTFE deposit.  Even the though the 
deposit has fewer embedded particles, the particles are about four times larger than the PTFE.  This could allow the NaCl 
electrolyte to cover a larger area around the individual particles, which could allow additional corrosion routes to the substrate to 
develop.  Also, the EN/BN deposit is based on a low/mid- phosphorus process, which has lower corrosion resistance when 
compared to high phosphorus EN. 
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Figure 4 - Neutral salt spray results for codeposition deposits of PTFE and BN at various weight percentages at a thickness of 

0.2 mil (5 µm) without a high phosphorus base layer. 
 
Would a thicker layer of EN/PTFE or EN/BN produce better NSS results?  Figure 5 shows the NSS results for the lower 
coefficient of friction layers without a base layer of high phosphorus at a thickness of 0.2 mil (5 µm) and 0.5 mil (12.5 µm) on 
cold rolled steel panels.  Increasing the lower coefficient of friction layer thickness does not improve the NSS results.  The nature 
/ structure of the deposits does not change with an increase in thickness.  The 10-11 wt% PTFE deposit lasts 24 hr whether it is 
0.2 or 0.5 mil thick.  The 6-7 wt% and 2-3 wt% PTFE deposits actually show slightly worse results.  Further testing at lower (<5 
µm) and higher (>12.5 µm) overlayer thickness needs to be performed to determine if the downward trend in the NSS results 
with higher EN/PTFE thickness continues.  The 2-3 wt% BN deposit only did marginally better with the thicker deposit (lasting 24 
hr versus 48 hr).   
  
Figure 6 shows the 0.2 mil and 0.5 mil EN/PTFE layer deposits after failure in NSS on steel panels.  As stated earlier, the 
EN/PTFE deposits are porous.  However, the less PTFE codeposited, the better the NSS results (without a base layer). 
 
High phosphorus electroless nickel 
 
The NSS results for 0.2, 0.5, 0.8 and 1.0 mil high phosphorus deposits are shown in Fig. 7.  The results are an average of six 
panels for each set (three CRS and three aluminum).  The thicker the deposit, the more corrosion protection is provided.  The 
1.0-mil deposit survived over 1600 hr in NSS before the first corrosion site.  The 0.5-mil high phosphorus panels lasted over 
1000 hr, and the 0.2 mil deposit endured over 500 hr before corroding.  These high phosphorus NSS values will be compared to 
base layer deposits of the same thickness but with EN/PTFE and EN/BN overlayers, to determine if the overlayers help or hinder 
the corrosion protection of the overall duplex coating. 
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Figure 5 - Neutral salt spray results for EN/PTFE and EN/BN deposits at 0.2 and 0.5 mil thickness without a high phosphorus 

base layer on steel. 
 

 
Figure 6(a) - Neutral salt spray panels of EN/PTFE layers at 0.2 mil thickness after failure. 
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Figure 6(b) - Neutral salt spray panels of EN/PTFE layers at 0.5 mil thickness after failure. 

 

 
Figure 7 - Neutral salt spray results for high phosphorus electroless nickel at various thicknesses. 

 
The average NSS results for steel panels with 0.5-mil high phosphorus electroless nickel and 0.5-mil EN/PTFE (of various wt% 
PTFE) and EN/BN overlayers are shown in Fig. 8.  The 0.5 mil high phosphorus (HP) deposit lasted 1100 hr as a single layer.  
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The addition of 0.5 mil of 10-11 wt% PTFE and 2-3 wt% BN did not significantly change the NSS results.  Both showed NSS 
results of over approximately 1100 hr.  The 0.5-mil overlayers of 6-7 wt% PTFE and 2-3 wt% PTFE provided NSS results of 756 
and 764 hr, respectively.  Thus a reduction in the NSS values occurred with the lower wt% PTFE deposits, which have higher 
coefficient of friction values compared to the 10-11 wt% PTFE. 
 

 
Figure 8 - Neutral salt spray results for duplex coatings comprised of 0.5 mil high phosphorus electroless nickel and 0.5 mil 

codeposited PTFE or boron nitride overlayers. 
 
Figure 9 shows the results (number of hours to failure) of a duplex coating of 0.8 mil (20 µm) high phosphorus electroless nickel 
and a 0.2-mil (5 µm) EN/PTFE and EN/BN overlayer.  The values are the average of all six panels from each set (three steel and 
three aluminum).  The 0.8-mil high phosphorus layer provided 1400 hr in NSS before failure.  All deposits with 0.2 mil EN/PTFE 
as an overlayer survived more than 1400 hr.  The best result was 1700 hr with the 0.8-mil high phosphorus EN plus 0.2 mil 10-11 
wt% PTFE overlayer.  The duplex coating with 0.2 mil of EN/BN as the overlayer averaged 1288 hr in NSS, which is slightly less 
than the 1400 hr obtained with just the high phosphorus base layer. 
  
Figure 10 features the same results as provided in Fig. 9, but separated into the averages for the steel and aluminum substrates.  
The high phosphorus EN on steel provided a little over 1000 hr in NSS before failure.  This data set had one obvious outlier, 
which if removed brings the average up to 1456 hr.  The 0.8-mil high phosphorus EN on aluminum lasted 1760 hr.  The average 
of 1400 hr for the high phosphorus layer at 0.8-mil thickness skews the data in Fig. 9.  Looking at just the steel results, all the 
duplex coatings lasted longer in NSS compared to the high phosphorus single layer, even with the outlier removed.   
 
However, when comparing the results on aluminum, the trends are different.  The duplex coatings with 0.2 mil 10-11 wt% PTFE 
and 6-7 wt% PTFE survived 1760 and 1704 hr, respectively, before their first corrosion sites were reported.  These deposits 
showed no significant difference with the high phosphorus single layer.  The 2-3 wt% PTFE and 2-3 wt% BN overlayers showed 
slightly lower results of 1520 and 1112 hr, respectively. 
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Figure 9 - Duplex coating results for 0.8-mil high phosphorus electroless nickel with a 0.2-mil overlayer of EN/PTFE or EN/BN. 

 

 
Figure 10 - Steel and aluminum panel results for 0.8-mil high phosphorus EN with an overlayer of 0.2-mil EN/PTFE and EN/BN. 

 
Conclusions / summary 
 
EN/PTFE and EN/BN are very porous deposits that do not provide good corrosion protection without a superior corrosion-
resistant electroless nickel underlayer.  Regardless of the thickness of the EN/PTFE and EN/BN single layers, the number of 
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hours to NSS failure are usually less than 100 hr.  The more PTFE codeposited, the fewer number of hours the deposit survived 
in NSS.  The more particles, the more possible corrosion routes to the substrate, the more porous the deposit. 
 
With the duplex coatings, the addition of an overlayer of a lower coefficient of friction deposit did not seem to reduce the 
corrosion protection provided by the high phosphorus underlayer.  With 0.8-mil high phosphorus and 0.2-mil EN/PTFE or EN/BN 
deposits, the 10-11 wt% PTFE and 6-7 wt% PTFE deposits (which have the lowest coefficient of friction values) had results 
similar to the single layer high phosphorus deposit on aluminum.  The 2-3 wt% PTFE and BN deposits did slightly worse than the 
single layer high phosphorus. 
 
When comparing these results to the results for the 0.5-mil high phosphorus deposit with 0.5-mil EN/PTFE or EN/BN overlayer, 
there are a few differences.  In this case, the EN/BN and 10-11 wt% PTFE deposits as overlayers have comparable results to the 
single layer high phosphorus deposit.  The 0.5-mil 6-7 wt% PTFE and 2-3 wt% PTFE deposits have slightly lower results.  
Overall, as an overlayer, the 10-11 wt% PTFE deposits give the best overall (comparable to the high phosphorus EN single 
layer) results regardless of the thickness of the underlayer.  The EN/BN as an overlayer seems to perform better with increasing 
thickness.  The lower wt% PTFE deposits (6-7 wt% PTFE and 2-3 wt% PTFE) as overlayers have good results but with thinner 
deposits and thicker underlayers. 
 
Further work 
 
Further studies need to be conducted.  The use of a sulfamate nickel strike as the underlayer rather than high phosphorus nickel 
should be explored.  Ten to eleven percent EN/PTFE layers thinner than 5 µm should be tested to determine the minimum 
overlayer thickness that can provide similar or improved NSS results. 
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