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ABSTRACT 
Dendritic growth is a rare short-circuit electrochemical 
phenomenon that can occur on printed-circuit boards 
(PCBs) in the presence of ionic contamination, high 
humidity and voltage bias. The elevated temperatures at 
which most electronic hardware operate lowers the 
relative humidity enough to dry the surface contamination 
that under humid conditions approaching condensation 
would result in dendritic growth. Silver is most prone to 
dendritic growth followed by copper and tin. Nickel 
dendritic growth has rarely been reported. This paper is a 
case study of nickel dendritic growth under moisture 
condensation condition on freshly produced circuit boards 
contaminated with sulfuric acid etchant. The sulfuric acid 
contamination on the as-manufactured PCBs got trapped 
in the solder mask crevice and under high humidity 
condition spread out across the gap between gold-on-
nickel edge connector contact pads. The paper describes 
the electrochemistry of nickel dendritic growth 
phenomenon in some detail and concludes that nickel 
dendrites will grow only when the relative humidity of the 
environment is near or higher than the deliquescent 
relative humidity of the contamination on the printed 
circuit board. 
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INTRODUCTION 
Dendritic growth on printed circuit boards (PCBs) is an 
electrochemical migration phenomenon. When there are 
closely-spaced metal pads on a PCB with electric field 
between them and electrolyte bridging them, the metal of 
the positive pad can oxidize to form positive ions. The 
metal ions enter the electrolyte from the positive metal pad 
and drift in the electrolyte under the influence of electric 
field and electroplate on the negative pad. There is also 
diffusion of the metal ions towards the negative pad 
because the metal ion concentration is greater near the 
positive pad compared to the negative pad. The problem 
is that the electroplating is not uniform; it has a dendritic 
morphology because of two main factors: (1) Any 
discontinuity in the plating that nucleates a sharp point 
will propagate forming a long dendrite because the 
dendrite tip (point A in Figure 1) has higher electric field 
than the pad (point B in Figure 1); (2) The dendrite will 

also propagate faster at the tip than at the pad because the 
metal ion concentration is higher at the dendrite tip. The 
oxidation of the metal ions at the positive pad produces 
electrons.   

+M  nM  + ne→ n 
The electrons produced at the positive pad due to metal 
oxidation are consumed at the negative pad by a half-cell 
reaction such as 

+
22H  + 2e  H→

in acidic solution [1]. Some electrons are also consumed 
by the metal ions plating on the negative pad. Nickel ion 
migration would be favored under acidic conditions 
because as per the Pourbaix diagram, nickel oxidizes 
under acidic conditions (Figure 2).  

Ion migration on printed circuit boards has been reported 
extensively. The metals commonly reported to ion migrate 
are copper and silver [2-3]. Observations of nickel 
suffering ion migration have been rarely reported [3-5]. 
Nickel dendrites have been reported to grow generally 
under moisture condensation conditions in the presence of 
ionic contaminations such as ammonia in the atmosphere 
[4] or sulfates on the PCB surfaces [5]. Nickel dendrites
have been observed to grow between ENIG (electroless

Figure 1: Schematic of dendrite growth mechanism. 
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nickel on gold) finished contact pads on PCBs. The gold 
over the nickel does not fully protect the underlying nickel 
from corrosion. Porosity in the gold plating exposes the 
nickel and the resulting small anode, large cathode 
situation concentrates the galvanic attack on the exposed 
nickel. The presence of the gold plating over the nickel 
aggravates the oxidation of the exposed nickel hastening 
the nickel dendritic growth. It is reported that when 
considering OSP (organic surface preservative) and ENIG 
finishes on PCBs under similar circumstances, nickel 
dendrites grow faster than copper dendrites [6]. Yet 
considering the ion migration susceptibility of ENIG 
finished PCBs, reports on nickel dendritic growth are rare.  
 
This paper describes, analyzes and discusses a case of 
nickel dendritic growth on OSP finished PCBs 
contaminated with sulfuric acid etchant. The PCBs had no 
components soldered on them. Dendritic growth occurred 

between gold-on-nickel contact pads of PCB edge 
connectors in a matter of a couple of days under moisture 
condensation condition.    
 
CONDITIONS LEADING TO Ni DENDRITES 
The PCBs of this case study were OSP (organic surface 
preservative) finished. The step prior to the OSP 
application was one of cleaning the copper metallization 
using dilute sulfuric acid. The card edge connector pads 
consisting of gold-on-nickel plating, were poorly masked 
to protect against exposure to the sulfuric acid etchant, 
which in some locations got under the masks. The 
application of the OSP finish was the final processing 
step. The PCBs were not subjected to any further 
processing such as soldering.  
 
The PCBs performed reliably until in one of the voltage 
bias reliability tests, they were inadvertently subjected to 
moisture condensation condition as a result of their 
temperature falling below the dew point in the test 
chamber. Electrical short circuiting of the gold-on-nickel 
contact pads occurred within a couple of days. 
  
ANALYSIS OF Ni DENDRITIC GROWTH 
Optical inspection of the surfaces between the electrically 
shorted edge connector pads showed the presence of 
nickel dendrites. The electrical shorts varied from tens of 
Ohms to kilo-Ohms. The edge connector contact pads 
were 2 µm Au on 4 µm Ni on Cu. Figure 3 is a scanning 
electron micrograph of dendrites growing off a negative 
pad and the accumulation of Ni, S and O containing white 
salt near the positive pad. These shorted PCBs were tested 
for leakage current for extended periods of time by 
applying 5 Vdc across the pads. Figure 4 is a typical 
example of the leakage current between pads that had pre-

 
Figure 2: Nickel Pourbaix diagram 

 

Figure 3: Nickel dendrites (solid arrow) growing off the 
negative pad to the left and white salt contamination 
(dashed arrow) accumulating towards the positive pad 
towards the right, not shown in the micrograph.  

 

Figure 4: Leakage current between pads of Figure 3 
with 5V bias across the pads. The vertical axis is 
leakage current in nA and the horizontal axis is time in 
ks.  
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existing dendrites partially bridging them. Notice that the 
leakage current remained very low and rose slightly only 
when relative humidity was raised to 97%. An interesting 
observation was that, as shown in Figure 5, Ni, S and O 
containing white salt precipitated in the inter-pad spaces 
as a result of the 5 Vdc bias test. The salt generally 
precipitated nearer the positive pad.    
A unique example of nickel dendritic grown was observed 
as shown in Figure 6a in which a nickel dendrite was seen 
riding on a salt bridge between the contact pads. The 
deliquescent relative humidity (DRH) of the salt bridge 
was determined. In order not to unduly perturb the inter-
gap surface chemistry, the DRH testing was done by 
applying positive 1 V followed by negative 1 V for one 
second each for 2 cycles as shown in Figure 7a. The 
leakage current through the salt bridge was determined 
and plotted versus relative humidity (Figure 7b). The 
DRH of the salt bridge was estimated to be greater than 
85%. On the same plot the leakage current for nickel 
sulfate is plotted. The DRH of NiSO4 was determined to 
be about 92%.   
 
Following the DRH measurement, the specimen with 
nickel dendrites on salt bridge was subjected to long term 
5 Vdc bias while the relative humidity was raised in steps.  

The leakage current kept decreasing with time and with 
increasing relative humidity. As shown in Figure 8, only 
at 97% relative humidity did the leakage current rise and 
become somewhat erratic, indicative of dendritic growth. 
Figure 6b shows an interesting phenomenon in that the 
Ni, S and O containing salt changed its shape from a 
bridge to a near sphere near the edge of the positive pad.  
The white residue in the inter-pad spacing often found 
near the positive pad consists of a salt high in Ni, S and O. 
The quantity of the residue was not enough for micro X-
ray diffraction. To generate more of this residue, edge 
connectors were coated with drops of 10% sulfuric acid. 
The resulting residue had a slight greenish/bluish tint 
indicative of copper and/or nickel sulfate. Micro X-ray 
diffraction confirmed the presence of these sulfate salts 
(Figure 9). The residue on the PCBs shorted on the 
reliability test, however, was white and therefore not the 
same in chemistry as the greenish/bluish tint generated 
using drops of sulfuric acid. We are certain that the white 
salt on the pads that shorted during the reliability testing 
was not a sulfate, such as NiSO4.  
 
At this point in our case study, we observed the following: 
(a) Nickel dendrites grew on sulfuric acid edge connector 
contaminated PCBs between Au--on--Ni contact pads 

 

 

Figure 5:  The top picture shows dendrites that grew in the reliability testing during which a condensation event 
occurred. The bottom picture is of the same region after the 5 V bias testing described in Figure 4. Notice the 
precipitation of a white salt during the 5 V bias. In the lower picture. The center pad is negative with respect to the 
outer pads.  
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under condensation conditions during reliability testing; 
(b) Subsequent 5V bias testing did not result in further 
dendritic growth between these pads that had dendrites 
between them, until the relative humidity was raised to 
97% and even then the  tendency to dendritic growth was 
slight; (c) A white Ni, S and O containing salt was  seen 
segregated towards the positive contact pad; (d) The DRH 
of the Ni, S and O containing whjte salt was estimated to 
be greater than 85%. The DRH of NiSO4 salt was 
determined to be about 92%. Based on these observations, 
the question of the role of the DRH of the contamination 

on dendritic growth arises. Is there a relative humidity 
threshold that needs to be exceeded to grow nickel 
dendrites?  
 
The role of the DRH of the contamination on dendritic 
growth needed to be studied. Since micro X-ray 
diffraction analysis could not determine the chemical 
nature of the Ni, S and O containing white salt comprising 
the contamination in this case study, we decide to use 
NiSO4 as the contaminant to study the effect of DRH on 
nickel dendritic growth. Drops of 1 weight % aqueous 
solution of nickel sulfate were applied to bridge the gaps 
between the contact pads. The drops were allowed enough 
time to dry. Dendritic growth tests were conducted at 5 V 
bias while increasing the relative humidity in steps (63, 

 

(a) 

 

(b) 

Figure 6: (a) A unique dendrite morphology with the 
nickel dendrite riding on a salt bridge containing Ni, S 
and O. (b) The morphology of the salt changes to a 
near spherical form after prolonged 5 V bias in low to 
high humidity. The white salt contamination migrated 
towards the positive pad which is to the left.  

 

(a) 

 

(b) 

Figure 7: (a) Leakage current measured by applying 
one volt positive for one second and then one volt 
negative for one second and repeating this cycle one 
more time for a total test duration of 4s. The vertical 
axis is leakage current in nA and the horizontal axis is 
time in seconds. (b) Leakage current through 
contamination of case in Figure 6a (blue open data 
points) that grew dendrites riding on a salt bridge and 
leakage current through nickel sulfate salt (black solid 
data points). The DRH of the contamination that 
supported dendritic growth during reliability testing is 
greater than 85%. The DRH of NiSO4 salt is about 
92%.  
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75, 84 and 97%) at room temperature. Leakage current 
increased somewhat as the relative humidity was raised 
from 63 to 75 to 85% and took an order of magnitude jump 
when raised to >97%. Figure 10 shows the leakage 
current plot. Figure 11 shows the morphology and the 
elemental composition of the dendrites and salts between 
the pads. Both Cu and Ni dendrites grew. The Cu dendrites 
were closer to the negative pad with the Ni dendrites 
extending out further towards the positive pad. The white 
residue segregated towards the positive pad was mostly 
Ni, S and O. The remaining salt residue contained Ni and 
O with no S.  
 
DISCUSSIONS 
The mechanism of nickel dendritic growth observed under 
condensation condition in the presence of sulfuric acid 
contamination is hypothesized to be as follows: The 
galvanic connection between the gold and the exposed 
nickel, hastens the galvanic attack of the exposed nickel. 
Nickel ions form at the positively biased pads. 

2+Ni  Ni  + 2e→  
and the electrons thus produced get consumed, under 
acidic condition, at the negative pad by the reaction:  

+
22H  + 2e  H→   

and under neutral of alkaline condition, the electrons get 
consumed by the reaction: 

-
2 2O  +2H O + 4e  4OH→  

When nickel ions emanating out from the positive pad 
meet sulfate ions in the presence of hydroxyl ions, a 
nickel salt precipitated out [4]. The color of this 
precipitate was white (Figure 6). It is known that when 
nickel sulfate and sodium hydroxide are mixed, a white 
nickel hydroxide sulfate precipitates out [4, 9, 10] as per 
the following reactions: 

2+
2Ni  + 2OH-  Ni(OH)→  

2+ 2-
2 4 2

4 2 4 3 2

Ni(OH)  + 3Ni  + 3SO  + 6yH O   
Ni (OH) (SO ) .yH O 

→
 

 
Once nickel dendrites have formed and nickel hydroxide 
sulfate has precipitated out as a result of the hardware 
being exposed to condensation condition under voltage 
bias, will the dendrites grow when the relative humidity is 
subsequently lowered to more normal values? In this 
study, pre-existing nickel dendrites have been shown not 
to grow at relative humidity levels less than about 85% 
(Figure 4 and 8).  The reason may be that the DRH of the 
contamination that includes the white nickel hydroxide  

 

Figure 8: Leakage current at 5 V bias between the contact pads of Figure 6 with increasing relative humidity over 
time. The vertical axis is leakage current in micro-Amperes and the horizontal axis is time in ks.  
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sulfate is greater than about 85% (Figure 7).  
 
Work at Raytheon in 1978 indicated that dendritic 
growth is rapid when the relative humidity of the 
environment is above the deliquescent relative humidity 
(DRH) of the contamination.  Figure 12 presents two 
examples from this work: One with KCl contamination 
and the other with NaCl contamination. In both cases the 
time to failures was significantly reduced when the 
relative humidity of the environment approached the 
DRH of the salt contamination, lending support to the 
important role of DRH on affecting dendritic growth. 
Another point to note is that chloride contamination is 
often associated with dendritic growth and it is known 
that chlorides as a group have low DRH values; whereas 
sulfates have much higher DRH values [11]. 
 

 
(a) A and C contaiin Ni salt with no S. D contains Ni, 

S and O salt. B are the dendrites of Cu and Ni 
shown magnified in figure below. 
 

 
(b) Region B in Figure (a) consists of Cu and Ni 

dendrites. The dendrites towards the right 
extending towards the positive pad are mostly 
nickel. 

Figure 11: Morphology and elemental composition of salts 
and dendritic growth corresponding to the leakage current 
plot of Figure 10. 

 

Figure 9: Micro x-ray diffraction identified the contamination, created by applying drops of sulfuric acid to the edge 
connector, to be CuSO4.3H20) and NiSO4.H20.  
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Therefore, the hypothesis is reasonable that pre-existing 
nickel dendrites in the presence of sulfate contamination 
will not grow under normal relative humidity levels below 
the DRH of the inter-pad contamination. 
 
CONCLUSIONS 
The freshly produced PCBs had sulfuric acid 
contaminating the edge connector contact pads. When 
biased under moisture condensation condition, nickel 
dendrites grew in the presence of sulfuric acid. As the 
reaction proceeded, the sulfuric acid got consumed 
producing nickel hydroxide sulfate which has a very high 

deliquescent relative humidity (DRH) greater than about 
85%. As a result of this high DRH of the contamination 
between the gold on nickel contact pads, nickel dendrites 
could not grow during subsequent dendritic growth testing 
under non-condensing relative humidity levels.  
 
The key conclusion of this case study is that nickel 
dendrites can grow under moisture condensation 
condition in presence of sulfate and acidic contamination, 
but that these already formed dendrites will not grow 
further when humidity is lowered to normal humidity 
conditions, under which the DRH of the contamination is 
higher than the relative humidity of the environment.   
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Figure 12:  Copper dendritic grown in presence of KCl contamination and NaCl contamination [9]. 
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