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ABSTRACT 

Creep corrosion on printed circuit boards (PCBs) is the 

corrosion of copper metallization and the creeping of the 

copper corrosion products across the PCB surfaces to the 

extent that they may electrically short circuit neighboring 

features on the PCBs.  The paper will report the results of the 

iNEMI technical subcommittee round robin testing of the 

effect of relative humidity on creep corrosion on PCBs.  The 

PCBs tested had three different finishes: immersion silver 

(ImAg), gold on electroless nickel (ENIG) and organic 

surface preservative (OSP).  The PCBs were soldered using 

two different fluxes: organic acid (OR) and rosin (RO) fluxes.  

The round robin test used the iNEMI developed flowers of 

sulfur (FOS) chamber in which the temperature is maintained 

at 50oC and the relative humidity can be kept constant at 

various values in the 15 to 80% range.  The source of gaseous 

sulfur is a bed of sulfur and the source of chlorine gas is 

household bleach in a petri dish.  The relative humidity is 

controlled using a specially designed setup that throttles the 

release of moisture from the household bleach using a 

saturated salt solution chosen such that its deliquescence 

relative humidity is equal to the desired humidity in the 

chamber.  The round robin tests showed the surprising result 

that in environments high in sulfur and chlorine gaseous 

contamination, creep corrosion can occur in relative humidity 

as low as 15%.  Since no clear relative humidity threshold 

may exist below which creep corrosion will not occur, 

relative humidity control alone may not be enough to 

eliminate creep corrosion. Unfortunately, this finding 

suggests that unless the contamination can be controlled at 

the source, direct control of gaseous contamination by gas-

phase filtration may be the only practical means to eliminate 

creep. The paper showed that the iNEMI creep corrosion test 

is now sufficiently well developed for consideration as an 

industry standard qualification test for creep corrosion.  The 

paper also presents the corrosion rates of copper and silver, 

in environment high in sulfur and chlorine gases, as a 

function of relative humidity. 
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INTRODUCTION 

Printed circuit boards can suffer corrosion-related failures 

from number of mechanisms that include open circuits due to 

corrosion of the interconnects; short circuits due to cathodic 

anodic filamentation and ion migration; and short circuits due 

to creep corrosion. Amongst these, creep corrosion has been 

the dominant corrosion-related failure mechanism since the 

implementation of ROHS in 2006 [1].  The restriction of lead 

metal in PCBs has force the use of surface finishes, such as 

organic surface preservation (OSP), immersion silver 

(ImAg), gold on electroless nickel (ENIG), immersion tin 

(ImSn) and various other finishes to enhance PCB 

solderability.  Some of these finishes have made the PCBs 

susceptible to creep corrosion failures in corrosive 

environments high in sulfur-bearing contaminations [2-5].  

Creep corrosion, a mass transport phenomenon in which solid 

corrosion products (typically sulfides and chlorides) migrate 

over a surface without the influence of an electric field, was 

first reported by Egan and Mendizza for Ag2S on gold [6].  

They observed that creep corrosion is highly surface sensitive 



and only occurs on surfaces when two prerequisites are met: 

a site for generating corrosion product and a surface for 

supporting the creep of the generated corrosion product [7-

9].  For instance, for PCBs with ImAg finish, both Cu and Ag 

will corrode readily to form sulfides on ImAg plated Cu pads.  

However, if the surrounding surface (such as clean FR-4 and 

solder mask surface) does not support creep of sulfides, the 

corrosion product will stay on the pad where it was generated. 

No creep corrosion will occur. On the other hand, if the 

surrounding surface is contaminated solder mask, creep 

corrosion may occur. 

 

It is generally believed that high relative humidity will 

increase the propensity to creep corrosion just as it increases 

corrosion of most metals. If high relative humidity were a 

dominant factor controlling creep corrosion, data center 

administrators could simply lower the relative humidity to 

alleviate creep corrosion without having to take the costly 

step of gas-phase filtering the air in the data center to remove 

the sulfur-bearing gaseous contamination.  The iNEMI task 

force on creep corrosion on PCBs conducted tests on the 

effect of relative humidity in one of its partner company 

laboratory and showed that creep corrosion can occur at 

relative humidity levels as low as 15% for some ImAg 

finished PCBs. On the other hand, in these test runs, ENIG 

finished PCBs suffered creep corrosion at high humidity in 

the 74-80% range and OSP finished boards suffered no creep 

corrosion [10-11].  

 

This paper describes a round robin test of the effect of relative 

humidity on creep corrosion conducted at the three 

participating companies, iST, Lenovo and IBM, using the 

iNEMI developed flowers of sulfur test, which has been 

described in iNEMI’s previous publications [10-14].  

 

EXPERIMENTAL PROCEDURE AND RESULTS 

The round robin test of the effect of relative humidity on 

creep corrosion on PCBs was conducted using the iNEMI 

FOS chamber test setup (Figure 1) that has been described in 

earlier publications in detail and repeated in the following 

paragraph for the convenience of reader. IBM, iST and 

Lenovo participated in the round robin test. PCBs with three 

finishes (OSP, ENIG and ImAg) and two soldering fluxes 

(organic acid flux and rosin flux) from two production 

batches were tested at six relative humidity levels in the 15-

80% range.  As per the standardized iNEMI creep corrosion 

qualification test [12-16], the test PCBs were prebaked at 

100oC in flowing nitrogen gas for 24 hours. The PCBs were 

subjected to two 5-days exposure in the FOS chamber. Each 

test run had 6 test PCBs and one set of copper and silver 

coupons 50x25 mm in size.  The copper and silver corrosion 

rates were measured using the mass gain and the coulometric 

reduction method [17].   

 

The iNEMI FOS chamber consists of a 300-mm cube acrylic 

box. It has 8-paddle wheels rotating at 20 RPM to 

accommodate a maximum of 8 test printed circuit boards.  

The chemical arrangement to control the sulfur and chlorine 

gas concentrations and the relative humidity in the chamber 

is described in Figure 2.  The sulfur is provided by a 275-mm 

square tray, 20-mm deep, with a 195-mm circular opening in 

the center. The sulfur concentration is controlled by placing 

the chamber in an oven maintained at a constant 50oC. The 

household bleach, consisting of an aqueous solution of 8.25% 

sodium hypochlorite, is contained in a 145-mm diameter petri 

dish that sits inside the sulfur tray on the same platform as the 

sulfur tray. The saturated salt solution is in a 190-mm 

diameter tray with a circular opening of 65-mm diameter in 

the center, which is covered by a circular plate with 1-mm 

setup gap to allow controlled escape of the chlorine gas from 

the bleach. The cover plate also throttles the escape of water 

vapor from the bleach such that the saturated salt solution can 

dominate the relative humidity in the chamber at its 

deliquescence relative humidity. The setup has the abilities to 

control the temperature and relative humidity and maintain 

them at the desired values. The chamber reaches steady state 

in a few hours.  It is most challenging to achieve low humidity 

 
 

 

Figure 2. Bleach setup in cross section and in pictorial 

format 

 

 

Figure 1. FOS test setup loaded with test PCBs. The tray-

like setup below the test PCBs provides the sulfur and 

chlorine gases and maintains the relative humidity in the 

chamber at the deliquescence relative humidity of the 

saturated salt solution in the setup. 



 

Figure 3a. Copper corrosion rates as a function of relative 

humidity.    

 

Figure 3b.  Silver corrosion rate as a function of relative 

humidity.   

 

Figure 3c. AgCl growth rate as a function of humidity.  

The AgCl growth rate was measured via the coulometric 

reduction technique.    

in the chamber because of the water vapor given off by the 

household bleach that is also the source of the chlorine gas.  

The chamber design has been able to overcome this 

challenge. For example, with zinc chloride, saturated salt 

solution in the chamber at 50oC, the chamber design allows 

the humidity to stabilize at about 15%, which is the 

deliquescence relative humidity of ZnCl2. 

 

The copper and silver corrosion rates and the rate of 

formation of AgCl measured during each 5-day period using 

the coulometric reduction and the mass gain techniques are 

plotted in Figure 3.  The circular data points are from IBM; 

the triangular data points from iST; and the square data points 

are from Lenovo. The solid data points are corrosion rates 

obtained using coulometric reduction technique and the open 

data points are from mass-gain technique. The extent of creep 

corrosion was documented after each 5-day run.   

 

Table 1.  Severity of creep corrosion after 10 days in FOS 

chamber at 50oC, with 100 ml household bleach, 1-mm setup 

gap and paddle wheel rotating at 20 rpm. 

Saturated salt 
solutions and RH% 

ZnCl2 
13-

30% 

MgCl2  
27-

35% 

NaNO2  
55-

59% 

NH4NO3  
52-

68% 

NaCl 
69-

77% 

KCl 
74-

80% 

% of creep sites with 
creep corrosion 

HC LC HC LC HC LC HC LC HC LC HC LC 

IBM 

ImAg 

OR 
9 2 13 0 1 9 0 0 0 0 0 1 

Lenovo 13 0 3 5 - - 0 5 - - 6 7 
iST 9 5 0 0 - - 0 0 0 0 0 0 

IBM 

RO 

9 2 12 1 2 9 0 0 0 0 0 1 
Lenovo - - 5 4 - - 4 2 - - - - 

iST 10 5 0 0 - - 0 1 0 0 0 0 

IBM 

ENIG 

OR 

0 0 12 1 0 0 0 8 0 0 3 1 
Lenovo 2 3 10 4 - - 10 3 - - 7 7 

iST 0 0 0 2 - - 0 9 0 6 3 6 

IBM  

RO 

0 0 12 1 0 0 0 8 0 4 5 2 

Lenovo - - 7 6 - - 9 4 - - - - 
iST 3 1 2 4 - - 3 8 1 4 1 8 

IBM 

OSP 

OR 
0 0 2 3 0 0 0 0 0 0 0 0 

Lenovo 5 5 0 3 - - 0 0 - - 0 0 
iST 3 1 0 0 - - 0 0 0 0 1 0 

IBM  

RO 

0 0 3 4 0 0 0 0 0 0 0 0 

Lenovo - - 0 2 - - 0 1 - - - - 
iST 1 8 0 1 - - 0 0 0 0 0 0 

 

Table 1 lists the 10-day creep corrosion results under the 6 

relative humidity levels from 15 to 80%.  Creep corrosion 

severity is classified as heavy creep corrosion (HC) when the 

corrosion products creep extensively across the PCBs. The 

creep corrosion severity is classified as light creep corrosion 

(LC) when the creep corrosion is present but creep distances 

are very limited. The iNEMI test PCBs have 15 distinct sites, 

as described in earlier papers [10-11].  Table 1 lists the 

number of occurrence of HC and LC on each of the cards 

tested.   For example, the corrosion severity for a card in 

Table 1 is listed as HC = 9 and LC = 2, meaning that 9 of the 

15 sites on the test PCB suffered heavy creep corrosion and 

2 suffered light creep corrosion. The shaded boxes in the table 



Table 2. Worst case creep corrosion results shown as a function of relative humidity  

Table 2a. 10-day FOS testing of ImAg finished PCBs soldered with OR flux 

IBM 

Batch 

1 

11-17% RH 31-46% RH 57-62% RH  74-77% RH 78-81% RH 

   

-- 

  

Batch 

2 

13-19% RH 27-37% RH 55-59% RH 56-68% RH 69-77% RH 74-80% RH 

      

Lenovo 
Batch 

1 

15-30% RH 28-35% RH  52-60% RH  74-80% RH 

  

-- 

 

-- 

 

iST 
Batch 

2 

15-30% RH 28-35% RH  52-60% RH 69-77% RH 74-80% RH 

  

-- 

   

Table 2b. 10-day FOS testing of ImAg finished PCBs soldered with RO flux 

IBM 
Batch 

2 

13-19% RH 27-37% RH 55-59% RH 56-68% RH 69-77% RH 74-80% RH 

      

Lenovo 
Batch 

2 

 28-35% RH  52-60% RH   

-- 

 

-- 

 

-- -- 

iST 
Batch 

2 

15-30% RH 28-35% RH  52-60% RH 69-77% RH 74-80%  RH 

  

-- 

   

Table 2c. 10-day FOS testing of ENIG finished PCBs soldered with OR flux 

IBM 

Batch 

1 

11-17% RH 31-46% RH 57-62% RH  74-77% RH 78-81% RH 

   

-- 

  

Batch 

2 

13-19% RH 27-37% RH 55-59% RH 56-68% RH 69-77% RH 74-80% RH 

      

Lenovo 
Batch 

1 

15-30% RH 28-35% RH  52-60% RH  74-80% RH 

  

-- 

 

-- 

 

iST 
Batch 

1 

15-30% RH 28-35% RH  52-60% RH 69-77% RH 74-80% RH 

  

-- 

   



indicate that the corresponding test PCBs failed the FOS test 

for creep corrosion.  

 

Tables 2a-2f list the worst case 10-day creep corrosion 

results of each of the test PCBs.  The red colored boxes 

indicate that the corresponding test PCBs failed the FOS test 

for creep corrosion.   

 

DISCUSSION 

The copper and silver corrosion rates shown in Figures 3a 

and 3b follow similar behavior as that reported earlier by the 

authors [10-11].  The corrosion rates rise with relative 

humidity in the low humidity range and fall with relative 

humidity in the high humidity range.  This unique corrosion 

Table 2d:  10-day FOS testing of ENIG finished PCBs soldered with RO flux 

IBM 
Batch 

2 

13-19% RH 27-37% RH 55-59% RH 56-68% RH 69-77% RH 74-80% RH 

      

Lenovo 
Batch 

2 

 28-35% RH  52-60% RH   

-- 

 

-- 

 

-- -- 

iST 
Batch 

2 

15-30% RH 28-35% RH  52-60% RH 69-77% RH 74-80% RH 

  

-- 

   

Table 2e: 10-day FOS testing of OSP finished PCBs soldered with OR flux 

IBM 

Batch 

1 

11-17% RH 31-46% RH 57-62% RH  74-77% RH 78-81% RH 

 

No corrosion 

 

-- 

  

Batch 

2 

13-19% RH 27-37% RH 55-59% RH 56-68% RH 69-77% RH 74-80% RH 

      

Lenovo 
Batch 

1 

15-30% RH 28-35% RH  52-60% RH  74-80% RH 

  

-- 

 

-- 

 

iST 

 

Batch 

1 

15-30% RH 28-35% RH  52-60% RH 69-77% RH 74-80% RH 

  

-- 

   

Table 2f: 10-day FOS testing of OSP finished PCBs soldered with RO flux 

IBM 
Batch 

2 

13-19% RH 27-37% RH 55-59% RH 56-68% RH 69-77% RH 74-80% RH 

      

Lenovo 
Batch 

2 

 28-35% RH  52-60% RH   

-- 

 

-- 

 

-- -- 

iST 
Batch 

2 

15-30% RH 28-35% RH  52-60% RH 69-77% RH 74-80% RH 

  

-- 

   



rate dependence on relative humidity can be explained on the 

basis that chlorine gas is adsorbed by the chamber surfaces 

and more so as the relative humidity rises.  In the low 

humidity range, rising humidity plays the dominant role 

promoting corrosion as the relative humidity rises. In the high 

humidity range, the lowering of chlorine concentration 

overpowers the corrosive effect of rising humidity, leading to 

the lowering of corrosion rates as the relative humidity rises 

and the chlorine concentration decreases.  The idea that the 

chlorine content in the chamber air would decrease with 

rising relative humidity due to more adsorption by the 

chamber walls is supported by the AgCl growth rate plot of 

Figure 3c.  The growth rate of AgCl should be related to the 

chlorine content of the air in the chamber.  The decreasing 

AgCl growth rate with rising relative humidity indicates that 

the chlorine content decreases with relative humidity. This 

observation was also confirmed by an earlier publication by 

the authors where they showed by direct measurement that 

the chlorine concentration reduced from tens of ppm to just a 

few ppb as the relative humidity was raised from 15 to 80% 

[11]. 

 

The creep corrosion propensities of ImAg, ENIG and OSP 

finished iNEMI test PCBs are listed in Table 1 as a function 

of relative humidity.  The worst occurrence of creep 

corrosion on each of the PCBs tested are tabulated in Tables 

2a-2f.  Taken together these tables show that ImAg finished 

boards suffer creep corrosion mostly in the low relative 

humidity range below about 60%; the ENIG finished boards 

suffer relatively similar creep corrosion at all humidity levels 

above about 30%; and the OSP finished PCBs suffer limited 

extent of creep corrosion mostly confined in the low relative 

humidity range below about 40%.  These observations are in 

general agreement with two recent papers published by the 

authors [10-11].  In these two publications, creep corrosion 

on ImAg finished PCBs was confined to the lower relative 

humidity range, in agreement with the present observations 

listed in Tables 1 and 2.  In the first of the two earlier 

publications, ENIG finished PCBs suffered creep corrosion 

at all relative humidity levels above about 30%, in agreement 

with the present work, but the 2nd of the two earlier 

publications showed creep corrosion on ENIG finished 

boards occurring only at relative humidity levels above about 

70%.  The earlier publications are in agreement with the OSP 

finished PCBs suffering limited extent of creep corrosion in 

the low humidity range less than about 40%. Over all these 

works on the effect of relative humidity on creep corrosion 

are quite in agreement with each other. 

 

The net is that since electronic assemblies may contain PCBs 

finished with a range of different finishes, data center 

administrators cannot solely use relative humidity control to 

eliminate creep corrosion on the PCBs in their IT equipment.  

The air entering the data center must be gas-phase filtered to 

filter out the sulfur-bearing gaseous contamination that is 

responsible for creep corrosion.  

 

CONCLUSIONS 

The round robin testing by IBM, iST and Lenovo of ImAg, 

ENIG and OSP finished boards soldered with OR and RO 

fluxes has shown that relative humidity does play a role in 

controlling creep corrosion. ImAg PCBs suffer creep 

corrosion at relative humidity levels below about 60%; ENIG 

finished PCBs suffer creep corrosion at all relative humidity 

levels above about 30%; and OSP finished PCBs suffer only 

limited creep corrosion and at relative humidity levels below 

about 40%. It should be noted that chlorine gas concentration 

dramatically decreases with rising relative humidity.  It is not 

clear what role chlorine concentration plays in the 

dependence of creep corrosion on relative humidity observed 

in this work.   More work needs to be done to clarify the role 

of chlorine concentration on affecting the influence relative 

humidity has on creep corrosion.  
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