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EXECUTIVE SUMMARY 
Creep corrosion is the corrosion of metallization and the migration of that corrosion across printed circuit 
board (PCB) surfaces. Problems arise when the corrosion migrates to such an extent that it bridges features 
on PCBs, thus causing electrical short circuits.  

In recent years, corrosion-related failures have come to the forefront as a reliability concern for two reasons: 
the elimination of lead in electronics (where lead-based surface finishes offered excellent corrosion 
resistance) and the expanding markets, in regions such as Asia, where environments are often humid and/or 
have high levels of sulfur-bearing pollution (which are triggers for creep corrosion). Reliability concerns 
— especially for equipment in data and telecom centers — has created the need for a corrosion test to ensure 
product survival in environments where there is a high risk of creep corrosion. 

iNEMI began work on creep corrosion issues in 2009. Early project efforts focused on improving industry 
understanding of the factors affecting creep corrosion on PCBs and printed circuit board assemblies 
(PCBAs), such as surface finishes, soldering fluxes, design features and the environment.  

iNEMI’s Creep Corrosion Project team then turned its attention to developing a qualification test to 
determine whether products would suffer creep corrosion in the field. A series of experiments ultimately 
led to the development of an innovative flowers-of-sulfur (FoS) corrosion chamber that is inexpensive, easy 
to maintain and is effective for creep corrosion qualification testing of PCBAs. The test has been very 
successful in reproducing creep corrosion on PCBs from lots that suffered creep corrosion in the field. 

This paper highlights some of the key findings from the iNEMI team’s extensive testing, describes the FoS 
test chamber developed by the team and discusses how the chamber is used.  
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INTRODUCTION 
Creep corrosion is the corrosion of metallization (generally copper and silver) and the migration of the 
corrosion product (typically copper and silver sulfides) across printed circuit board (PCB) surfaces (FR-4 
and solder mask). In environments where there is high humidity and/or high levels of sulfur-bearing gaseous 
contamination, the extent of creep corrosion may be so high as to electrically short circuit adjacent pads 
and traces, causing the circuit boards to malfunction. 

Restrictions on the use of lead in solders used for electronic assemblies [1] occurred as the electronics 
market was expanding globally at a rapid rate. The combination of the poor creep corrosion resistance of 
the Pb-free PCB assemblies (PCBAs) and the proliferation of electronics in geographies such as Asia, which 
typically have high humidity as well as sulfur-bearing gaseous pollution, led to a dramatic rise in corrosion-
based PCBA failure rates.  Concern about reliability — especially with information technology equipment 
operating in data and telecom centers — highlighted the need for a corrosion test to ensure product survival 
in harsh sulfur-bearing environments [2]. There was also a need to define gaseous contamination limits in 
which electronics could operate reliably.  Various technical committees, including those of ASHRAE, IPC, 
ISA and iNEMI, became active in this arena.  

CREEP CORROSION TEST DEVELOPMENT 
The International Electronics Manufacturing Initiative (iNEMI) began its study of creep corrosion in 2009. 
The initial experimental program used a mixed flowing gas (MFG) test chamber and focused on improving 
industry understanding of the factors affecting creep corrosion on PCBs and PCBAs. Ultimately, the team’s 
goal was to help companies develop materials, processes and technologies leading to products with high 
resistance to creep corrosion [3-5]. Although MFG test provides the most realistic and controlled simulation 
of real world environments, it had limitations because of the high equipment and maintenance cost of the 
chamber and its limited availability at iNEMI member companies. A low-cost, easy-to-execute, industry-
standard creep corrosion qualification test was clearly needed. In 2013, the iNEMI team decided to explore 
a more cost-effective and convenient approach to creep corrosion testing. 

The iNEMI team chose to explore the use of flowers-of-sulfur (FoS) test and to develop an affordable means 
to determine whether products will suffer creep corrosion in the field, especially in geographies heavily 
polluted with sulfur-bearing gaseous contamination. The design that iNEMI finally settled on, after two 
years of research and many iterations, includes the following features:  

• The chamber is an acrylic cube with a rotating paddle wheel [6-8] that can accommodate eight PCBs.   

• Sulfur concentration is controlled by placing the chamber in an oven maintained at a constant 50°C.   

• A saturated salt solution is used to control the relative humidity in the chamber at various incremental 
values in the 11 to 90% range, depending on the solution chosen.   

• Household bleach, i.e., Clorox®, is used to introduce chlorine gas that would work in synergy with 
sulfur. (A limited number of bleach formulations were evaluated and “Concentrated” Clorox bleach 
was identified and used for the experiments reported here.) 

The chamber can reach steady state in a couple of hours.  Low humidity is the most challenging condition 
to achieve because of the water vapor given off by the Clorox bleach, but the iNEMI chamber design has 
overcome this challenge with a scheme shown in Figure 1.  For example, with a zinc chloride saturated 
solution in the chamber at 50oC, the chamber design allows the humidity to stabilize at 11%, which is the 
deliquescence relative humidity of ZnCl2.  

The copper and silver corrosion rates and the rate of AgCl formation are plotted in Figure 2.  Notice that 
in the low relative humidity range, the copper corrosion rate increases with relative humidity as one would 
expect.  In the high humidity range, the copper corrosion rate decreases with humidity, probably because 
of the chlorine gas being adsorbed on the moisture-laden surfaces.  The silver corrosion rate and the AgCl  
formation rate decrease with relative humidity, lending support to the hypothesis that chlorine gas gets 
adsorbed on surfaces with adsorbed moisture.  
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In the tests described below, the project team used PCBAs from lots that had suffered creep corrosion in 
the field. When creep corrosion failed to occur, it indicated that some aspect of the experiment needed to 
be adjusted.   

Some of the key study findings are highlighted below. More detailed information about how the project 
team came up with this particular FoS test chamber design and the test procedure they used can be found 
in the iNEMI Qualification Test Development for Creep Corrosion Project Report [9].  

Synergistic role of dust: In the early stages of test development, sulfur vapor was the only corrosive 
chemical in the chamber air.  Sulfur vapor and moisture alone failed to cause creep corrosion on the test 
PCBAs, which were known to be susceptible to creep corrosion.  Clearly, another corrosive gas was needed 
that would act synergistically with sulfur vapor.  In the absence of such a gas, the synergistic effect of dust 
comprising ammonium salts (known to exist in 2.5-µm particles in polluted geographies) spread over the 
PCB surface was successful in causing creep corrosion similar to what was observed in the field. [8]. 
However, dispensing salts on PCBAs in a reproducible manner was problematic, so the team concluded 
that a synergistic gas would be more appropriate to use than salts.  

   
(a) (b) (c) 

 
(d) 

Figure 1: (a) iNEMI FoS test chamber loaded with test PCBs. (b) The tray-like Clorox 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. (c) Copper and silver 
foils on a board. (d) Cross section of the Clorox setup.  [6-8] 

   
 
Figure 2: Copper and silver corrosion rates and AgCl formation rate in an iNEMI FoS chamber as a 
function of relative humidity. [10] 
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Introduction of chlorine gas via Clorox bleach: In the next stage of test development, the iNEMI team 
considered the necessity of a gas to replace the ammonium-salts dust.  Ozone and oxides of nitrogen were 
obvious choices, but the team could not come up with a convenient means of introducing these gases into 
the chamber in a controlled manner.  Clorox was then explored as a source of chlorine gas that would work 
in synergy with sulfur.  Early experiments with Clorox proved successful in causing creep corrosion [8].  
The problem with Clorox was that, being an aqueous solution of sodium hypochlorite, its presence in the 
chamber raised the relative humidity in the chamber to near 100%. In other words, with Clorox in the 
chamber, humidity control was lost. The team considered various innovative techniques to control the 
relative humidity in the chamber.  The one that proved successful consisted of a scheme, shown in Figure 
1, that forced the water vapor from the Clorox to flow over a large-area saturated salt solution, giving the  

saturated salt solution the dominant role in controlling the relative humidity in the chamber. In the latest 
version of the FoS chamber, the sulfur concentration and the relative humidity are well controlled and the 
chlorine concentration changes over time in a reasonably reproducible manner. With this approach, relative 
humidity can be controlled in increments between 11 and 90%.  

Chamber loading effect and the role of PCB prebake: As testing progressed, the team noticed that chamber 
loading had an effect on the corrosion rates of copper and silver. They discovered that as the number of test 
PCBs in the chamber was increased, the copper and silver corrosion rates decreased dramatically. The team 
determined that this decrease in corrosion rate as a function of loading with test PCBs was either due to 
volatile organic compounds (VOCs) coming off the PCBs and acting as vapor-phase corrosion inhibitors 
or to the increased absorption of the sulfur vapors by the PCBs, decreasing the sulfur concentration in the 
chamber air.   

The benefit of pre-baking to avoid contaminating the chamber with VOCs became obvious. The team then 
tried pre-baking boards at 100°C in flowing nitrogen gas for 24 hours to rid the PCBs of much of their 
VOCs. Pre-baked PCBs were tested against PCBs that had not been pre-baked.  Figure 3 shows the results.  
The PCBs that were not pre-baked did not suffer creep corrosion; whereas, the pre-baked PCBs suffered 
creep corrosion. Testing PCBs of multiple part numbers and different manufacturers from production lots 
known to have suffered creep corrosion in the field proved that pre-baking is necessary to produce creep 
corrosion. 

Role of relative humidity: Extensive round-robin testing [10] helped determine the effect of relative 
humidity on creep corrosion.  PCBs with three finishes (ImAg, ENIG and OSP) soldered using two fluxes 
(organic acid and rosin) were tested at six relative humidity levels in the 15-80% range. The team found 
that: 

• ImAg-finished boards suffer creep corrosion mostly in the low relative humidity range (below about 
60%)  

• ENIG-finished boards suffer creep corrosion at all humidity levels (above about 30%)  

• OSP-finished PCBs suffer limited creep corrosion mostly confined to the low relative humidity range 
(below about 40%)   

  

 

  

Unbaked cards  Pre-baked cards 

Figure 3:  Demonstration of the role of pre-baking the PCBs. The unbaked cards did not suffer creep 
corrosion in the iNEMI FoS test chamber; whereas the baked cards suffered creep [8] 
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These observations are in general agreement with two earlier papers on the same topic from the same project 
participants [11, 12]. The project team drew two conclusions from this study:  

1. Creep corrosion testing must be done at both high and low humidity.  

2. 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. 

CREEP CORROSION QUALIFICATION TEST  
The creep corrosion qualification procedure for PCBs and PCBAs is as follows: 

1. Prebake test PCBs and PCBAs at 100°C in flowing nitrogen gas for 24 hours to eliminate volatile 
organic compounds (VOCs). 

2. Load paddle wheel with up to seven test PCBs and PCBAs plus one board on which Cu and Ag 
foils are mounted for corrosion rate measurements. The mounting board for the metal foils must be 
of a material that does not excessively absorb the gases and moisture in the chamber. 

3. Expose PCBs to three five-day runs at 50°C, each at different levels of relative humidity, created 
by using different saturated salt solutions.  

4. Measure copper and silver corrosion rates and rate of formation of AgCl using coulometric 
reduction and mass gain methods [13, 14]. Photograph and record the corrosion failures. 

5. Pass/fail criterion: Any observation of creep corrosion that substantially bridges the gap between 
PCB features would be a cause to reject the PCB. The acceptable extent of creep corrosion must be 
defined and accepted by the PCB manufacturer and procurer.  

Round robin testing: Additional round robin testing (two rounds of tests at three participating companies) 
were conducted to determine the reproducibility of the creep corrosion qualification test. As with the 
previous round robin testing, printed circuit boards with three different finishes (ImAg, ENIG and OSP) 
were soldered with two different fluxes (organic acid and rosin).  The results of these two rounds of tests 
were considered similar given that there were some differences in the test conditions [15, 16].  The results 
from Company A are shown in Table 1 [16]. The second round-robin test results differed from the first in 
that the ImAg-finished PCBs suffered much more creep corrosion than the ENIG-finished PCBs.  This 
difference may be a natural outcome of the aging of the PCBs as noted in the project report [10]. The team 
observed that PCBs from lots that had suffered creep corrosion in the field stopped suffering creep corrosion 
after two years of storage in an office environment.  In other words, creep corrosion behavior changes as 
PCBs age.  In both round-robin tests, the OSP-finished test PCBs suffered little to no creep corrosion, which 
is consistent with generally accepted industry wisdom.  

CONCLUSION 
The iNEMI Creep Corrosion Project team has developed an innovative flowers-of-sulfur (FoS) corrosion 
chamber that is inexpensive, easy to maintain and can be used for creep corrosion qualification testing of 
printed circuit board assemblies (PCBAs).  The temperature, relative humidity, sulfur and chlorine content 
in the chamber air can be reasonably well controlled. The test has been very successful in reproducing creep 
corrosion on printed circuit boards (PCBs) from lots that suffered creep corrosion in the field.   

In the process of running tests with the iNEMI FoS chamber the project team made several important 
discoveries that will help companies better manage creep corrosion:  

(1) Creep corrosion can occur both at low and high relative humidity levels, so testing must be done 
for both states.  

(2) 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. 
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(3) Storage at ambient condition can reduce creep corrosion — i.e., creep corrosion behavior changes 
as PCBs age.   

(4) OSP-finished test PCBs were found to suffer little to no creep corrosion. 

(5) Pre-baking to eliminate VOCs is necessary to produce creep corrosion. 

The iNEMI FoS chamber has the potential to be used as a general-purpose corrosion chamber for a range 
of studies such as the corrosion rates of metals as a function of temperature and humidity, characterization 
and ranking of conformal coatings, and reliability testing of components under moderately accelerated 
conditions so as not to change the failure mechanism from that in the field. The iNEMI Creep Corrosion 
Project team has begun preliminary work investigating using the iNEMI FoS chamber as a general corrosion 
test chamber to evaluate coatings, resister corrosion, etc. 

Table 1: Company A second round robin test results: Worst case creep corrosion on test PCB. The red 
cell background indicates heavy creep corrosion and the pink cell indicates light creep corrosion. 

Saturated salt  MgCl2 NaNO2 KCl 

pH Value (before/after) 10.8/9.47 11.0/9.47 10.99/9.17 

Relative humidity (5 readings) 28-30 55-57 81-83 
Cu corrosion rate, coul 
redn/mass gain, Å/day 991/1086 846/694 1406/751 

Ag corrosion rate, coul 
redn/mass gain, Å/day 462/771 439/480 427/488 

AgCl formation rate, Å/day 60 92 44 

Finish and 
flux 

ImAg OR 

   

ImAg RO 

   

ENIG OR 

   

ENIG RO 

   

OSP OR 

   

OSP RO 
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