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ABSTRACT 
With the ever-rising pollution levels in some geographies 

along with the pressures to reduce datacenter energy 

consumption, corrosion of electronic hardware is having 

direct impact on equipment reliability. One common mode of 

corrosion-related hardware failure is creep corrosion. Creep 

corrosion is the corrosion of metallization (generally copper 

and silver) and the migration of the corrosion products 

(typically copper and silver sulfides) across the printed circuit 

board surfaces comprising FR-4 and solder mask. In 

environments high in 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. 

 

There are two obvious solutions to eliminating creep 

corrosion. One is to chemically filter the air to reduce the 

corrosive-gaseous contamination levels to an acceptable limit. 

The other is to make the hardware more robust against creep 

corrosion. Chemical filtration, also known as gas phase 

filtration, involves an elaborate air handling and control setup 

that is expensive.  Also, air filtration is not practical in data 

centers using airside economizers to reduce energy 

consumption. In view of these limitations of reducing the 

corrosive-gas contamination in data centers, it has become 

incumbent on printed-circuit board, assembly and component 

manufacturers to make their products robust against creep 

corrosion and to qualify their products not to be susceptible to 

creep corrosion. 

 

The iNEMI (International Electronics Manufacturing 

Initiative) project team on creep corrosion has developed a 

flowers-of-sulfur (FOS) based test that is sufficiently well 

developed for consideration as an industry standard 

qualification test for creep corrosion. The iNEMI FOS 

chamber is a 300-mm cube acrylic sealed box containing 

flowers of sulfur as the source of sulfur gas, a saturated salt 

solution to maintain constant humidity and a household bleach 

as the source of chlorine gas. The PCBs under test are 

mounted on a rotating paddle wheel. The rotation of the 

paddle wheel provides some circulation and mixing of the 

gases in the chamber.  The details of the design, development 

and round-robin testing of the effectiveness of the test for the 

qualification of the PCBs and PCB assembly against creep 

corrosion is the subject of this white paper.  

 

Key Words: Creep Corrosion, Flower Of Sulfur (FOS), 

Copper Ion Migration, PCB/PCBA and White Paper. 

1. BACKGROUND 
IT equipment is prone to corrosion-related failures in data 

centers with high levels of atmospheric pollution and with 

high relative humidity levels commonly found in the fast-

growing computer markets of Asia.  The main pollutants are 

sulfur-bearing gases and oxidizing gases such as ozone and 

nitrogen oxides.  The common failures modes, shown in 

Figure 1, are as follows: (1) Electrical short circuits due to 

creep corrosion on printed circuit boards (PCBs); (2) electrical 

open circuits due to corrosion of silver terminations in 

surface-mount resistors; and (3) electrical short circuits due to 

silver migration on PCBs.   

   

PCB Creep Corrosion 

Corrosion of     

Silver Termination           
in Resistors 

Silver Migration 

Figure 1. Common modes of corrosion-related failures of IT 

equipment in data centers [12] 

The focus of this white paper is creep corrosion which is the 

corrosion of silver and copper metallization on PCBs and the 

spreading of the sulfide corrosion products across the PCBs 



surfaces to such an extent as to electrically bridge neighboring 

features on PCBs.  The history of creep corrosion, the 

acceptable levels of corrosivity of the data center air and the 

various ways of testing for creep corrosion will be described 

in this paper. 

Lead-tin has been the solder alloy of choice for printed circuit 

board (PCB) assemblies since the dawn of the electronic age.  

Lead-tin solder wets copper metallization on PCBs well and is 

resistant to corrosion even in very harsh environments.  The 

adoption of the European Union Restriction of Hazardous 

Substance (RoHS) directive in February 2003 and its taking 

effect on 1 July 2006 [1] severely restricted the use of Pb in 

solder.  The Pb-free solders that replaced Pb-Sn typically 

contain tin (Sn), silver (Ag) and copper Cu) and are known for 

short as SAC solders.  Unlike Pb-Sn solder, SAC solders wet 

copper poorly and the wettability suffers dramatically with 

storage time.  Alternate finishes on PCBs were considered to 

overcome these shortcomings of the SAC solders. These 

included electroless nickel immersion gold (ENIG), 

immersion silver (ImAg), immersion tin (ImSn) and organic 

solderability preservative (OSP) [2].  While effort was 

focused on solderability issues, the corrosion concern was 

somewhat neglected.  The move to SAC soldered PCBs was 

not considered different enough to warrant an industry-wide, 

thorough corrosion study.  A taskforce, that later became the 

IPC 3-11g Metal Finishes Data Acquisition Group, worked 

with Underwriters Laboratories (UL) and proposed an 

exemption to the UL-796 test for electrochemical migration. 

Extensive testing had demonstrated that electrochemical 

migration was not an issue with ImAg [3].  Unfortunately, 

concern was not raised that creep corrosion may occur on the 

PCBs with new finishes coming online, even though creep 

corrosion was a known phenomenon.  It was known to occur 

on integrated-circuit plastic packages and on gold- and 

palladium-plated electrical contacts [4].  Creep corrosion is 

the corrosion of copper/silver metallization and the spread of 

the sulfide corrosion product across the surface of the PCB.  

Failure may occur if the sulfide corrosion product bridges and 

thus electrically shorts the neighboring features on a PCB.  

The first reported evidence of creep corrosion on PCB 

surfaces was probably by Veale in 2005 [2].  Creep corrosion 

failure of Pb-free ImAg boards was reported in industrial 

environments high in sulfur-bearing gaseous pollution. 

Following the creep corrosion experience in the field, Veale 

subjected test boards with various finishes to mixed-flowing 

gas (MFG) environment [5] and reported that no Pb-free 

board would survive Instrument Society of Automation (ISA) 

71.04-1985 severity level G3 [6] and that ENIG and ImAg 

boards will not even survive ISA severity level G2. ISA 

severity levels are described later in this chapter.  During the 

same year (2005), Cullen reported that typical MFG 

environment testing did not produce creep corrosion on Pb-

free PCBs [7].  The first reported creep corrosion on PCBs in 

computer hardware was probably by Mazurkiewicz [8] who in 

2006 reported that the move to ImAg and OSP board finishes, 

motivated by compliance to RoHS, dramatically increased the 

computer early life failures due to copper creep corrosion 

emanating from exposed copper on PCBs, especially inside 

the plated-through barrels.  The lack of awareness of creep 

corrosion was highlighted in a 2007 paper by Schueller [9] 

that Pb-free desktops that had been thoroughly qualified with 

a regimen of tests started failing in the field within 2-4 months 

of being put in service.  The awareness that creep corrosion on 

Pb-free PCBs is highly surface sensitive was reported by Xu 

et. al. in 2007 and 2009 [10, 11].   The work reported the 

following general observations: PCBs with clean FR4 and 

clean solder mask surfaces were found not to suffer creep 

corrosion; organic acid wave soldering flux residues 

supported creep corrosion; rosin-based wave soldering fluxes 

and rosin-based solder paste are resistant to creep corrosion; 

and MFG testing provides a realistic accelerated test for creep 

corrosion. 

The restriction on the use of lead in solders in electronics 

occurred as the electronic market in the Far East was 

expanding at a rapid rate. The combination of the poor creep 

corrosion resistance of the Pb-free PCB assemblies and the 

greater proliferation of electronics in the Far Eastern 

geographies, high in sulfur-bearing gaseous pollution, led to a 

dramatic rise in the PCB failure rates due to creep corrosion.  

Suddenly, there arose a need for a corrosion test to qualify 

products that could survive the harsh sulfur-bearing 

environments and there arose a need to define a reasonable 

level of gaseous contamination in which electronics should be 

able to operate reliably.  Various technical committees, 

including those of ASHRAE, IPC, ISA and iNEMI became 

active in this arena.  

In 1985, the International Society for Automation (ISA) came 

up with a standard 71.04-1985 that classified the corrosivity 

of air into 4 categories listed in Table 1.  The classification 

was based on the corrosion rates of copper and silver in 

Å /month. As shown in the table, severity level G1, 

corresponding to copper and silver corrosion rates of less than 

300 Å /month, was considered acceptable for electronic 

equipment.    In 2009, ASHRAE conducted a worldwide 

survey of the corrosion rates of copper and silver in data 

centers with and without creep corrosion failures and 

concluded that for the environment to be acceptable for 

modern electronics, the rate of silver corrosion should be less 

than 200 Å /month and that of copper should be less than 300 

Å /month.  ASHRAE published the survey results in a white 

paper in 2009 and revised it in 2011 [13].  In response to the 

ASHRAE white paper findings, the ISA standard was 

modified in 2013.  The new ISA standard 71.04-2013, 

includes the change to the G1 severity level as shown in 

Table 1, that states that for the data center environment to be 

acceptable for modern electronics the copper and silver 

corrosion rates should be less than 300 Å /month and 200 

Å /month, respectively. 

Table 1. Gaseous corrosivity levels ISA 71.04 standard [12] 

Severity level Reactivity level 

ISA 71.04-1985/2013 

Copper 

corrosion rate, 
Å /month 

Silver 

corrosion rate, 
Å /month 

G1 Mild <300 <300/200 

G2 Moderate 300-1000 300/200-1000 

G3 Harsh 1000-2000 1000-2000 

GX Severe >2000 >2000 



2. CORROSION METHODOLOGY 
The challenge remained to develop a test that suppliers of Pb-

free PCB assemblies can use to satisfy their customers that 

their products will survive reasonably clean environments 

defined in the 2011 ASHRAE white paper as having silver 

and copper corrosion rates less than 200 and 300 Å /month, 

respectively.  There are three well-known environmental 

chambers that can used for creep corrosion studies: (1) Mixed 

Flowing-Gas (MFG) chamber; (2) Chavant-Clay chamber; 

and (3) Flowers-Of-Sulfur (FOS) chamber. 

 

2.1 Mixed Flowing-Gas (MFG) Test 

The MFG test is a laboratory test intended to simulate 

contaminated industrial environments.  The device under test 

(DUT) is placed in a chamber with controlled temperature, 

relative humidity and predetermined concentrations (at ppb 

levels) of the following gaseous pollutants: H2S, Cl2, NO2 and 

SO2.  MFG test standards were developed in the 1980s, 

including Battelle Labs (Columbus, OH) [5], American 

Society for Testing and Material (ASTM) [14], Electronic 

Industries Association (EIA) [15], International 

Electrotechnical Commission (IEC) [16], Telcordia 

(previously Bellcore) [17] and IBM [18].  In general, MFG 

test has better control over the gas concentrations compared to 

the FoS and Chavant clay tests. A three-phase iNEMI 

taskforce was started in 2009 to study creep corrosion on 

PCBs using MFG [19-22].  The taskforce completed its 

objectives with an end-of-project webinar in November 2012 

with summary and conclusions as follows: (1) MFG test 

conditions were chosen to reach the target copper corrosion 

rate of 5000 Å /month.  (2) The five PCB finishes tested were 

ImAg, OSP, Pb-free HASL and ENIG.  ImAg finished PCBs 

soldered using organic acid flux suffered the most creep 

corrosion. Pb-free HASL finished PCBs solder with rosin flux 

suffered no creep corrosion.  ImSn finished PCBs suffered the 

least creep corrosion; (3) Organic acid fluxed PCs suffered 

more creep corrosion than rosin fluxed PBCs; (4) Both rosin 

fluxes with lower and higher rosin content showed similar 

creep corrosion results. The iNEMI taskforce [19-22] and the 

pioneering works by Veale [2] and by Xu [10-11] have shown 

that MFG is a viable test for creep corrosion qualification.   

The downside of the MFG test is the limited availability and 

the high cost of the test. Figure 2 shows a typical setup for 

mixed flowing-gas chamber. 

 

  
Figure 2. Typical Mixed Flowing-Gas (MFG) chamber and 

flow chart 

2.2 Chavant-Clay Test 
Another test method that was explored in the early period of 

creep corrosion studies was the clay test described by 

Schueller in 2007 [9].  In the test, Chavant-Clay (type J-525), 

a sulfur-bearing clay, was used as the source of sulfur gas.  

The clay releases sulfur gas when heated to 45-55
o
C.  The test 

PCBs and the wetted clay are sealed in a plastic container, as 

shown in Figure 3, and heated in a microwave oven until the 

clay reaches 50
o
C.  The clay is reheated every 12 hours to 

release more sulfur gas.  Creep corrosion was observed on 

ImAg finished PCBs after 2 days and the extent of creep 

corrosion became quite pronounced after 5 days.  The OSP 

finished PCBs suffered slight creep corrosion in 6 days, while 

the lead-free hot air surface level (HASL) finished PCBs 

suffered no creep corrosion.  Since this work, there is no 

known additional work has been published on optimizing the 

technique partly because the test conditions, such as the 

relative humidity and the sulfur content cannot be readily 

controlled. 

 

 
Figure 3. Typical Chavant-Clay chamber. 

 

2.3 Flowers-Of-Sulfur (FOS) Test 

The iNEMI Flowers Of Sulfur (FOS) test method which is the 

subject of this white paper overcomes many of the 

shortcomings of the MFG and the Chavant-Clay tests.  The 

iNEMI FOS test is relatively inexpensive and the test 

conditions are quite easy to control.  The test is based on the 

the ASTM B809-95 standard originally intended for detection 

of porosity in metal coatings [23]. Figure 4 shows a typical 

setup for Flower Of Sulfur (FOS) chamber. 

 

  
Figure 4. Typical Flower Of Sulfur (FOS) chamber. [23] 

 

The NEMI FOS chamber is a 300-mm cube acrylic sealed box 

containing flowers of sulfur as the source of sulfur gas, a 

saturated salt solution to maintain constant humidity and a 

household bleach as the source of chlorine gas.   The PCBs 

under test are mounted on a rotating paddle wheel.  The 

rotation of the paddle wheel provides some circulation and 

mixing of the gases in the chamber. The details of the design, 

development and round-robin testing of the effectiveness of 

the test for the qualification of the PCBs against creep 

corrosion is the subject of this white paper. For example, the 

roles of humidity, aging of the PCBs and the solder-mask 

edge on creep corrosion are also presented and discussed in 

previous publishing. [24]  Figure 5 shows the setup for 

Flower Of Sulfur test in iNEMi FOS chamber development. 



  

Figure 5. Flower Of Sulfur (FOS) chamber in iNEMI 

 

3. FOS CHAMBER DESIGN AND DUT PRBAKE 

3.1 FOS Chamber Design 

The iNEMI FoS chamber shown in Figure 5, is a 300-mm 

cube acrylic box that can accommodate 8 circuit boards on a 

paddle wheel [25, 26].  The paddle wheel has 8 pair of slots.  

Each pair of slots, one on top and one directly below, can 

accommodate a circuit board.  The chamber can thus 

accommodate a total of 8 boards.  One of the 8 pair of slots is 

generally reserved for a board on which Cu and Ag foils are 

mounted for Cu and Ag corrosion rate measurements. This 

mounting board must be of a material that does not 

excessively absorb the gases and moisture in the chamber.  

The Cu and Ag corrosion rates are an indication of the sulfur 

and chlorine gas concentration in the chamber.  The paddle 

wheel is rotated at 20 RPM.  The setup to control the sulfur 

and chlorine gas concentrations and the relative humidity in 

the chamber is also described in Figure 6.  

 

 

 
Figure 6.  iNEMI FOS chamber 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. [25, 26] 

 

200 g of sulfur is provided in 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 50
o
C.  The chlorine gas is 

provided by 100 ml of Clorox
TM

, consisting of an aqueous 

solution of 8.25% sodium hypochlorite with some NaOH 

added to control pH.  The Clorox
TM

 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 which sits atop the petri dish 

containing the Clorox
TM

 and has a circular opening of 65-mm 

diameter in the center.  The circular opening of the saturated 

salt solution tray is covered by a circular plate with 1- or 3-

mm gap to allow controlled escape of the chlorine gas from 

the Clorox
TM

 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 salt solution must 

always be kept saturated by having enough undissolved salt in 

the solution.   The relative humidity can be maintained at 

various incremental values, depending on the salt solution 

chosen, in the 11-90% range.  The chamber reaches steady 

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

humidity in the chamber because of the water vapor given off 

by the Clorox
TM

 bleach.  The chamber design described here 

has been able to overcome this challenge.  With lithium 

chloride saturated solution in the chamber at 50
o
C, the 

chamber design allows the humidity to stabilize at 11%, 

which is the deliquescence relative humidity of LiCl. Besides, 

the relative humidity was well control by using the saturated 

solution of MgCl2 with Clorox
TM

 bleach solution at 70 
o
C in 

FOS chamber. The temperature and relative humidity   

monitoring were shown in Figure 7. 

 

 
Figure 7.  Monitor of temperature and humidity in FOS 

chamber by using the saturated solution of MgCl2 with 

Clorox
TM

 bleach solution. @70 
o
C. 

 

3.2 Effect of DUT Loading and the Role of Prebake 

The effect of loading the chamber with PCBs was studied.  

Each test run had at total of 8 circuit boards.  One of the 

circuit boards had 25x54 mm copper and silver foils mounted 

on it. The circuit boards we call the “green sheets” in Figure 8 

are the test circuit boards and test runs were made with zero, 4, 

6 and 8 of these green sheets. The remaining slots were filled 

with brown boards.  Notice that as the number of green sheets 

were increased, the copper and silver corrosion rates 

decreased.  This decrease in corrosion rate as a function of 

loading with green sheets could be due to volatile organic 

compounds coming off the green sheets and acting as vapor-

phase corrosion inhibitors or due to the increased absorption 

of the sulfur vapors by the green sheets decreasing the sulfur 

concentration in the chamber air.  When the sulfur surface 

area was increased to cover most to the chamber base, the 

copper and silver corrosion rates increased dramatically.  The 

need for large surface area sulfur bed became evident and was 

considered in all future chamber development effort. 



 
Figure 8. Circuit boards loading effect on corrosion rate. 

 

4. CORROSION RATE MEASUREMENTS 

The corrosion rates of copper and silver are a measure of the 

corrosivity of the FoS chamber environment and of how well 

the chamber conditions are controlled.  Precedence exists for 

such an approach.  The 2011 ASHRAE white paper on data 

center gaseous and particulate guidelines states that for a data 

center environment to be acceptable, the copper and silver 

corrosion rates should be less than 200 Å /month and 300 

Å /month, respectively [13].  Rather than measure the gaseous 

composition in the low ppb range, which is a difficult task in 

the best of conditions, the approach relies on the metal 

corrosion rates as an indirect measure of the environmental 

conditions that include all factors affecting metal corrosion 

rates including gaseous composition, temperature, relative 

humidity and air velocity. 

 

Pre-cleaned silver and copper foils are used for corrosion rate 

measurements by the mass gain and the coulometric reduction 

approaches. In both the approaches, the metal foils are 

exposed to the FOS chamber environment under the same 

airflow conditions as the PCBs under test.  The duration of 

exposure is typically 5 days, though one day would also be 

adequate to make relatively accurate measurements.  In the 

mass gain approach, the mass gain of the foils due to 

corrosion is converted to thickness of the corrosion products 

assuming a certain chemistry of the corrosion products and the 

specific gravity of these corrosion products.  In the 

coulometric reduction approach, the number of coulombs 

needed to reduce the corrosion products back to metal is 

converted to the thickness of the corrosion products.  An 

advantage of the coulometric reduction approach is that the 

chemistry of the corrosion products is known by the potentials 

at which the corrosion products are reduced.  The coulometric 

reduction approach also provides the thickness of the silver 

chloride, which is a measure of the chlorine gas concentration 

in the chamber.  A third advantage of coulometric reduction is 

that it can measure corrosion products thickness as low as 10 

Å .   For these reasons, coulometric reduction is the preferred 

approach to corrosion rate measurements. 

 

4.1 Metal Foils and Pre-Cleaning 

25.4x50.8 mm (1”x2”), 99.95% purity silver and 99.99% 

purity copper foils, supplied by Surepure Chemetals ” (part 

numbers 3006 and 3007) were used for the corrosion rate 

measurements, The preferred method of cleaning the foils is 

to first degrease in acetone and isopropyl alcohol, then 

mechanically clean by grinding using de-ionized water and 

600 grit metallographic grade abrasive paper followed by 

rinsing in de-ionized water and then in  acetone and isopropyl 

alcohol and finally blow drying using compressed oil-free 

inert gas. 

The decision on mechanical cleaning using 600 grit 

metallographic grade abrasive paper as the preferred cleaning 

method was based on X-ray Photoelectron Spectroscopy (XPS) 

studies of non-treated, chemically cleaned and mechanically 

cleaned silver foils [27]. The mechanical and chemical 

cleaning processes that were studied are described in Table 2.   

 

Table 2. The recommended mechanical and chemical 

cleaning processes for copper and silver foils 

Step Mechanical Cleaning Chemical Cleaning 

1 
Degrease 

In acetone and isopropyl alcohol 

Ultrasonic cleaning 15 mins 

Immerse coupons in acetone 

2 
Oxide removal 

Wet grind with 600 grit abrasive 

paper using deionized water 

Rinse 60 seconds 
In isopropyl alcohol 

3 
Rinse for 20 seconds 

In deionized water 

Rinse for 60 seconds 

In deionized (DI) water 

4 
Rinse for 20 seconds 

In acetone and isopropyl alcohol 

Oxide removal for 15 seconds 
In 5 vol% HNO3 

5 
Drying 

Blow dry using oil-free inert gas 

Rinse 60 seconds 

In running overflow DI water 

6 
Storage 

In desiccators with N2 gas purge or 

desiccant 

Rinse for 60 seconds 

In isopropyl alcohol 

7  
Drying treatment 1 hour 

In oven at 60oC with N2
 
gas flow 

Figure 9 shows the results of XPS studies of the non-treated 

and the cleaned silver foils. Both the non-treated and the 

chemically cleaned silver foils showed presence of surface 

silver oxide.  The oxide could be removed by a 10 second 

sputter etch.  The mechanically cleaned silver foils showed no 

presence of oxide on the silver foils. 

 

 
Figure 9.  XPS results for silver foil with various pre-

treatments.  Chemical etching did not get rid of the surface 

silver oxide present on non-treated silver.  The oxide could be 

removed by a 10 second sputter etch.  Mechanical cleaning 

removed the surface silver oxide. 

 

4.2 Mass Gain Method 

Mass gain is a quick and easy method for determining metal 

corrosion rate. The method for determining mass gain is 

described in ASTM B810-01a [28].  The mass gain from 

exposure to the environment under test can be used to 

determine the metal corrosion product thickness and hence the 

corrosion rate.  The following calculation is an example of the 

conversion of silver foil mass gain in g to the silver sulfide 

https://www.surepure.com/


corrosion product (Ag2S) thickness, T, in angstroms (Å ), with 

the assumption that silver sulfide is the only compound in the 

corrosion product.  
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where w is the gain of mass, in g, due to exposure; Ag2S is the 

specific gravity of Ag2S; A is the area of the metal foil in cm2; ms is 

the atomic mass of sulfur and mAg is the atomic mass of silver. 

The KM factor for Cu2S corrosion product is equal to 88.5. Therefore, 

if we assume that copper corrodes mostly to Cu2S, the thickness of 

the Cu2S corrosion product in angstroms is equal to (w/a) x 88.5.  

4.3 Coulometric Reduction (CR) Method 

Coulometric Reduction (CR) method is an electrochemical 

means of identifying and measuring the thickness of the 

chemical compounds in corrosion products down to tens of 

angstroms.  A low current, typically 50 mA/cm
2
, is forced 

through the corrosion product covering the foil immersed in 

0.1M KCl electrolyte, while the potential between the foil and 

the electrolyte is plotted versus time.   The galvanostatic curve 

has a characteristic voltage plateau for each chemical 

compound being electrochemically reduced to metal.  The 

number of coulombs corresponding to each voltage plateau is 

a measure of the mass of the chemical compound reduced to 

metal.  For copper, Cu2O, CuO and Cu2S can be identified and 

quantified; for silver, Ag2S and AgCl can be identified and 

quantified The coulometric reduction procedure is described 

in detail in ASTM B825-02 [29] and in a paper by Krumbien 

et al [30].  For the convenience of the reader, the procedure is 

described here briefly using the silver corrosion rate 

measurement as an example.  Figure 10 shows a coulometric 

reduction setup.  The figure also shows a typical coulometric 

reduction curve and its first derivative.  The setup consists of 

the corroded silver foil, a counter electrode and a calomel 

electrode, all immersed in KCl electrolyte.  The 0.05 mA/cm
2
 

galvanostatic curve has two voltage plateaus, one for AgCl at 

about 0 mV and the other at about 800 mV for Ag2S, both 

with respect to a saturated Calomel reference electrode.    

 

 
Figure 10. Coulometric Reduction Setup 

The duration of the plateaus can be determined by taking the 

first derivative of the galvanostatic curve and measuring the 

time between the peaks as shown in Figure 11.  As shown in 

the figure, the time tAgCl is the silver chloride plateau and the 

time tAg2S is for the silver sulfide plateau. 

 

 
Silver Foil Reduction 

 
Copper Foil Reduction 

Figure 11. Coulometric reduction curve and its derivative for 

a corroded silver and copper foil. 

 

The plateau time duration can be converted to corrosion 

product thickness in angstroms as follows: 

 
 

Reduction potentials and K-factor for several common-

corrosive products has been reported by Krumbein et al [30].  

Table 3 is factor for calculating mass or thickness of known 

film components. 

Table 3. Factor for calculating mass or thickness of known 

film components 

Component Density 
Gram-

Molecular Mass 

Reduction 

Potential* (or 
Range) 

“K” 
Factor 

AgCl 5.56 143.3 0 26.7 

Ag2S 7.32 247.8 -0.82 17.5 

Cu2O 6.0 143.1 -0.55~-0.75 12.4 

CuO 6.4 79.54 -0.7~-0.9 6.43 

Cu2S 5.6 159.1 -1.0~-1.15 14.7 

*Reduction potentials are dependent on current density and other 

factor. The values are the approximate midpoint potentials or 

voltage ranges usually found in a 0.1M KCl electrolyte at a current 

density of – 0.05mA/cm2 and referred to a Ag/AgCl reference 

electrode in 0.1M KCl solution. 



5. QUALIFICATION TEST PROCEDURE & CRITERIA 

5.1 Definition of FOS Test Standard Procedures 

The test PCBs are to be pre-baked at 100
o
C in flowing 

nitrogen gas for 24 hours to rid them of much of the Volatile 

Organic Compounds (VOCs).  The test PCBs are then 

exposed to three 5-day runs in the above described FoS 

chamber at 50
o
C at three relative humidity levels: (a) relative 

humidity of 33-40% using MgCl2 saturated salt solution 

during the 1
st
 5 days; (b) relative humidity of 55-59% using 

NaNO2 saturated salt solution during the 2
nd

 5 days; and (c) 

relative humidity of 75-81% using KCl saturated salt solution 

during the 3
rd

 5 days. 

  

a) First 5-day test run at 33-40% relative humidity using 

MgCl2 saturated salt solution: 

i. Mount the test PCBS on seven of the wheel paddle 

slots, leaving the 8
th

 paddle slots for a board on 

which Ag and Cu foils are mounted.  

ii. Mount the cleaned and pre-weighed 2.5x5 mm 

(1”x2”) Ag and Cu foils on the 8
th

 paddle to measure 

the Ag and Cu corrosion rates and thereby, indirectly, 

obtain information on the sulfur and chlorine gas 

concentrations in the FoS chamber. 

iii. Add saturated MgCl2 solution to the salt tray. Make 

sure that about one-third to one-half the solution is 

undissolved salt to ensure that the solution remains 

saturated during the 5-day run. The depth of the 

solution should be no more than about 10 mm as a 

precaution to ensure that the absorption of moisture 

from the air in the chamber does not cause an 

overflow of the solution from the salt solution tray. If 

the chamber is well sealed, the amount of moisture 

absorbed by the salt solution will be limited.  

iv. Add 100 ml Clorox (8.25% sodium hypochlorite) to 

the glass petri dish after measuring its pH, which 

should be about 10.8. 

v. Use three 1-mm thick plastic-clad wires to obtain a 

very controlled gap between the top plate and the salt 

tray. This is the gap through with moisture and 

chlorine will escape from the Clorox
TM

 petri dish. 

vi. Install two %RH probes in the chamber. 

vii. Close chamber. 

viii. Turn on the paddle wheel to 20 rpm. 

ix. Turn on oven to heat to a constant 50
o
C.  

x. Run for 5 days, measuring the %RH every day. 

The %RH should read close to 33-40%.  

xi. After this first 5-day run, turn off oven, open 

chamber, remove the test PCBs and the copper and 

silver coupons. Close chamber. 

xii. Measure the thickness of the corrosion products on 

the silver and the copper foils using weight gain and 

coulometric reduction technique.  The corrosion rate 

of Cu and Ag should be recorded xx and xx Å /day, 

respectively.  

xiii. Scan the test PCBs and photograph and note location 

of the worst creep corrosion feature for each of the 

test PCBs.  

 

b) Second 5-day test run at 55-59% relative humidity 

using NaNO2 saturated salt solution: 

i. Mount the test PCBS on seven of the wheel paddle 

slots, leaving the 8
th

 paddle slots for a board on 

which Ag and Cu foils are mounted.  

ii. Mount the cleaned and pre-weighed 2.5x5 mm 

(1”x2”) Ag and Cu foils on the 8
th

 paddle to measure 

the Ag and Cu corrosion rates and thereby, indirectly, 

obtain information on the sulfur and chlorine gas 

concentrations in the FoS chamber. 

iii. Add saturated NaNO2 solution to the salt tray. Make 

sure that about one-third to one-half the solution is 

undissolved salt to ensure that the solution remains 

saturated during the 5-day run. The depth of the 

solution should be no more than about 10 mm as a 

precaution to ensure that the absorption of moisture 

from the air in the chamber does not cause an 

overflow of the solution from the salt solution tray. If 

the chamber is well sealed, the amount of moisture 

absorbed by the salt solution will be limited.  

iv. Add 100 ml Clorox (8.25% sodium hypochlorite) to 

the glass petri dish after measuring its pH, which 

should be about 10.8. 

v. Use three 1-mm thick plastic-clad wires to obtain a 

very controlled gap between the top plate and the salt 

tray. This is the gap through with moisture and 

chlorine will escape from the Clorox
TM

 petri dish. 

vi. Install two %RH probes in the chamber. 

vii. Close chamber. 

viii. Turn on the paddle wheel to 20 rpm. 

ix. Turn on oven to heat to a constant 50
o
C.  

x. Run for 5 days, measuring the %RH every day. 

The %RH should read close to 55-59%.  

xi. After this first 5-day run, turn off oven, open 

chamber, remove the test PCBs and the copper and 

silver coupons. Close chamber. 

xii. Measure the thickness of the corrosion products on 

the silver and the copper foils using weight gain and 

coulometric reduction technique.  The corrosion rate 

of Cu and Ag should be recorded xx and xx Å /day, 

respectively.  
xiii. Scan the test PCBs and photograph and note location 

of the worst creep corrosion feature for each of the 

test PCBs.  

 

c) Third 5-day test run at 75-81% relative humidity using 

KCl saturated salt solution: 

i. Mount the test PCBS on seven of the wheel paddle 

slots, leaving the 8
th

 paddle slots for a board on 

which Ag and Cu foils are mounted. 



ii. Mount the cleaned and pre-weighed 2.5x5 mm 

(1”x2”) Ag and Cu foils on the 8
th

 paddle to measure 

the Ag and Cu corrosion rates and thereby, indirectly, 

obtain information on the sulfur and chlorine gas 

concentrations in the FoS chamber. 

iii. Add saturated KCl solution to the salt tray. Make 

sure that about one-third to one-half the solution is 

undissolved salt to ensure that the solution remains 

saturated during the 5-day run. The depth of the 

solution should be at least about 10 mm as a 

precaution to ensure that the loss of moisture from 

the solution into the chamber does not cause the 

solution to become dry.  If the chamber is well sealed, 

the amount of moisture lost by the salt solution to the 

chamber will be limited.  

iv. Add 100 ml Clorox (8.25% sodium hypochlorite) to 

the glass petri dish after measuring its pH, which 

should be about 10.8. 

v. Use three 3-mm thick plastic-clad wires to obtain a 

very controlled gap between the top plate and the salt 

tray. This is the gap through with moisture and 

chlorine will escape from the Clorox
TM

 petri dish.  

The reason for the 3-mm thick plastic-clad wire in 

this 3
rd

 run is because of the much higher absorption 

of chlorine gas in the high humidity range.  

vi. Install two %RH probes in the chamber. 

vii. Close chamber. 

viii. Turn on the paddle wheel to 20 rpm. 

ix. Turn on oven to heat to a constant 50
o
C.  

x. Run for 5 days, measuring the %RH every day. 

The %RH should read close to 75-81%.  

xi. After this first 5-day run, turn off oven, open 

chamber, remove the test PCBs and the copper and 

silver coupons. Close chamber. 

xii. Measure the thickness of the corrosion products on 

the silver and the copper foils using weight gain and 

coulometric reduction technique.  The corrosion rate 

of Cu and Ag should be recorded xx and xx Å /day, 

respectively.  
xiii. Scan the test PCBs and photograph and note location 

of the worst creep corrosion feature for each of the 

test PCBs. 

5.2 Pass/Fail Criterion for Creep Corrosion 

After exposure, DUT shall be examined using a microscope 

with adjustable magnifications to 100X. Higher 

magnifications may be necessary, including the use of 

scanning electron microscope, for more critical applications. 

Any observation of creep corrosion that substantially bridges 

the gap between the PCB features would be a cause for 

rejection of the PCB. The acceptable extent of creep corrosion 

must be defined and accepted by the PCB manufacturer and 

procurer. As an example, an acceptable extent of creep 

corrosion may be one that bridges less than one-third of the 

gap between the PCB features. The visual inspection criteria 

and rankings were shown in Figure 12. 

 

Rank 0 Rank 1 Rank 2 Rank 3 Rank 4 

No 

Corrosion 

 

Pad/Edge 

Corrosion 

 

Light Creep 

Corrosion 

(<1/3 gap) 

Light Creep 

Corrosion 

(>1/3 gap) 

Heavy 

Creep 

Corrosion 

     
Oxidation 
or 

tarnishing is 

OK. 

Corrosion 
limited to 

pads or 

holes only, 
no spread. 

Corrosion 
spreading 

from pads or 

holes, but 
not bridging 

between 
features. 

Corrosion 
spreading 

from pads or 

holes, but 
not bridging 

between 
features. 

Severe 
corrosion, 

bridging 

between 
features. 

Pass Pass Pass Fail Fail 

Figure 12. Visual Inspection Criteria and Rankings. 

 

6. CONCLUSIONS 

In this paper, we have developed a low-cost, convenient to use, 

general-purpose corrosion chamber in which 

 Sulfur and chlorine gas concentrations and relative 

humidity can be reasonably controlled at a constant 

50
o
C chamber. 

 Relative humidity can be controlled from 10% to 90%. 

 Uniform corrosive gas concentration, air flow and 

steady relative humidity in the chamber. 

 There is some, controlled air flow over the test 

specimens in the chamber.  

Beside, we also find a proper test boards pre-treatment to 

mitigate the organic compound deposit forming which is 

evaporated organic compounds from soldermask. 

 

The objectives of the white paper is to enhance our 

understanding of the factors affecting creep corrosion on 

printed circuit boards (PCBs) and on printed circuit board 

assemblies (PCBAs) and to develop a creep corrosion test 

method for qualifying products that will not suffer creep 

corrosion in the field even in geographies heavily polluted 

with sulfur-bearing gaseous contamination. Creep corrosion 

on PCBs is the corrosion of the PCB metallization and the 

spreading of the corrosion products, mostly copper sulfide, 

across the PCB surfaces to the extent that the spreading 

corrosion products can cause electrical short among the 

neighboring metallic features circuit on the PCB. 

 

Finally, we sincerely hope that the white paper will greatly 

benefit the electronics industry by helping the understanding 

and the avoidance of creep corrosion on PCBs in the field 

with high levels of sulfur-bearing gaseous contamination. 

 

7. NEXT STEP 

The standard procedure of iNEMI FOS test has been defined 

and depicted preliminarily in this paper. In order to 

understand the effects of PCB surface finishes, soldering 

fluxes, PCB design features, relative humidity, store time and 

conditioning time in thermal environment containing high 

concentration of sulfur-bearing gaseous and chlorine gas. We 

will also report the results of the round robin test in 2018 

SMTA China South. 
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