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Background 

 Electronic hardware can be susceptible to creep corrosion in corrosive environments. Creep corrosion 
is the corrosion of metallization (generally copper and silver) and the migration of the corrosion 
product (typically copper and silver sulfides) across the printed circuit board (FR-4 and solder mask) 
surfaces. 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. 

 Gaseous contamination limits for the reliable operation of electronic equipment cannot be specified in 
terms of the concentrations of gaseous contaminants in the air: Metal corrosion is too complex a 
process to allow its rate to be determined from gaseous chemical composition. A more convenient 
and quantitative approach is the so called “reactive monitoring” method described in ANSI/ISA-71.04-
1985. Copper and silver coupons are exposed to the environment and analyzed for corrosion product 
thickness. The corrosivity of the air, in terms of the rates of buildup of corrosion products on copper 
and silver foils, is conveniently used to indirectly define the gaseous contamination limits in data 
centers and telecommunication rooms. 

 To help eliminate creep corrosion, industry has initiated significant effort to better understand its 
cause and mitigation. iNEMI had an experimental program studying creep corrosion since October 
2009. The iNEMI project on creep corrosion testing using mixed-flowing gases (MFG) was successful 
in identifying the role of finishes and fluxes on creep corrosion. MFG test is complex and expensive. 
Only a handful amongst the major electronics companies of the world has MFG test capability. The 
MFG chamber (iNEMI Creep Corrosion test condition: H2S = 1200 ppb; NO2 = 200 ppb; Cl2 = 20 ppb; 

SO2 = 200 ppb; 40℃, RH 70-75%) has copper corrosion rates much higher than silver corrosion 
rates.  However, indoors, the copper corrosion rate is much lower than silver corrosion; whereas, 
outdoors, the opposite is true. Fortunately, copper sulfide is the dominating creeping species, so MFG 
testing may be valid for predicting creep corrosion in the field. 

 Flowers of sulfur (FOS) chamber for this study will consist of a 0.3 meter cube chamber made of 6-
mm thick acrylic. The front face of the chamber will have an O-ring sealed door. Six test printed circuit 
boards, 140x110 mm in size, will be positioned vertically on a Ferris wheel driven by a variable-speed 
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motor. The chamber will be placed in a temperature controlled laboratory grade oven that can be 
maintained in the room temperature to 100

o
C temperature range with minimal temperature 

fluctuations. The humidity in the chamber will be maintained by a saturated salt solution. The 
elemental sulfur in the air will be provided by a beaker containing flowers of sulfur. The concentration 
of the sulfur in the air is a direct and sole function of the chamber temperature. To avoid condensation 
and therefore transfer of sulfur from the FOS beaker to the test PCBs, the temperature of the PCBs 
will be kept slightly higher than the temperature of FOS beaker. 

 Challenges to Flower of Sulfur test: 

o Current FOS is considered a single component test (sulfur vapor in this case) which cannot 
replace a multi-components MFG test for simulating diverse actual environments. The use of 
KCl saturated solution may provide the chloride ions some investigators find critical to 
catalyzing corrosion reactions. 

o Correlation between FOS and field data has not yet been obtained. 

 The challenge remains to develop a simple test that suppliers can use to prove that their products will 
survive reasonably clean environments. 

Purpose of Project 

 Develop a cost effective and reliable creep corrosion qualification test that suppliers of PCBs, 
components and materials can use to satisfy their customers that their products will not suffer creep 
corrosion in the field, especially in geographies polluted with sulfur-bearing gaseous contamination. 

 The project seeks to develop a reliable, easy to use test that multiple companies can conduct on a 
particular lot of PCBs and come up with the same creep corrosion results. 

Scope of Work 

 The Qualification Test Development for Creep Corrosion Project is planned to have three phases. 

 Phase 1 will design an experiment to investigate the primary FOS test variables, and adjust the 
variables to achieve targeted corrosion rate. Flowers of sulfur test conditions will be evaluated in 
terms of a relationship between temperature and humidity and the corrosion rate of copper and 
silver. The target will be to achieve a silver corrosion rate of 200 nm/day, and a copper corrosion 
rate of 300 nm/day. The possibility of chloride contamination from a chloride saturated salt solution 
will be evaluated. Copper and silver coupons will be used in this phase. Phase 1 will propose the 
test chamber setup parameters and draft the test specification. Phase 1 will also establish test 
capability at multiple sites. 

o Preliminary study will be done to see the effect of RPM (test coupon revolutions per minute) 
on the rate of corrosion and the spatial distribution of the rate of corrosion. The effect of 
chamber loading will be studied. The leakage rate of the gases from the chamber and the 
change of pH of the saturated salt solution will be noted for future reference. 

 Saturated salts (KCl, KNO3, etc) in chamber at 60 C 
 5, 10, 20, 40 and 80 RPM 
 Each test run will be for 20 hours 

 

RPM   relative humidity

60oC

50oC
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o With a recommended constant RPM, we will study the effect of saturated salt and 
temperature on copper and silver corrosion rates. Humidity is dependent on the saturated salt 
solution and temperature. The proposed design of experiment is shown in the table below. 
We will check the accuracy of the table for the salt we finally select. 

 

Non chloride 
salts 

Chloride 
salts 

% relative humidity  

50
o
C 60

o
C 

K2SO4  96 96 

KNO3  85 82 

 KCl 81 80 

 NaCl 75 75 

NaNO3  70 68 

NaNO2  59 59 

Na3PO4  TBD TBD 

 

 Phase 2 will optimize the test procedures using copper and silver coupons and PCB test boards 

o We will use both copper and silver foils and creep-corrosion prone PCBs. We will adopt one 
finish and one flux type to generate creep corrosion failures: e.g., ImAg finished PCBs with 
organic acid flux. 

o Additional variables may be considered in Phase 2, such as thermal and humidity rate of 
change. 

o Develop the test specification: We will describe the chamber setup, define the test condition 
and procedures and recommend pass/fail criteria. 

o We will conduct round robin FOS test at multiple sites to prove the test repeatability. 

o We will conduct MFG test using same PCB test boards and copper and silver coupons for 
result comparison. 

o The detailed plan for Phase 2 will be determined by the end of Phase 1. 

 Phase 3 will evaluate the creep corrosion propensity of various finish types and flux types, such as 
ImAg, ImSn, OSP, HASL and ENIG finished boards with rosin fluxes of various rosin contents. 
Other finishes, fluxes and PCB design features will be evaluated depending on iNEMI member 
interest. The FOS test results will be compared with the MFG test results. Detailed plan of Phase 3 
will be developed upon the completion of Phase 2. 

Business Impact 

Study the impact of various test conditions to help develop a standard test method that will be a good 
predictor of product reliability under harsh environments contaminated with sulfur-bearing gases. 

 The project team will be re-energized working on a project that will continue to make solid 
contributions to the PCB industry. 

 The industry will benefit from a reliable, inexpensive creep corrosion PCB qualification test 
standard. 
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Expected Outcome 

 Experimental test results and failure analysis data. 

 The project team will provide specific recommendations on a standard creep corrosion qualification 
test. The project team will describe the chamber setup, define the test condition and procedure and 
recommend pass/fail criteria. 

 A result summary should be available to all iNEMI members in reports from this project. Information 
will be shared outside of the team with the consent of the members. 

Previous Related Work 

 Various technical committees, including those of ASHRAE, IPC, ISA and iNEMI became active in this 
arena.  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 
angstroms/month and that of copper should be less than 300 angstroms/month. ASHRAE published a 
white paper on the subject in 2009 and revised it in 2011. iNEMI followed by publishing a position 
paper on the limits of copper and silver corrosion rates in data centers in which hardware should not 
fail due to creep corrosion. 

 A three-phase iNEMI taskforce was established in 2009 to study creep corrosion on PCBs. Phase 1, 
completed in 2009, consisted of surveying the creep corrosion field failures. Phase 2 used the output 
of Phase 1 to analyze and understand the root cause of creep corrosion. Phase 3 investigated the 
factors influencing creep corrosion by subjecting test PCBs to mixed-flowing gas (MFG) 
environments. 

 Academic research is very limited in the area. The main university investigator is Prof Michael Pecht, 
University of Maryland. 

Expected Participants 

iNEMI encourages the participation of individuals from different disciplines and divisions within their 
organizations to contribute on the range of tasks outlined in the project plan. We expect the participation 
from PCB, material suppliers, OEM and EMS/ODM, who are concerned with creep corrosion, and test 
service/equipment providers. 
 
The following companies are involved in the previous iNEMI Creep Corrosion project (2009-2012) and/or 
this new project plan development. 

 Alcatel-Lucent 

 Celestica 

 Cisco Systems 

 Cookson 

 Dell 

 DfR Solutions 

 Dow Chemical 

 GE 

 Hitachi Global Storage Tech 

 HP 

 Huawei 

 IBM 

 Intel Corporation 

 IST 

 ITEQ 

 Lenovo 

 MSI 

 Nihon Superior 

 Quanta Computer 

 Senju Comtek 

 Wistron 
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Resources Required from Participants 

The Qualification Test Development for Creep Corrosion Project asks each participating company to 
commit to the following (details refer to the associated Project Statement): 

 Agree to commit appropriate resources to meet project timeline and target dates. Phase 1 will need 
flower of sulfur test capability, thermal oven, saturated salts, copper and silver foils, and coupon 
analysis means (coulometric reduction, weighting balance, SEM/EDS). 

 Collaborate on input to the final report. Document results and publish findings to iNEMI members 
and/or the public. 

 Provide recommendations to industry standards as necessary. Promote the adoption of 
recommended test specifications or processes that are developed by this project internally within 
the participating company and its supply chain partners. 

Project Participant Commitment Matrix 

During the project planning, a number of companies have been identified who are willing to support the 
materials and the execution of tasks. Detailed arrangement will be confirmed when the Phase 1 sign-up is 
finished. 

 

Tasks Resource type 
Resource 
availability Remark 

Phase 1     

Project reviews, report dev. Man hour Yes  

FOS chamber Equipment Yes The setup will require a hood to exhaust the 
sulfur fumes when the chamber is opened 

Temp controlled oven Equipment Yes Most labs should have ovens 

Silver foil, 0.005x1 inch, 
99.95% pure 

Material Yes  

Copper foil. 0.005x1 inch, 
99.99% pure 

Material Yes  

Coupon preparation (clean) Material Yes Chemical 

Labor cost of running the 
FOS tests 

Man hour Yes  

Potassium sulfate - reagent 
grade 

Material Yes  

Potassium nitrate - reagent 
grade 

Material Yes  

Potassium chloride - 
reagent grade 

Material Yes  

Sodium chloride - reagent 
grade 

Material Yes  

Potassium nitrate - reagent 
grade 

Material Yes  

Potassium nitrite - reagent 
grade 

Material Yes  

Coulometric reduction Analysis Yes $100 per sample 

Weighting balance Measurement Yes  

XPS  Analysis Yes  

SEM  Analysis Yes  

TOFSIMS Analysis Yes ~$2000 per sample 

FIB Analysis Yes Up to service time, ~$400 per sample 
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Schedule with Milestones  

Phase 1 Months 

Tasks 1 2 3 4 5 6 7 8 9 10 11 12 

1. Test preparation              

Review chamber design & 
build instruction 

X            

Purchase chambers X            

Material sourcing  X           

Finalize DoE & resource  X           

2. Preliminary study (Corrosion 
rates and the effect of RPM)  

  X          

3. DoE test runs at multiple sites 
(with various salts, temperature)  

           X       

4. Summary       X      

5. Plan the 2nd phase        X     

 

Phase 1 Detailed Project Planning 

Task 1 – Test preparation 

 Resources: 

o FOS test chamber 

o Variable voltage power supply to run the motor at various speeds 

o Oven that can control temperature from 50 to 100
o
C 

o Chemistry laboratory glassware 

o Salts 

o Flowers of sulfur 

 Description: 

o Procure the test chamber from IBM or build chamber in house 

o Setup the FOS chamber in a temperature controlled oven 

o Run the test at various RPM 

o Determine the moisture leakage rate 

o Adjust door gasket and pressure to reduce moisture leakage rate 

o Ensure that the temperature of the FOS beaker is somewhat lower than the temperature of 
the specimens being exposed to FOS vapors 

o Measure and minimize temperature fluctuations 

Task 2 – Preliminary study (Corrosion rates and the effect of RPM) 

 Resources: 

o Fully function test chamber with low leakage rate of moisture 

o 10 runs will require 10x0.46 = 4.6 meters each of copper and silver foils 

o Laboratory setup to clean metal foils by grinding and rinsing in distilled water and isopropyl 
alcohol 

o Electrochemical equipment or microbalance to measure corrosion rates 

o Flowers of sulfur 

o Glassware 
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 Description: 

o A saturated salt solution of choice will be selected for the RPM study. 

o Five RPMs will be studied, each RPM requiring two test runs each. 

o Each test run will be for 20 hours. 

 The chamber with the saturated salt solution will be stabilized at 60
o
C for 2 hours. 

Copper and silver coupons will also be stabilized at 60
o
C  outside the chamber but 

inside the oven. 

 After 2 hours, the heated coupons will be inserted into the chamber followed by the 
introduction of the FOS beaker. 

 The chamber will be sealed and the test will be run for 20 hours. 

o After each test run, the corrosion product thickness will be measured using coulometric 
reduction and/or microbalance. The microbalance technique requires weighing coupons 
before and after the 20 hour test run. 

o The corrosion rates of copper and silver will be plotted versus RPM. 

o Based on this plot, an RPM will be selected for all future testing. 

Task 3 – DoE test runs 

 Resources: 

o Seven salts to be studied. 

o The 14 test runs, two for each of the 7 salts, will require 14x0.46 = 6.44 meters each of 
copper and silver foils. 

o Fully function test chamber with low leakage rate of moisture 

o Laboratory setup to clean metal foils by grinding and rinsing in distilled water and isopropyl 
alcohol 

o Electrochemical equipment or microbalance to measure corrosion rates 

o Flowers of sulfur 

o Glassware 

 Description: 

o Each test run will be for 20 hours at the RPM determined in Task 2. 

 The chamber with the saturated salt solution will be stabilized at 60
o
C for 2 hours. 

Copper and silver coupons will also be stabilized at 60
o
C outside the chamber but 

inside the oven. 

 After 2 hours, the heated coupons will be inserted into the chamber followed by the 
introduction of the FOS beaker. 

 The chamber will be sealed and the test will be run for 20 hours. 

o After each test run, the corrosion product thickness will be measured using coulometric 
reduction and/or microbalance. The microbalance technique requires weighing coupons 
before and after the 20 hour test run. 

o The seven saturated salts will require 14 test runs, two for each salt, one at 5n0
o
C and the 

other at 60
o
C. 

o The corrosion rates of copper and silver will be plotted versus humidity. 

Task 4 – Summary 

 Resources: 

o Humidity meter 

o Test setup as described for Tasks 2 and 3. 
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 Description: 

o Based on testing in Task 3, a salt and a test temperature will be selected for use in Task 5. 

o The humidity created by the selected saturated salt solution at the selected temperature will 
be measured to confirm the humidity value reported in the literature. 

o All the results of the 3 tasks above will be summarized into a Phase 1 report, 

Task 5 – Plan the 2nd phase 

 Resources: Project team man hours  for reviews and putting together the Phase 2 SOW. 

 Description: The output of Phase 1 is the recommended test specification, including the chamber 
setup, RPM, saturated salt, and test temperature. Based on the results of Phase 1, the team will 
plan the DoE and resources for Phase 2. 

Project Monitoring Plans 

 Ensure open lines of communication among participants 

- Weekly conference calls 

- Meeting minutes provided through e-mail 

- Follow-up with individuals on an as-needed basis 

- Workshops and face-to-face meetings as appropriate 

 Technical reviews (2) will be provided to update the Technical Committee. 

 Progress reports will be provided upon request for presentation at regularly scheduled iNEMI 
meetings (e.g., at member council meetings). 

 Track and document approximate man-months per quarter per team member (this will require the 
active members of the team to provide estimates). 

 Track and document approximate number of people on the project per quarter (this can be tracked 
through iNEMI's WebEx account). 

 Define appropriate metric to quantitatively evaluate the project business impact. 

 Project phase/summary report will be provided to iNEMI members, and the report will be published 
on the iNEMI website. 

General and Administrative Guidelines 

General and Administrative Guidelines for this project and all other iNEMI Projects are documented at 
http://thor.inemi.org/webdownload/join/gen_guidelines.pdf. 
 

http://thor.inemi.org/webdownload/join/gen_guidelines.pdf

