
Qualification Test Development for Creep Corrosion Project, Phase 3 Page 1 of 7 

 
Statement of Work (SOW) 

iNEMI Board Assembly TIG 

Qualification Test Development for Creep Corrosion 

Using Flowers of Sulfur Chamber, Phase 3 

(The Effect of Relative Humidity on Creep Corrosion) 
 

 

Version # 1.3 

Date: December 17, 2015 

 

Co-Chair: Prabjit Singh (IBM) 

Co-Chair: Simon Lee (Dow Chemical) 

iNEMI Staff: Haley Fu 

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-71.04-2013. Copper and silver coupons are 

exposed to the environment and analyzed for corrosion product chemistry and 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 worldwide have 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-
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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. The high expense of the MFG chamber and its high maintenance costs and the fact 

that the relative corrosion rates of copper and silver were opposite that in the field was the 

motivation to explore the use of flowers of sulfur chambers as a means of qualifying PCBs 

that will survive the harsh, corrosive field environments without suffering creep corrosion. 

 In Phase 1 of the project, a flowers-of-sulfur (FOS) based test was developed for testing for 

creep corrosion on printed-circuit boards (PCBs). The test chamber consisted of a 300-mm 

cube acrylic box placed in an oven. A bed of sulfur provided the corrosive sulfur vapors. The 

concentration of the sulfur was kept constant at a predefined value by maintaining the 

chamber at a constant temperature. The humidity was maintained constant at a predefined 

value by selecting and using an appropriate saturated salt solution. Two setups for mounting 

the PCBs and moving air across them were developed. In one setup, an electric motor driven 

rotating paddle wheel was used to stir the air in the chamber and have some airflow over the 

test PCBs. In the other setup, air was forced over the PCBs in near laminar flow using a 

blower. The effects of humidity and air velocity on copper and silver corrosion rates were 

studied. The copper corrosion rate had almost a step function increase at about 80% relative 

humidity. The silver corrosion rate stayed quite independent of humidity, in agreement with 

other works on the subject. The copper and silver corrosion rates were both found to be 

strongly dependent on air velocity in the 5-100ft/minute range studied at 60oC and 82% 

relative humidity in the flowers-of-sulfur chamber. The copper and silver corrosion rates at 

100ft/minute were about 3000 and 2000 angstroms/day, respectively. 

 Phase 2: In the 1st and 2nd test runs of Phase 2 of the project, PCBs with immersion silver 

(ImAg) and lead-free hot-air-surface-level (HASL) finishes soldered with rosin and organic 

acid fluxes were tested. The ImAg PCBs soldered with organic acid flux suffered the most 

creep corrosion in agreement with the generally expected field experience. There were fewer 

instances of creep corrosion on ImAg PCBs soldered with rosin flux and on Pb-free HASL 

PCBs. The 3rd test of Phase 2 discovered that contaminating the test PCBs with ammonium 

salts contributed to more creep corrosion but made the test less discriminatory in that even 

test PCBs with HASL finish soldered with rosin flux suffered creep corrosion. The procedure 

and results of the 4th through 6th test runs of Phase 2 of the iNEMI project were as follows:  

The test condition changes included the introduction of chlorine gas using household Clorox 

and of pre-baking the test PCBs. The test chambers were maintained at 50oC. In the 4th and 

5th test runs the relative humidity was maintained at 81% using KCl saturated salt solution.  

Pre-baking the test PCBs at 100oC for one day under nitrogen gas cover was found to be 

necessary to generate creep corrosion. The creep corrosion on ImAg PCBs was in general 

more than that on HASL and OSP PCBs. Creep corrosion was most severe on ENIG 

(electroless nickel immersion gold) PCBs, independent of the flux used. The test is now 

sufficiently developed for consideration by the industry as a qualification test for creep 

corrosion. The test results correlated well with the field failure history. 

The 6th test run of Phase 2 studied the effect of relative humidity on creep corrosion. A 

surprising result was that the iNEMI prepared ENIG PCBs suffered creep corrosion even at 

relative humidity as low as 60%. But test runs could not be conducted at humidity levels 

below 60%RH because of the Clorox giving off moisture and competing with the saturated 

salt solution, such that the saturated salt solution lost control of humidity to the Clorox 

solution 
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 Challenge and opportunity to Flower of Sulfur test: 

o The one major remaining challenge is to control the humidity level with in sulfur-

bearing gases and chlorine gas. If can run the FOS test at much lower humidity, then 

the FoS test could be used to determine the threshold relative humidity below which 

creep corrosion will not occur even in corrosive environments high in sulfur-bearing 

gases and chlorine 

Purpose of Project 

 Phase 3: Finalize the FoS test setup and procedure. Determine the threshold relative humidity 

below which creep corrosion will not occur even in corrosive environments high in sulfur-

bearing gases and chlorine. 

Scope of Work 

 It was discovered in Phase 2 that PCBs with ENIG finish suffered creep corrosion. The creep 

corrosion on ENIG finished PCBs occurred in a very reproducible manner. In Phase 3, PCBs 

with ENIG finish will be used to determine the effect of relative humidity on creep corrosion. 

 Household Clorox will be the source of chlorine. It is known that simply placing a Clorox 

filled beaker in the FOS chamber introduces sufficient chlorine in to the chamber. But the 

Clorox also introduces moisture making it impossible to obtain relative humidity in the low 

relative humidity range less than about 60%. 

 The first step in Phase 3 will be to design, build and test a Clorox setup that will allow the 

chlorine gas to escape in to the chamber but absorb the water vapor coming off the Clorox. 

 The Clorox setup will be tested using ZnCl2 saturated salt solution. The objective will be to 

obtain relative humidity in the low 10-20% range. Multiple design iterations may be need to 

develop a Clorox setup that allows relative humidity in the 10-20% range and yet releases 

enough chlorine gas into the chamber. 

 The relative humidity in the FOS chamber will be maintained at levels in the 10 to 80% range 

using saturated salt solutions. 

 FOS test runs at various relative humidity levels, in the 10 to 80% range, will be conducted 

on ENIG finish PCBs soldered with organic acid flux, to determine the relative humidity 

threshold below which creep corrosion will not occur. 

 If the research results show that a creep corrosion relative humidity threshold does exist, then 

this threshold may become a specification requirement for the PCBs that are found to be 

prone to creep corrosion. 

 

Business Impact 

The effect of relative humidity on creep corrosion has not been studied. The discovery of a 

threshold relative humidity below which creep corrosion does not occur will have a major 

beneficial impact on the operation of mission-critical data centers. Data centers will no longer 

need to be equipped with costly gas-phase filters to remove corrosive gases from the data center 

environment. The mere reduction of humidity below the creep corrosion threshold relative 

humidity will be enough to protect the PCBs from suffering creep corrosion. 
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Expected Outcome 

 If the research results show that a creep corrosion relative humidity threshold does exist, then 

the project will concentrate on measuring the threshold relative humidity of the ENIG finish 

PCB and of PCBs with other finishes that may be prone to creep corrosion. 

 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. Provide 

recommendations to industry standards as necessary. 

Previous Related Work 

 Various technical committees, including those of ASHRAE, IPC, ISA and iNEMI have been 

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 

using mixed flowing gas chambers. 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. 

 The iNEMI project on the study the factors effecting creep corrosion using the MFG chamber 

was competed in 2012. At the completion of this project a new project was started based on 

the use of the flowers of sulfur chamber. 

 The first two phases of the FOS based creep corrosion tests have been successfully 

completed. The project developed a test that can be an industry standard test for the 

qualification of PCBs that will not suffer creep corrosion in the field with high levels of 

sulfur-bearing corrosive gases. 

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 were involved in the previous iNEMI Creep Corrosion project (2009-

2015). 

 Lenovo 

 IST 

 Dow Chemical 

 IBM 

 Dell 

 Intel 

 Keysight 

 Alcatel-Lucent 
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 CALCE 

 Cisco 

 Huawei 

 Quanta 

 Cookson 

 Senju 

 ITEQ 

 Celestica 

Resources Required from Participants 

The creep corrosion qualification test development 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. Project 

Phase 3 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. 

 

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 project Phase 3 sign-up is finished. 

 

Phase 3 Resource type 
Resource 
availability Remark 

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 chloride 80%RH Material Yes  

Sodium chloride 75%RH Material Yes  

Sodium nitrate 68%RH Material Yes  

Sodium nitrite 59%RH Material Yes  

Ammonium nitrate 47%RH 
or Magnesium nitrate 
46%RH 

Material Yes  

Magnesium chloride 31%TH Material Yes  

Potassium acetate 20%RH Material Yes  

Zinc chloride  10%RH or 
lithium chloride 11%RH 

Material Yes  

Coulometric reduction Analysis Yes  

Weighting balance Measurement Yes  

XPS  Analysis Yes  

SEM  Analysis Yes  

FIB Analysis Yes  
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Schedule with Milestones  

Phase 3 Months 

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

1. Clorox setup development              

Innovate and build prototype 
setups 

X X X          

Build & Test the Clorox setup  X X X X X        

Finalize Clorox setup    X X X       

Preliminary study – Make 
FOS test run with Clorox 
setup 

      X X X     

3. FOS test runs to determine 
creep corrosion %RH threshold 

              X X X  

4. Summary & Final report            X X 

 

Phase 3 Detailed Project Planning 

Task 1: Clorox setup development 

 Resources required 

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 100oC 

o Chemistry laboratory glassware 

o Salts with various deliquescence relative humidity levels, the lowest being zinc chloride with 
a deliquescence value of 10%RH. 

o Flowers of sulfur 

o 6 test runs will require 6x5 = 30cm each of copper and silver foils. 

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

o Coulometric reduction equipment and glassware 

o Machine shop to build prototype Clorox setup 

o Relative humidity monitors 

 Description 

o Design Clorox setup of at least two different designs 

o Fabricate setups 

o Test setup for chlorine content and ability to achieve low relative humidity. 

o Iterate design 

o Finalize design 

Task 2 – FOS test runs to determine creep corrosion %RH threshold 

 Resources required: 

o Fully function test chamber with Clorox setup that gives off adequate level of chlorine gas 
and allows the humidity to be in the low relative humidity range of about 20-30%. 

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 100oC 
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o Chemistry laboratory glassware 

o Salts with various deliquescence relative humidity levels, the lowest being zinc chloride with 
a deliquescence value of 10%RH. 

o 6 runs will require 6x5 = 30 cm each of copper and silver foils. 

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

o Coulometric reduction equipment and glassware. 

o Flowers of sulfur 

o Chemistry laboratory glassware. 

o iNEMI test PCBs with ENIG finish and soldered with organic acid flux. Each company 
should have a minimum of 16 test boards. 

o Relative humidity monitors 

 Description: 

o Each test site will make 6 test runs, each run at a different humidity in the 10 to 80% range. 

o Each test run will have at least two iNEMI test boards with ENIG finish soldered with 
organic acid flux. 

o The corrosion rates including presence of chlorine gas will be monitored during the first day 
of each test run. 

o The relative humidity in the chamber will be monitored for the duration of the test. 

o Each test run will be for 5 days. 

o After each 5 day run, the degree of creep corrosion will be quantitatively measured in terms 
of average distance of creep corrosion across the board. 

Task 3 –Summary and report 
o Collect and summarize results from the participating companies and write the final report. 

o Present an iNEMI webinar. 

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

