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Abstract 
As more electronic assemblers move to lead free SMT production, concerns are raised over reflow cooling slopes and effects 
on solder joints. Due to the higher peak temperatures, cooling slopes are naturally more aggressive if not controlled properly. 
Impacts of variable cooling slopes should be considered for the transition to lead free assembly.  
 
This paper evaluates the effect of variable cooling slopes on lead free solder joints. Controlled testing of lead free assemblies 
subjected to various cooling slopes in both air and nitrogen environments is also discussed. Solder joints will be inspected for 
solder joint grain structure under differing conditions of aggressive, medium, and mild cooling slopes. Data will be presented 
on the findings of this study along with suggestions of desirable cooling slopes and reflow system options to best support the 
reflow cooling profile.  
 
Lead Free Transition 
The transition to lead free electronics assemblies raises a considerable amount of questions that have been taken for granted 
in traditional lead material based SMT reflow. This transition challenges the industry to once again ask the questions when 
SMT reflow was first introduced.  
 
A critical part of the lead free assembly transition is in the reflow process. Higher peak temperature requirements for the 
material now comes closer to critical peak temperature allowed by the component and board used within the assembly. The 
differing masses and materials used will absorb and release heat at differing rates that leads to differences in TCE (thermal 
coefficient of expansion) and can be a concern for final assembly quality and long-term reliability. Special care must be given 
in order to achieve proper soldering requirements at the balance of limiting stress and damage to the assembly.  
 
Test Board Build 
The dummy test boards utilized in the experiments are FR4 laminates, .062 thick with silver and gold selected as board 
finishes, Figure 1. The board finishes selected were not the focus of the experiment but rather a representation of popular 
finishes utilized in lead free electronics assembly. 
 

 
 

Figure 1 - Dummy Test Board Example with Cut Away and Mounted Sample 
 
The lead free material utilized for the experiment is a SAC 305 from a worldwide material supplier. Profiles were developed 
utilizing the material supplier recommended parameters for development. It was noted that in the specification of the material 
the supplier suggested an aggressive cooling slope from 3-7°C/second from peak temperature with the most aggressive 
cooling slope preferred. This is an interesting note since other material suppliers have referenced cooling slopes from 2-
4°C/second from peak temperature.  
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The focus of the study was to determine the affects on solder joint structure of different cooling slopes measured in degrees C 
per second from peak temperatures of the electronics assembly. A total of seven profiles were developed on an Electrovert 
OmniExcel 10 reflow system with Nitrogen inerting capability. Out of the seven profiles, three were selected that represented 
differing average cooling slopes of 6.31° per second, 3.91° per second, and 1.27° per second.  
 
After development of the profiles, 12 samples were produced, six gold finish boards and six silver finish boards. The samples 
were then processed through the oven with differing cooling slopes in air and nitrogen environments. This produced a total of 
12 samples that were each produced under the different parameters.  
 
Sample Mounting and Preparation 
Once the boards were processed, samples were cut of the 0402 resistors from the board for cross sections of the solder joints. 
Each sample was mounted and polished in order to analyze magnified views of the solder joints and grain structure. Figure 2 
represents the mounting of the cross-sectioned sample ready for grinding, polishing and etching.  
 

 
 

Figure 2 - Sample Mounting, Ready For Preparation 
 
The samples were sent to Buehler Ltd. for grinding, etching, and image analysis. Grinding and polishing was a multi step 
preparation method. Starting with 400 grit abrasive and water as a lubricant the samples were ground to the desired level. The 
next steps involved 9µm and 3µm polishing abrasive with a METADI® lubricant. Final preparation method was a 
Mastermet® abrasive.  
 
Once the samples were properly prepared they were each subjected to an etching process. Although attempted on all samples, 
the etching process was not successful for all. This process utilizes a 2% Nital solution in which the samples were immersed. 
The etching process allows a very clean surface for image selection and analysis. An image of each sample was taken under 
50x or 100x magnification for analysis.  
 
Sample Analysis 
The samples were analyzed of the solder joint grain structure to determine the affects of the reflow environment and differing 
cooling slopes. Since the board finishes selected of gold and silver was not a focus of the paper, no further investigation was 
conducted on the affects of the finishes on the solder joint structure.  
 
The first review was between the most aggressive cooling slope against the less aggressive cooling slope of the boards with 
the same finish and under the same reflow environment either air or nitrogen. This is represented in the following Figure 3 
and Figure 4. In Figure 3 of the aggressive cooling slope, the bright Sn rich forms are more random in shape, form, and size. 
The lighter Sn rich forms are more diffused within the solder joint and represent a finer dendrite size. This result is expected 
in which rapid cooling solidifies the material prior to allowing full diffusion. 
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Figure 3 - 6.31° C/sec Cooling Reflowed In Nitrogen Environment, 50x Magnification 
 
In Figure 4, Bright Sn rich forms appear longer and layered. Darker, eutectic forms show a longer growth formation, grainy 
in structure.  

 

 
 

Figure 4 - 1.27° C/sec Cooling Reflowed In Nitrogen Environment, 50x Magnification 
 

A review of a mild, medium-cooling slope was conducted to determine grain structure and size. It is interesting in the view of 
the solder joint that grainy “needle” like structures form within the darker, eutectic material along side the finer structures 
found in very aggressive cooling slopes. This sample also shows the formation of the longer, layering of the brighter, Sn rich 
forms. See Figure 5.  
 
During the review of the samples a comparison of solder joints reflowed in air and nitrogen rich environments was conducted 
at the same cooling slope of –1.27°C/second (Figure 6 and 7). The samples obtained were in a polished condition with 50x 
magnification. In the comparison it was noticed that the air samples delivered slightly finer, darker, eutectic forms with more 
diffusion even though the cooling slope was very mild. The nitrogen samples nearly demonstrated the same results but it was 
noticed that the darker, eutectic forms began to have a linear shape. Although interesting, the results have been deemed 
inconclusive with polished samples. Clean etched samples with 100x magnification will be conducted for further analysis. It 
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is also noticed, previous studies conducted within Speedline Technologies demonstrated that nitrogen only increases 
spreading of lead free material and has an insignificant affect on solder joint strength and structure.  
 

 
 

Figure 5 - 3.91° C/sec Cooling Reflowed In Air Environment, 50x Magnification 
 
 

 
 

Figure 6 - Xx –1.27° C/sec Cooling Reflowed In Air Environment, 50x Magnification, And Polished Condition 
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Figure 7 - Xx –1.27° C/sec Cooling Reflowed In Nitrogen Environment, 50x Magnification, And Polished Condition 
 

Conclusion  
The following conclusions were determined from the experiment and analysis of the samples.  
• Aggressive cooling slopes resulted in smaller, diffused Sn rich dendrites within a finer mix of eutectic grain structures 

forms. This resulted in a more uniform mix of the material as it solidified.  
• Mild to gradual cooling slopes resulted in longer eutectic grain structures within longer and layered Sn rich forms. 
• There was no significant visual affect between samples reflowed in an air environment vs a nitrogen environment in 

terms of grain structure. 
• Shear strength testing is required in order determine the affects of cooling slopes on solder joint strength.  
 
Lead Free Reflow Recommendations 
For lead free reflow cooling it is recommended that an aggressive cooling slope be utilized for the best diffusion of the 
material and fine eutectic grain structures. When using an aggressive cooling slope, the component manufacture 
recommendations for maximum cooling and heating slopes should be referenced in order not to cause damage. Although no 
significant advantage of the solder joint occurred, using nitrogen in the reflow process will assist in spreading of the material.  
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Why Lead Free????
• Concern over landfill content and landfill availability (space)

• Lead dissolved by the rain in landfills could infiltrate into the ground and 
contaminate drinking water.

• No scientific proof
• 4% of landfill is electronics and rising
• Short lifetime of consumer electronics

• Cell phones
• Computers
• Automobiles and some other products exempt because of long life

• Lack of a recycling infrastructure (WEEE Regulations)
• Green initiatives e.g. ISO14000
• Easy to ban



Why Lead Free????

But
• No full lifecycle analysis
• Replacing lead with arguably less environmentally friendly 

metals
• Electronics is less then 1% of lead use
• All substitutes cost more than lead (silver, copper,etc.)
• Lead use isn’t decreasing as we use more automotive batteries 

world wide! (only batteries with >1000 recharge cycles)



Technical Focus

• Determine affects on solder joint grain 
structure of lead free material
• Aggressive and mild cooling slopes
• Air and inert reflow environments



Test Board Build

• .062” FR4 laminate
• Silver and Gold board finishes
• SAC 305 material selected



Test Board Build

• Developed 3 selected profiles on OmniExcel 10 
N2 capable reflow oven
• Aggressive cooling 6.31°C/second
• Average cooling 3.91°C/second
• Gradual cooling 1.27°C/second

• Reflowed test boards in both air and nitrogen 
environments (< 50 ppm) at different cooling 
slopes



Test Board Build

• Cross Sectioned 
samples of 0402 
resistors

• Each sample 
mounted, grinding, 
polishing, and 
etching in 
preparation for image 
analysis



Sample Analysis

• -6.31° C/sec cooling reflowed in 
nitrogen environment, 50x 
magnification.

• –1.27° C/sec cooling reflowed in 
nitrogen environment, 50x 
magnification.



Sample Analysis
• –3.91° C/sec cooling reflowed in 

air environment, 50x 
magnification. 



Sample Analysis – Air vs. N2

• –1.27° C/sec cooling reflowed in 
air environment, 50x 
magnification, and polished 
condition.

• ––1.27° C/sec cooling reflowed 
in nitrogen environment, 50x 
magnification, and polished 
condition.



Closing Thoughts 

� • Aggressive cooling slopes resulted in smaller, diffused Sn rich 
dendrites within a finer mix of eutectic grain structures forms. This 
resulted in a more uniform mix of the material as it solidified.

� • Mild to gradual cooling slopes resulted in longer eutectic grain
structures within longer and layered Sn rich forms.

� • There was no significant visual affect between samples reflowed in 
an air environment vs. a nitrogen environment in terms of grain structure.

� • Shear strength testing is required in order determine the affects of 
cooling slopes on solder joint strength.  



Lead Free Reflow GuidelinesLead Free Reflow Guidelines

MP ~ 217 - 221º C

TAL ~ 30-90 secs

PT ~ 230 - 250º C

• Ramp  < 2ºC/sec
• Cool    < 4ºC/sec
• Nitrogen not required but suggested for better spreading of material
• Near linear ramp allows gradual evaporation of volatiles
• Extending soak temperatures can combat tombstoning on difficult assemblies
• Always refer to material and component specifications for final profile development
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