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Abstract 
 
Introduction 
The cracking and delamination of printed circuit boards (PCB) during exposure to elevated thermal exposure, such as reflow 
and rework, have always been a concern for the electronics industry.  However, with the increasing spread of Pb-free 
assembly into industries with lower volume and higher complexity, the occurrence of these events is increasing in frequency.  
Several telecom and enterprise original equipment manufacturers (OEMs) have reported that the robustness of their PCBs is 
their number one concern during the transition from SnPb to Pb-free product.  Cracking and delamination within PCBs can 
be cohesive or adhesive in nature and can occur within the weave, along the weave, or at the copper/epoxy interface (see 
Figure 1).  The particular role of moisture absorption and other PCB material properties, such as out of plane expansion on 
this phenomenon is still being debated. 
 

 
Figure 1:  Optical micrograph of cross-sectioned 16 layer PCB that experienced delamination during reflow. 

 
An example of the complexity and uncertainty of the drivers for this phenomenon can be found in a case study involving a 
contract manufacturer.  As seen by the acoustic image in Figure 2, the CM was experiencing pervasive delamination after 
exposing a circuit card assembly (CCA) to Pb-free reflow.  The CCA was 14 x 18 inches and 90 mil thick and was fabricated 
with laminate material with a Tg of approximately 180C.  Cracking or delamination during reflow tends to be an overstress 
mechanism and can therefore be described as a stress vs. strength phenomenon.  That is, either the environmental stress was 
higher than expected or the material strength was lower than expected. 
 



 
Figure 2: Through scan acoustic image of printed circuit board.  The delaminations are highlighted in red 
 
The environmental stress during reflow would be driven by either the temperature profile (ramp rate, maximum temperature, 
time above liquidus) or the presence of volatiles within the printed board stack up.  The reflow profile is displayed in Figure 
3.  The primary parameters of the reflow profile were within nominal ranges, including:  
• Ramp rates between 2 to 3ºC per second 
• Time above liquidus between 45 to 90 seconds 
• Peak temperature below 260ºC. 
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To test for volatiles, a syringe was used to extract chemistry from the delamination sites. The specific extraction process 
involved a solvent rinse and the resulting solution was analyzed using gas chromatography / mass spectroscopy (GCMS).  No 
contaminants, such as H2O or monomer chemistry, were detected.  Further surface analysis of the delaminated interface, after 
peeling of the PCB, through FTIR and SEM/EDAX also did not reveal any contamination chemistries or indications of 
insufficient polymerization.  In addition, the dual location of the delamination sites, one at the edge and one at the center of 
the board, would seem to rule out moisture absorption immediately before reflow as a cause of increased stress as moisture 
tends to diffuse along the routed or scored edges of the PCB. 
 
Decreased material strength of the printed board can be driven by a number of factors, including 

• Non-optimized epoxy formulation 
• Non-optimized glass surface treatments 
• Absorption of moisture before epoxy cure 
• Insufficient epoxy cure (B-stage) 
• Surface contamination (copper or epoxy) 
• Non-optimized oxide treatment 
• Non-optimized lamination 

 
Identification of the actual cause of decreased strength can be guided by observing the delaminated surface. While one of the 
delaminated sites showed some evidence of insufficient wetting between the epoxy and glass fiber, the other site provide no 
indication of a cause for decreased material strength. 
 
Despite limited evidence of the influence of moisture on the observed delamination, including the controlled storage 
conditions and the relatively short time between PCB fabrication and CCA manufacturing, the CM experienced a definitive 
reduction in the occurrence of delamination after all PCBs were subjected to baking for 48 hours at 125ºC. A complete 
elimination of delamination was observed after decreasing the peak reflow temperature to 245ºC, in addition to the 
previously mentioned baking step. 
 
Given the discrepancies or conflicting evidence in this case study and others, a more controlled research study to assess the 
influence of moisture and PCB delamination was initiated. 
 
Coupon Design 
Two coupon designs, standard and advanced, were utilized to investigate the effect of Pb-free solder reflow on the 
degradation of printed circuit boards (PCBs). Degradation was induced using humidity preconditioning and reflow 
simulation, and characterized through changes in capacitance and observations of cracking or delamination.   
 
The PCBs used were composed of 26 layers of copper foil, with varying thicknesses of 0.5 oz, 1.0 oz and 2.0 oz. The 
dielectric between each layer was composed of an IT-180 material with one or two plies of different glass fabrics (106, 1080, 
7628, and 2116) varying in thicknesses of 3 mil, 4 mil, 5 mil and 14 mil. The total thickness of the coupon was 150 mil and a 
detailed coupon stack-up is shown in Figure 4. 
 
Each coupon contained three sections and a total of six test structures were incorporated into the design, as pictured in Figure 
5.  The three sections of the PCBs all consisted of the basic shield-over-shield copper plane design; however, they differed in 
their content of plated through holes (PTHs) and non-functional pads.  Section 1 contained only copper planes, which 
resulted in the largest shield-over-shield capacitance measurements and facilitated observation of clear trends for this data.  
Section 2 contained copper planes, PTHs and nonfunctional pads on every layer, allowing capacitance measurements to be 
made for both shield-over-shield and PTH-shield trends on the same coupon.  Lastly, section 3 contained copper plains, 
PTHs and nonfunctional pads on every other layer. This design can be utilized for conductive anodic filament (CAF) testing; 
however, this data has not yet been obtained and will be the focus of future studies. 
 



 
Figure 4: Representation of coupon stack-up and physical parameters of the different layers. 

 

 
Figure 5: Schematic representation of the PCB coupons.  Test structures are labeled A-F and a representative coupon 

from each of the three sections is displayed to the right of the image. 
 
In addition to the three sections of the PCBs, six test structures were present on each coupon and their layout is shown in 
Figure 6.  Test structure A, located on section 1 of the PCB, contained only the basic shield-over-shield design for both the 
standard and advanced coupons. Test structures B and C, located on section 2 of each PCB; contained PTHs and internal 
planes that varied slightly in their dimensions depending on the coupon type.  On the standard coupon, the pads had a 27-mil 
diameter, a 78-mil pitch, a 15-mil drill diameter and a clearance of drill+10mil.  The advanced coupon design differed with 
respect to test structures B and C in only the drill diameter and clearance parameters, which had a value of 12 mil and 
drill+7mil respectively.  Test structures D, E and F, present on section 3 of the coupons; consisted of PTHs with no internal 



planes.  The standard coupon differed from advanced in the third section of the PCB in that it had a 40-mil pitch while the 
advanced board had a 32-mil pitch.   
 
The current design of these PCBs allowed for the measurement of capacitance across the internal plans and between PTHs 
and internal planes as diagramed in Figure 7.  The different dimensions of the test structures present on the standard and 
advanced coupons allowed investigation into how the size of the PTHs can affect the degradation of the board manifested 
through changes in capacitance and physical board mutations.  Limitations arose during this experiment because test 
structures A, B and C all have their layers shorted together through the nets A1-A2, B1-B2 and C1-C2, respectively.  This 
design allowed for the measurement of capacitance across all layers as a whole but not across individual layers.  Therefore, 
although we had the ability to detect the presence of shorts, cracking and delamination, we were not necessarily able to 
determine the exact location of the failure. 
 

 
Figure 6: Image of tested PCB coupons with the three sections and corresponding test structure location labeled. 

 

 
Figure 7: Schematic depicting how the capacitance measurements were obtained 

 
Experimental Procedure: 
The reflow oven used was a bench top model pictured in Figure 8. The oven was calibrated using an external thermocouple to 
verify the accuracy of the oven’s temperature as reported by the computer’s software.  To control for variability of the 
internal temperature of the reflow oven, the internal temperature sensor was tightly secured to the tested PCBs to make sure 
that the PCB surface temperature was what drove the ramp rate of the reflow cycle.  This technique ensured that the PCBs 
reached the desired temperature throughout the cycle and eliminates the variability that would occur if the thermocouple was 
not consistently placed for each cycle. 
 
The oven was utilized during the study to simulate reflow cycling on the PCBs.  To do this, two different reflow profiles were 
created which differed only in their peak temperature.  The first reflow profile consisted of a peak temperature of 260°C 
(Figure 9) while the second profile consisted of a peak temperature of 280°C (Figure 10). 



 
Figure 8: Benchtop reflow oven 

 

 
A 4263B LCR model capacitance meter was used to obtain capacitance measurements throughout the study.  This model has 
a 0.1% basic accuracy and all measurements were taken at the 100 kHz setting.  The capacitance meter was calibrated to 
determine its relative accuracy for measuring small capacitance changes.  To do this a 22pF NPO ceramic capacitor was used 
as a standard.  It was determined that the capacitance meter was accurate to within 2% (measured 22pF +/- 2%) for Cs 
measurements and accurate to within 5% (measured 22pF+/- 5%) for Cp measurements.  All capacitance measurements taken 
during this study were of Cs and not Cp capacitance. 
 
Phase 1: The effect of peak reflow temperature on the rate of degradation 
Phase 1 consisted of two tests that investigated the effect of simulated Pb-free reflow cycling on capacitance measurements 
of both standard and advanced boards. The first test involved cycling 5 advanced coupons through 30 reflow cycles with a 
peak temperature of 260°C. This test was modified and repeated, in which 5 more advanced coupons were subjected to 12 
reflow cycles with a peak of 280°C. The shield-over-shield capacitance on test structure A was measured out of the package 
and directly after each reflow cycle. It is important to note that test structure A is identical for both the standard and advanced 
coupons and that all capacitance measurements for these and subsequent experiments were taken at room temperature (26°C 
+/- 2°C). 
 
The second test of phase 1 investigated the effect of reflow cycling on the different test structures present on the PCBs.  This 
process involved subjecting 5 standard coupons to 15 reflow cycles with a peak temperature of 260°C.  As with the first test, 
shield-over-shield capacitance was measured directly out of the package and after each reflow cycle for test structures A, B 
and C.  In addition to this, the shield-PTH capacitance was also measured out of package and after each reflow cycle for test 
structures B and C.  This allowed observation into the effect of temperature cycling on the fidelity of different test structures 
present on both the standard and advanced coupons. 
 
 
 



Phase 2: The effect of moisture absorption on the rate of degradation 
Phase 2 tested the moisture sensitivity of the different test coupons.  Three boards were used per experimental condition, 
(MSL1, MSL2 and MSL2) which differed based on the time of pre-bake, relative humidity, temperature and length of 
exposure as outlined in Figure 11.  These profiles were based on the standards laid out in J-STD-020C.  All boards were 
initially dried at 125°C and allowed 15 minutes after removal from pre-bake before humidity testing began. 
 

 
Figure 11: The moisture sensitivity profiles used during this experiment are displayed.  . 

 
Three boards were cycled through each of the different moisture sensitivity profiles and afterwards weight gain and shield 
over-shield capacitance was measured on test structure A. Additionally, the boards that were subjected to the MSL2a profile 
had shield-over-shield capacitance as well as PTH-shield capacitance obtained for test structures B and C.   
 
Results (Phase 1-Test 1): The effect of peak reflow temperature on rate of degradation of test structure A  
The data demonstrates that a steady decrease in shield-over-shield capacitance occurred in the boards subjected to the 260°C 
profile as the number of reflow cycles increased (Figure 12).  Although there was no specific number of reflows at which the 
capacitance measurements dropped-off, the trend in the data suggests that this decrease would continue to occur as more 
reflow cycles were conducted. 
 
When the peak temperature of the reflow cycle was increased to a value of 280°C, the same general trend was observed 
although the degradation occurred about fifty times faster (Figure 13).  This was shown by the fact that only 12-13 reflow 
cycles of the second profile were needed to cause a comparable decrease in capacitance to what was previously observed in 
the first profile with 30 reflow cycles.  The normalized capacitance of the 280°C profile showed a marked decrease after 4 
reflows equal to about 0.5% on average, and then capacitance decreased gradually with each additional reflow cycle.  The 
data from both tests of phase 1 suggests that an inverse relationship exists between these two variables and as the peak reflow 
temperature is increased within the range tested, the amount of reflows necessary to cause a comparable decrease in 
capacitance is reduced. 
 

 
Figure 12: The relationship between the normalized capacitance and increasing reflow cycles, repeated 30 times with 

a peak temperature of 260°C preformed on 5 advanced coupons. 



 

 
Figure 13: The relationship between the changes in the normalized capacitance as a result of 12 reflow cycles with a 

peak temperature of 280°C performed on 5 advanced coupons. 
 
Results (Phase 1-Test 2): the effect of peak reflow temperatures on test structures A, B and C 
 
The effect of repeated reflows on shield-over-shield capacitance between test structures A, B and C, was obtained during this 
phase of the investigation. Data was also collected on the measured shield-PTH capacitance of test structures B and C.  This 
allowed comparison of shield-over-shield capacitance changes and shield-PTH capacitance changes across multiple test 
structures on the same board. Also by measuring these parameters on test structures B and C, both shield-over shield and 
shield-PTH capacitance measurements could be analyzed and compared from the same test structure. 
 
The results obtained showed that different test structures degrade at different rates as apparent in Figure 14.  From these 
results, it is clear that test structure B degraded the most followed by test structure A and then test structure C. Test structure 
B had an average rate of degradation of almost five times that of test structure A, and test structure C had rate of degradation 
about three times that of test structure A.  This suggests that some inherent difference with the design of these test structures 
resulted in differential rates of degradation. 
 
The overall changes in shield-PTH capacitance (Figure 15) were much greater than the shield-over-shield capacitance 
changes across all test structures (Figure 14).  After just one reflow cycle, the degradation observed in the PTH-shield nets 
was comparable to the degradation observed in shield-over-shield capacitance nets after 15 reflow cycles.  The PTH-shield 
capacitance also decreased most dramatically after 4 reflows and continued to decrease as the boards were subjected to an 
increasing number of reflow cycles. The data for the shield-PTH capacitance changes also appeared much more variable 
compared to the shield-over-shield data, with one board showing a much larger decrease in capacitance on all PTH-shield 
nets compared to the others. 
 

 
Figure 14: The results of 5 standard boards through 15 reflow cycles with a peak temperature of 260°C.  The shield 

over shield capacitance was measured before testing and after each cycle for test structures A, B and C. 
 



 
Figure 15: The relationship between the measured Shield-PTH normalized capacitance changes that occurred after 15 

reflow cycles at a peak temperature of 260°C. 
 
Results (Phase 2): Moisture Absorption results 
Moisture absorption was measured as the percent weight increase of the PCBs.  This data was then used to measure the effect 
of increased moisture absorption on the capacitance of the test coupons after repeated reflows.  Also, different moisture 
sensitivity profiles were utilized in order to observe which parameters would result in the greatest amount of moisture 
absorption.  As shown in Figure 16, as either the relative humidity or temperature of the moisture sensitivity profile is 
increased, the percent weight gain by the PCBs is also increased.  This is apparent because the PCBs subjected to the MSL1 
profile had the largest percent weight gain of the three profiles.  The MSL2 profile had a larger percent weight gain compared 
to MSL2a profile and since these profiles only differed by the temperature of the moisture sensitivity profile, it demonstrates 
that with increased temperature alone, more moisture absorption can be achieved.  When subjected to any of the three 
conditions, the PCBs all behave the same way.  There was a linear relationship between time of exposure and percent weight 
gain, but this began to level off as the PCBs became saturated, evident in Figure 16. Based on Figure 16, it is also clear that 
saturation of the PCBs began around 8 hours.  When the data is represented as the percent weight gain versus the time in 
hours squared, a linear relationship appears as shown in Figure 17.  This demonstrates that the percent weight gain is 
proportional to the square of the time in hours. 
 

 
Figure 16: Representation of the relative moisture absorption of the boards subjected to different moisture sensitivity 

profiles.  Increases in relative humidity and temperature both resulted in increased water absorption by the PCBs 
 

 
Figure 17: The plotted percent weight gain versus the time in hours squared, demonstrates that a linear relationship 

exists between these variables. 
 



Results (Phase 2): Moisture Sensitivity and Capacitance Results: 
The three moisture sensitivity profiles resulted in similar changes in capacitance for all PCBs; however variation existed 
when comparing changes across individual test structures.  The capacitance measurements of coupon sections containing 
only shield-over shield layers showed the smallest change with respect to moisture absorption.  This relationship was 
observed by looking at the data from test structure A because up to approximately 0.15% weight gain, no significant changes 
in capacitance occurred.  After this point however, the data appeared to linearize, and as percent moisture absorption 
increased, capacitance measurements also increased (Figure 18).  The shield-over-shield capacitance in test structures B and 
C showed a larger increase in capacitance with respect to increased percent moisture absorption.  This is apparent in Figure 
19, where the 2 traces for capacitance measurements of net B1-B2 and C1-C2 show a much greater change at 0.20% moisture 
absorption compared to the test structure A.  The PTH-shield results were much more variable and although it is apparent that 
a larger change in capacitance resulted relative to the percent of moisture absorption, no clear trend in the data for these test 
structures exists (Figure 19). 
 

 
Figure 18: The normalized shield-over-shield capacitance is measured with the respect to the about of moisture 

absorption. As moisture absorption increases so does the increase in capacitance. 
 

 
Figure 19: Normalized shield-PTH capacitance vs. weight gain for the MSL2 a moisture sensitivity profile.  

Capacitance measurements were obtained for both test structures B and C. 
 

 
Figure 21: The shield-PTH capacitance measurements for test structures B and C after exposure to moisture 

sensitivity profile MSL2a and repeated reflow cycles. 
 
 
 



The normalized capacitance changes from phase 1 were noticeably less compared to the capacitance changes in the boards 
exposed to the moisture profiles in phase 2.  This is true even when the boards were subjected to fewer reflow cycles.  Within 
this subset of data, the same trends observed earlier regarding the different test structures were also observed.  Test structure 
A showed the smallest change in capacitance measurements while test structure B had the greatest.  This suggests that the 
presence of PTHs increases the rate of degradation and that shielded PTHs consistently perform worse than unshielded PTHs.  
This data also suggests that a difference in the capacitance changes exists because of the different moisture sensitivity 
profiles the PCBs were exposed to.  The 60°C/60%RH profile had the smallest measured degradation and it was also the 
profile with the lowest temperature and RH value.  The higher temperature profiles resulted in more moisture gain and a 
larger increase in capacitance before being subjected to reflow testing.  However when this data was normalized, the PCBs 
also demonstrated a greater decrease in capacitance after repeated reflows (Figure 20).  With all conditions, the PTH-shield 
capacitance measurements degraded quicker compared to shield-over-shield capacitance measurements (Figure 21).  The 
same trend in the moisture sensitivity profiles was seen when testing shield-PTH capacitance, with MSL2a showing the least 
amount of degradation compared to the other two profiles.  The data suggests that when PTHs are present the temperature of 
the profile becomes more of a factor in the amount of degradation that occurs. 
 

 
Figure 20: Shield-over-shield capacitance vs. number of reflows after being subjected to the respective moisture 

sensitivity profiles including MSL1, MSL2 and MSL2a.  Capacitance was measured for test structures A, B and C. 
 
Results: Delamination 
Besides the discussed changes in capacitance that occurred as a result of moisture exposure and repeated reflows, 
delamination was visible evidence for PCB degradation (Figure 22).  Delamination was only observed in featureless areas 
(see Figure 23) and evidence for delamination was only observed in PCBs subjected to moisture sensitivity profile MSL1.  
This profile had both the highest temperature and highest relative humidity, resulting in the largest percent weight gain in the 
PCBs. No visible delamination occurred in the MSL2 or MSL2a profile nor in any of the “dry samples” from phase one,  
which suggests that increases in moisture content facilitates the process of delamination in these PCBs. 

 
Figure 22: Delamination observed in cross-section of a test coupon subjected to MSL1 exposure (85°C/85RH) and 

subjected to 3 reflows at a peak temperature of 260°C 
 
 
 



 
Figure 23: Photo documentation of delamination in PCB coupons subjected to MSL1 exposure (85°C/85%RH) and 3X 

reflow at peak temperature of 260°C. Delamination is highlighted by red arrows. 
 
 
Discussion 
Based the data presented it appears that a variable relationship exists between test structure type and the rate of degradation.  
One cause of the degradation observed in the PCBs may be due to micro-cracking and if this is the case, it appears that the 
different PCB structures influence the observed rate of board degradation. Based on the fact that test structure A has no PTHs 
and degraded the least compared to all other test structures across all trials, it appears that the presence of PTH exacerbates 
the development of micro-cracking.  The fact that test structure B degraded faster than test structure C also suggests that the 
presence of non-functional pads also facilitates the micro-cracking process. 
 
It was noted that the data for shield-PTH capacitance changes was extremely variable and that one board showed a significant 
decrease in capacitance measurements on all Shield-PTH nets.  This was observed on both test structure B and C even though 
these structures were purportedly independent.  There are several possible explanations for these abnormal results including 
that the capacitance measurements were taken at an elevated temperature, a shield-PTH short occurred, or the presence of 
extensive micro-cracking resulted in this accelerated degradation.  Even with these proposed explanations this result cannot 
be fully explained.  If the capacitance measurements happened to be taken at an elevated temperature or if it were due to 
extensive micro-cracking, this would have also affected the shield-over-shield measurement which wasn’t the case.  It is also 
unlikely for a short to occur in the PCB that would affect both test structure B and C simultaneously.  Therefore at this point 
the results for the shield-PTH measurements are not clear and more data should be obtained before a conclusion can be made.  



The only clear conclusion that can be made at this time is that the presence of PTHs resulted in a much higher rate of 
degradation. 
 
From the data it was revealed that the 85°C/60%RH profile resulted in the greatest amount of water absorption although the 
precise reason why is unknown. It was also observed that test structures with PTHs showed a greater increase in capacitance 
for a given amount of water absorption. This difference could be due to damage that occurs during the drilling process to 
create the PTHs, which might result in tiny cracks or delamination that facilitated the absorptions of water.  If this were the 
case it suggests that the assembly process for creating PTHs, not their inherent presence, accounts for the increase 
degradation rate that was observed. 
 
The relationship between shield-PTH capacitance and moisture absorption produced no clear trend.  However there was a 
clear difference between test structure B and C when comparing this data across the same level of moisture exposure.  It was 
shown that test structure B generally showed a greater increase in capacitance and then a subsequent greater decrease in 
capacitance after repeated reflows. Moisture exposure also caused the boards to degrade much faster during reflow cycling 
compared to boards which were not subjected to moisture exposure. This is supported by comparing the data from phase 1, 
which showed approximant 1% degradation in capacitance of test structure A after 15 reflows to samples from phase 2, 
which showed a comparable decrease in capacitance after about 3 reflows. This trend was also observed in all Shield-over 
shield and shield-PTH nets. The results of these experiments lead to the conclusion that the changes in capacitance that 
occurred after each reflow was due to material degradation and not an increase in resistance due to oxidation.  However to 
further prove this; contact resistance should be quantified through ESR measurements in the next round of testing.  Also the 
differences in degradation rates between test structures B and C, due to the presence of nonfunctional pads, is very 
interesting. This difference should be further characterized by focusing on the clearance and pad dimensions of future board 
designs. Overall this study was successful in characterizing the effect of heat and moisture exposure on the degradation of 
different PCBs and although it helped answer some of the questions regarding this process it also exposed new ones which 
will continue to guide future studies. 
 
Conclusion 
Measurable change of capacitance was recorded after each reflow. Discrimination between different test structures and MSL 
exposures strongly suggests approach captures material degradation, as opposed to an increase in resistance at contact pads 
due to oxidation. However, contact resistance should be quantified in a next round of testing through ESR measurements.  
Strong difference in shield-over-shield capacitance between test structures B and C, due to the presence of non-functional 
pads, is very interesting and should be further characterized. 
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Introduction

• An increasing number of clients of DfR 
Solutions are reporting cracking and p g g
delamination of printed boards

• The predominant occurrence of theseThe predominant occurrence of these 
events is under Pb-free reflow
– Some occur under SnPb reflow conditions– Some occur under SnPb reflow conditions

• Several telecom and enterprise OEMs 
are reporting PCB robustness is theirare reporting PCB robustness is their 
primary concern regarding Pb-free



Introduction (cont.)

• Cracking separation can 
ithi thoccur within the weave, 

along the weave, or at 
the copper/epoxythe copper/epoxy 
interface
Th i fl f i t• The influence of moisture 
absorption on this phenomenon is still 
being investigated by DfRbeing investigated by DfR
– This presentation discusses a case study 

and internally funded research beingand internally funded research being 
performed at DfR



Case Study



Introduction

• DfR customer was experiencing board 
failures due to delamination
– Previous analyses performed by supply 

chain were inconclusive
• Requested independent assessment by 

DfR SolutionsDfR Solutions 
– Two boards were submitted for 

examination and analysise a a o a d a a ys s



Acoustic Microscopy
• Delamination marked 

by red boxes
A

– Scalloped shape is 
due to pinning at the 
plated through holes 
(PTH )(PTHs)

• Results from acoustic 
microscopy confirmed 

B

observations from 
visual inspection
– No additional 

delamination sites 
were identified



DiscussionDiscussion
• Cracking or delamination during reflow 

i t t th his a stress vs. strength phenomenon
– Either the environmental stress was higher 

th t d th t i l t ththan expected or the material strength was 
lower than expected

Th i t l t d i fl• The environmental stress during reflow 
would be driven by either the 
t t fil ( ttemperature profile (ramp rate, 
maximum temperature, time above 
li id ) th f l tilliquidus) or the presence of volatiles 
within the printed board stackup



Temperature Profile
• A review of the reflow profile indicate that the temperatures experienced by the 

printed board were within the bounds of expectation for a Pb-free reflow profile on a 
large circuit card assembly (CCA)

• DfR definition of a large CCA
– Thickness: 90 mil or greater
– W x L: 14 x 18 or greater

• Expectations for Pb-free reflow of large 
CCA

– Ramp rates: 2-3C/second
– Time above liquidus: 45 to 90 seconds
– Max. Temperature: 260C



Chemical AnalysisChemical Analysis
• DfR used a syringe to extract chemistry y g y

from the delamination sites
– Extraction was through vacuum and a g

solvent rinse
– Analysis using gas chromatography / mass 

spectroscopy (GCMS) 
• No contaminants, such as H2O or , 2

monomer chemistry, were detected
– Similar results experienced during p g

interfacial surface characterization (FTIR 
and SEM/EDAX)



Decreased Strength
• Decreased strength of the printed board can be 

driven by a number of factors, including
Non optimized epoxy formulation– Non-optimized epoxy formulation

– Non-optimized glass surface treatments
– Absorption of moisture before epoxy cure
– Insufficient epoxy cure (B-stage)
– Surface contamination (copper or epoxy)
– Non-optimized oxide treatmentp
– Non-optimized lamination

• Identification of the actual cause of decreased 
strength can be guided by observations obtainedstrength can be guided by observations obtained 
during root-cause analysis



Physical Analysis

• For closer inspection of the interfacial 
features, the board layers were , y
separated through a peeling stress

• Optical microscopy performed on theOptical microscopy performed on the 
interfaces at both delam locations
– Corner– Corner
– Middle



Corner Delamination
• Bubble is pinned 

in place by the 
plated through 
holes (PTH)

• Poor or no epoxy p y
adhesion in 
delaminated area



Corner Delamination (cont )Corner Delamination (cont.)

• Lack of adhesion to glass 
fibers (yellow outline)fibers (yellow outline)
– Could be initiation site

May suggest wetting issues– May suggest wetting issues



Central Delamination
• Delamination appears to 

span multiple layersspan multiple layers
• Plated through holes pin 

th i f ththe expansion of the 
delamination



Volatiles

• Moisture introduced into the PCB before 
the reflow process can induce 
delamination
– These delaminations tend to occur almost 

exclusively around the edge of the printed 
b dboard

• The presence of delamination in the 
center of the board would seem to rule 
out moisture absorption immediately 
before reflow as a cause of increased 
stress



Post-DelaminationPost Delamination 
Observations

• Initial reduction in cracking / delam after 
baking for 48 hours at 125Cg
– Could suggest de-absorption of moisture
– May also suggest sublimation of volatilesMay also suggest sublimation of volatiles 

or a cure process that is improving 
adhesion

• Final elimination of cracking / delam 
after baking for 48 hours at 125C and g
reducing maximum temperature to 
245C



Research Study

• To better assess root-cause of cracking 
/ delam of printed circuit boards, DfR p ,
initiated an internal study



Experimental Procedure



Coupon Design
• Two coupon designs (Standard / Advanced)

– Each coupon design has three sections and six test structures

• Section 1: ‘Shield over shield’ (Test Structure A)Section 1: Shield over shield  (Test Structure A)
– Plane-to-plane spacing: See slide 4 (same for both standard and advanced 

designs)

• Section 2: PTH with internal planes (Test Structures B and C)Section 2: PTH with internal planes (Test Structures B and C)
– Plane-to-plane spacing: See slide 4 (same for both standard and advanced 

designs)
– Drill diameter: Standard: 15 mil; Advanced: 12 mil
– Clearance: Standard: Drill + 10 mil; Advanced: Drill + 7 milClearance: Standard: Drill + 10 mil; Advanced: Drill + 7 mil
– Pitch: 78 mil (same for both standard and advanced)
– Pad diameter: 27 mil

• Section 3: PTH with no internal planes (Test Structures D E & F)• Section 3: PTH with no internal planes (Test Structures D, E, & F)
– Drill diameter: Standard: 15 mil; Advanced: 12 mil
– Pitch: Standard: 40 mil; Advanced: 32 mil
– Pad diameter: 27 mil



• Photo-
documentation ofdocumentation of 
coupon design



Coupon Stackup
1 0.65 foil 1/2 oz

3 prepreg 1 x 1080

• Board thickness
– 150 mil (3.75 mm)

3 prepreg 1 x 1080

2 0.65 1 oz

4 core

3 0.65 1 oz
14 prepreg 2 x 7628

4 0.65 1/2 oz
4 core  

5 0.65 1/2 oz

• Number of layers
– 26

• Dielectric thickness

5 prepreg 2 x 1080
6 2.4 2 oz

4 core 2 x 106
7 2.4 2oz

5 prepreg 1080 + 211
8 0.65 1/2 oz

5 core 1 x 2116 HR
9 0.65 1/2 oz

3 prepreg 1 x 1080e ec c c ess
– 3 mil (75 μm), 4 mil (100 

μm), and 5 mil (125 μm)
• Glass fabric

p p g
10 1.4 1 oz

4 core 2 x 106
11 1.4 1 oz

3 prepreg 1 x 1080
12 0.65 1/2 oz

5 core 1 x 2116 HR
13 0.65 1/2 oz

5 prepreg 1080 + 211
14 0 65 1/2 oz

– 106, 1080, 7628, and 2116
• Copper foil thickness

– 0.5 oz (17.5 μm), 1 oz (35 

14 0.65 1/2 oz
5 core 1 x 2116 HR

15 0.65 1/2 oz
3 prepreg 1 x 1080

16 1.4 1 oz
4 core 2 x 106

17 1.4 1 oz
3 prepreg 1 x 1080

18 0.65 1/2 oz( μ ), (
μm), and 2 oz (70 μm) 5 core 1 x 2116 HR

19 0.65 1/2 oz
5 prepreg 1080 + 211

20 2.4 2 oz
4 core 2 x 106

21 2.4 2oz
5 prepreg 2 x 1080

22 0.65 1/2 oz
4 core4 core

23 0.65 1/2 oz
14 prepreg 2 x 7628

24 0.54 1 oz
4 core

25 0.65 1 oz
3 prepreg 1 x 1080

26 0.65 foil 1/2 oz



Glass Fabric / LaminateGlass Fabric / Laminate 
Weave

Scott McMorrow and Chris Heard, “The Impact of PCB Laminate Weave on the Electrical 
Performance of Differential Signaling at Multi-Gigabit Data Rates,” DesignCon East 2005

Owens Corning, 1988, Glass Fiber Product Literature, IPC-EG-140.



Test Structures
• The current design had 6 test structures (A-F), with multiple nets per test 

t tstructure
• Test Structure A: shield over shield (copper planes with no PTHs)

– Alternating planes are tied to power (node A1) and ground (node A2)
• Test Structure B:  shield over shield (copper planes with PTHs)

– Non-functional pads on every layer
– Alternating planes are tied to power1 (node B1) and ground (node B2)
– PTHs are daisy chained and are tied to power2 (node V1)

• Test Structure C:  shield over shield (copper planes with PTHs)
– Non-functional pads on every other layerNon functional pads on every other layer
– Alternating planes are tied to power1 (node C1) and ground (node C2) 
– PTHs are daisy chained and are tied to power2 (node V5)



Test Structures B and CTest Structures B and C 
(Example)

• Test structures B (top) 
and C (bottom)

L 19 (l ft)– Layer 19 (left)
– Layer 20 (right)

• Note how non-Note how non
functional pads are 
present in both layers 
for test structure B, but 
are absent in layer 19 
for test structure Cfor test structure C



Nets

• Nets A1-A2, B1-B2, and C1-C2 allow 
measurement of capacitance between p
layers

• Nets V1-B1 V1-B2 V5-C1 and V5-C2Nets V1 B1, V1 B2, V5 C1, and V5 C2 
allow measurement of capacitance 
between PTHs and layersbetween PTHs and layers



Coupon MaterialCoupon Material
• Manufacturer:  ITEQ

P d IT 180– Product:  IT-180
– High Tg phenolic resin

• Material characteristicsMaterial characteristics
– Glass transition temperature (Tg): 180oC +/- 5oC (DSC)[1]

– Decomposition temperature (Td):  350oC +/- 5% (TMA) [2] p p ( d) ( )[2]

– No available data on time to delamination
• Astec Power reported that ITEQ IT-180 survived s ec o e epo ed a Q 80 su ed

4 reflow cycles (245oC peak) at MSL3, MSL4, 
and MSL5 [3]

Testing ceased after 4 reflow cycles– Testing ceased after 4 reflow cycles. 
[1] http://www.iteq.com.cn/product.html

[2] “2006 status & 2007 outlook.”  Global SMT & Packaging, January 2007.  <http://www.trafalgar2.com/documents/Columns-Custer/7.1-custer.pdf>.
[3] John Kippen.  “A Test Coupon Approach to Qualification of Lead-Free PCB Laminates for DC/DC Converters.”  DCDC Technical White Paper from Astec Power, 
December 2004.  <http://www.astecpower.com/whitepaper/dcdc/Done%20A%20WP-Test%20Coupon%20Approach%20to%20Qualification%20of%20Lead.pdf>.



Equipment – Reflow Oven
M d ll T h l• Madell Technology 
Corporation
– SMD-2004ASMD 2004A 

• Calibration with an external 
thermocouple to verify the 
accuracy of the reflow profiles 
reported by the oven at 260oC and 280oC

Th ’ th l t d t th f f– The oven’s thermocouple was taped onto the surface of 
the boards during each reflow, so the temperature of the 
board surfaces drives the ramp of the reflow profile

– Ensures that the boards are reaching the desired peak 
temperatures



Equipment – CapacitanceEquipment Capacitance 
Meter

• Agilent Technologies
– 4263B LCR meter
– 0.1% basic accuracy 

• All measurements taken at 100kHz
• Small capacitance measurements:

– Calibration with 22pF NPO ceramic capacitor
• C measured 22pF +/ 2%• Cs measured 22pF +/- 2%
• Cp measured 22pF +/- 5%
• Used Cs for all capacitance measurements



Phase 1:  Simulated Reflow
• 260oC reflow, test 1:

– 5 advanced coupons* 
– 30 reflow cycles at 260oC peak
– Monitored shield over shield capacitance (test structure A) p ( )

out of package and after each reflow cycle
– All capacitance measurements taken at room temperature 

(26oC +/-2oC.)
280oC fl• 280oC reflow:
– 5 advanced coupons* 
– 12-13 reflow cycles at 280oC peak
– Monitored shield over shield capacitance (test structure A) 

out of package and after each reflow cycle
– All capacitance measurements taken at room temperature 

(26oC +/ 2oC )(26oC +/-2oC.)

* Note:  standard and advanced designs are identical for test structure A (shield-over-shield)



Phase 1:  Simulated Reflow, Part 2

• 260oC reflow, test 2:
– 5 standard coupons 
– 15 reflow cycles at 260oC peak
– Monitored shield over shield capacitance 

(test structures A, B, and C) out of package 
and after each reflow cycle
Monitored shield PTH capacitance (test– Monitored shield-PTH capacitance (test 
structures B and C) out of package and 
after each reflow cycle

– All capacitance measurements were taken 
at room temperature (26oC +/-2oC)



Phase 2:  Moisture Sensitivity
Note: GCE noted concerns with long-term 

• Protocol:
– 3 boards per condition

S S S

exposure to elevated temperature inducing 
degradation. Future pre-bakes may need to be 
performed at lower temperatures (~105C)

– 3 conditions:  MSL1, MSL2, and MSL2a
– Boards were dried at 125oC for 72 to 88 hours 

immediately before humidity testingimmediately before humidity testing
– Humidity testing protocol followed the standards 

outlined in J-STD-020C
– All boards were subjected to 3 reflow cycles, starting 

15 minutes after removal from humidity chamber
Monitored weight gain and capacitance throughout– Monitored weight gain and capacitance throughout 
the testing periods



Phase 2:  Moisture Sensitivity
• Protocol continued:

– MSL 1:
• 88-hour prebake at 125oC
• 85oC/85%RH, 168 hours85 C/85%RH, 168 hours
• Monitored weight gain and shield-shield capacitance on test structure A

– MSL 2:
• 88-hour prebake at 125oC• 88-hour prebake at 125 C
• 85oC/60%RH, 168 hours
• Monitored weight gain and shield-shield capacitance on test structure A

MSL 2a:– MSL 2a:
• 72-hour prebake at 125oC
• 60oC/60%RH, 120 hours

Monitored weight gain and shield shield capacitance on test structures• Monitored weight gain and shield-shield capacitance on test structures 
A-C, as well as shield-PTH capacitance on test structures B and C



Results



Phase 1: 260oC ReflowPhase 1:  260 C Reflow 
Results, Test 1

Normalized Capacitance vs. Number of Reflows,
260oC Peak
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Phase 1: 260oC ReflowPhase 1:  260 C Reflow 
Results, Test 2

S S C it N b f R flS-S Capacitance vs. Number of Reflows, 
260oC Peak
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the leads of the measuring device.



Phase 1: 260oC Reflow ResultsPhase 1:  260 C Reflow Results, 
Test 2

S-PTH Capacitance vs. Number of Reflows, S Capac ta ce s u be o e o s,
260C Peak
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Phase 1: 280oC ReflowPhase 1:  280 C Reflow 
Results

Normalized Capacitance vs. Number of Reflows,Normalized Capacitance vs. Number of Reflows, 
280oC Peak
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Phase 1: Shield over ShieldPhase 1:  Shield over Shield 
Observations

• Steady decrease in shield over shield (S-S) capacitance at 
260ºC, but no clear roll-off point

• Test structures A, B, and C degrade at different rates, with B g
showing the greatest change in capacitance
– Test structure B has an average degradation rate almost 5X 

greater than that of test structure A
– Test structure C has an average degradation rate almost 3X 

greater than that of test structure A
• 280ºC samples show a stronger (~0.5% average) decrease 

i hi ld hi ld it ft 4 fl b t d lin shield over shield capacitance after 4 reflows, but gradual 
degradation continues with each subsequent reflow cycle
– Average degradation rate of the 280ºC samples was 

approximately 50% greater that of the 260ºC samplesapproximately 50% greater that of the 260 C samples



Phase 1: Shield - PTHPhase 1:  Shield PTH 
Observations

• Shield to PTH (S-PTH) capacitance:
– A higher degree of degradation compared to 

hi ld hi ldshield over shield
• After just one reflow cycle, the degradation in S-PTH 

capacitance is comparable to that of the S-S capacitance 
f 1 fl lafter 15 reflow cycles.

– Very significant decrease in capacitance after 
4 reflow cycles followed by very gradual4 reflow cycles, followed by very gradual 
degradation with an extensive degree of 
variation

– One board had a much larger decrease in 
capacitance on all S-PTH nets



Phase 1 Part 1 Cross SectionPhase 1, Part 1:  Cross Section 

C ti f l ft 33 fl t 260oC k• Cross section of sample after 33 reflows at 260oC peak
• Low magnification: no cracking observed



Phase 2: Moisture AbsorptionPhase 2:  Moisture Absorption 
Results

Moisture Absorption vs. Time
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Phase 2: Moisture AbsorptionPhase 2:  Moisture Absorption 
Results 

Average Moisture Absorption vs TimeAverage Moisture Absorption vs. Time
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Phase 2: Moisture AbsorptionPhase 2:  Moisture Absorption 
Observations

• The 85oC/85%RH samples showed the largest 
weight gain due to moisture absorption 

• The 60oC/60%RH samples showed the smallest• The 60 C/60%RH samples showed the smallest 
weight gain due to moisture absorption

• Higher temperature results in increased moisture 
absorption at 60%RH

• Moisture absorption is proportional to the square 
root of time in hours, as per Fick’s law of diffusionroot of time in hours, as per Fick s law of diffusion
– Deviation is observed as moisture saturation is 

approached
S t ti t i iti t d 64 (82) h– Saturation seems to initiate around 64 (82) hours



Phase 2: Moisture CapacitancePhase 2:  Moisture Capacitance 
Results 

S-S Capacitance vs. Weight Gain
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Phase 2: Moisture SensitivityPhase 2:  Moisture Sensitivity 
Results 

S-PTH Capacitance vs. Weight Gain, 
60C/60%RH
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Phase 2: Moisture CapacitancePhase 2:  Moisture Capacitance 
Observations

• Capacitance as a function of moisture 
absorption shows similar trends for all three 
environmental conditionsenvironmental conditions

• Shield-over-shield with no PTHs showed 
minimal change up to 0.15%, followed by g p , y
approximately linear behavior

• The shield-over-shield with PTHs showed a 
larger increase in capacitance relati e to thelarger increase in capacitance relative to the 
amount of moisture absorbed

• Shield-to-PTH capacitance showed a largerShield to PTH capacitance showed a larger 
increase in capacitance relative to amount of 
moisture absorbed, but no clear trend



Phase 2:  Moisture Sensitivity Reflow 
ResultsResults 

S-S Capacitance vs. Number of Reflows
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Ph 2 M i t S iti it R flPhase 2:  Moisture Sensitivity Reflow 
Results 

S PTH C it N b f R flS-PTH Capacitance vs. Number of Reflows 
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Phase 2: Moisture Sensitivity (S-SPhase 2:  Moisture Sensitivity (S-S 
Results)

• Capacitance degradation
– Test structure B degrades more than test structure C, 

which degrades more than test structure Awhich degrades more than test structure A
• Same as reflow without moisture preconditioning

– 60ºC/60%RH degrades the least, while 85ºC/60%RH 
and 85ºC/85%RH seem to show similar behaviorand 85 C/85%RH seem to show similar behavior

• Was capacitance degradation due to moisture 
desorption or damage accumulation within the 

?coupon?
– After 85ºC/85%RH, 4% increase in capacitance
– After 3 reflows, 4% decrease in capacitanceAfter 3 reflows, 4% decrease in capacitance
– Is there moisture remaining after the first reflow?



Phase 2: Moisture Sensitivity (S-PTHPhase 2:  Moisture Sensitivity (S-PTH 
Results)

• S-PTH degrades more than S-S
– Maximum 6% reduction vs. maximum 4% 

d tireduction
• 60ºC/60%RH degrades less than the 

other two conditionsother two conditions
• Test structure B generally degrades 

more than test structure Cmore than test structure C



Delamination
• Delamination occurred primarily in featureless areas

E id f f il l i i t t d• Evidence of failures only in specimens tested as per 
MSL1 (85oC/85%RH, 168 hours)
– These samples had the highest % weight gainThese samples had the highest % weight gain

• No visible delamination in MSL2 (85oC/60%RH, 168 
hours) and MSL2a (60oC/60%RH, 120 hours) 
samples

• No observable delamination in any “dry samples” 
f h 1from phase 1



Phase 2: Moisture Sensitivity ResultsPhase 2:  Moisture Sensitivity Results 
Delamination observed in 85oC/85%RH test boards

solder 
mask

delaminat
ion

2.5X side view of 85oC/85%RH board after 3 
reflows at 260oC peak



Coupons after 85C/85%RH + 3Coupons after 85C/85%RH + 3 
ReflowsTop Bottom

Red arrows mark internal delamination



Coupons after 85C/85%RH + 3Coupons after 85C/85%RH + 3 
ReflowsTop Bottom

Red arrows mark internal delamination



Coupons after 85C/85%RH + 3Coupons after 85C/85%RH + 3 
ReflowsTop Bottom

Red arrows mark internal delamination



Discussion



Phase 1:  Observations

• Variation in degradation rates on 
different test structures may be y
evidence of microcracking in the PCB
– Microcracking seems to be exacerbated byMicrocracking seems to be exacerbated by 

the presence of PTHs
– Microcracking also seems to be g

exacerbated by the presence of non-
functional pads



Phase 1 (cont.)
• One board had a significant decrease in capacitance on all 

S-PTH nets
– On two supposedly isolated test structures (B and C)O t o supposed y so ated test st uctu es ( a d C)

• Potential root-cause (#1): Measurement error due to 
measurement at elevated temperature
– Unlikely because ‘normal’ S-S measurements wereUnlikely because normal  S S measurements were 

taken at the same time as the anomalous S-PTH 
measurements

• Potential root-cause (#2): Possibility of a plane-PTH shortPotential root cause (#2): Possibility of a plane PTH short
– Unlikely to affect both test structures B and C

• Potential root-cause (#3): Extensive microcracking
A i il d i S S it t b d– A similar decrease in S-S capacitance was not observed



Phase 2Phase 2
• The 85ºC/60%RH seem to show a larger 

increase in capacitance for a given amount ofincrease in capacitance for a given amount of 
moisture absorption

Uncertain as to the driver for this behavior– Uncertain as to the driver for this behavior
• Shield-over-shield test structures with PTHs 

showed a greater increase in capacitance for ashowed a greater increase in capacitance for a 
given amount of moisture absorption
– Damages caused during drilling could enableDamages caused during drilling could enable 

more localized moisture absorption (tiny 
cracks or delamination can absorb more 
water)



Phase 2 (cont.)

• Shield-PTH capacitance vs. moisture 
absorption: p
– No clear trend  
– For the same level of moisture absorption, testFor the same level of moisture absorption, test 

structure B generally showed a larger increase 
in capacitance than test structure C

– Test structure B then displayed a larger 
degradation in capacitance than test structure 
C after reflow



Phase 1 vs Phase 2Phase 1 vs. Phase 2 
Observations

• Moisture sensitivity samples display 
more extensive degradation after reflowg
– 260ºC samples from phase 1 show 

approximately 1% degradation in test pp y g
structure A after 15 reflows 

– Phase 2 samples show an average of 
nearly 1% degradation for all conditions on 
test structure A after 3 reflows

– This trend holds true for all S-S and S-PTH 
nets



Conclusion



Conclusions
M bl h f it ft h fl• Measurable change of capacitance after each reflow
– Discrimination between different test structures and MSL 

exposures strongly suggests approach captures material p g y gg pp p
degradation, as opposed to an increase in resistance at 
contact pads due to oxidation

– However contact resistance should be quantified in nextHowever, contact resistance should be quantified in next 
round of testing through ESR measurements

• Strong difference in shield-over-shield capacitance between 
test structures B and C due to the presence of non functionaltest structures B and C, due to the presence of non-functional 
pads, is very interesting and should be further characterized
– Future focus on clearance and pad dimensions
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