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Reliability testing of printed wire boards (PWBs) by thermal cycling offers the ability to compare relative survivability 

through assembly and reliability in the end use environment. This article delineates an eleven step method to establish a test 

protocol that will maximize accuracy, applicability and reduced costs and reduce the propensity for confounded data in 

thermal cycle testing of bare PWBs exposed to lead-free assembly and rework simulation.  The method presented in this 

paper is targeted to the unique challenges afforded by lead-free testing applications and testing of the integrity of conductive 

interconnections and dielectric materials. 

 

Thermal cycle testing of PWBs has traditionally been focused on the failure of the conductive circuits and interconnections. 

Testing is typically achieved by thermal cycling a representative coupon with the same constructions and design attributes as 

the associated PWB.  The coupon replicates the PWB layer count and interconnects structures like plated through holes 

(PTHs), buried vias, blind vias, or microvias.  The representative coupon is frequently on the production panel and directly 

reflects the fabrication attributes and variables of the PWBs from the same panel.   

 

There are two general methods of heating the test coupon, heating the coupons environment (air, liquid, sand) and 

transferring heat by conduction/convection or heating the coupon directly with heating circuits that are internal to the coupon. 

By either method the test coupons are subjected to temperatures cycling with the lower end temperature at approximately –

60°C and the upper limit typically not exceeding 260°C.  Traditionally a 10% increase in resistance of a circuit was 

considered a failure.  

Reliability testing starts with selecting the test method.  The importance of this step is that each test method has certain 

advantages and limitations.  Thermal cycling ovens are capable of achieving temperature ranges between -60 and ~140°C.  

Ovens are limited in speed and high end temperature.  Thermal ovens require a hold time at an isotherm to assure all samples 

achieve the test temperature.  The hold time ages the dielectric material changing physical properties like the glass transition 

temperature (Tg), coefficient of thermal expansion (CTE) and viscoelastic  properties such as the storage modulus (Young’s’ 

modulus).  One test method, highly accelerated thermal shock (HATS ™) reduces the cycle time to as low as five minutes.  

Internal heat methods (SITS, IST) have the advantage of precise temperature control to higher test temperatures (300°C) and 

fast cycle times (5 minutes or less).  There is no hold time at temperature in internal heating methods and dielectric material 

is less likely to have thermal induced aging by this method.  The disadvantage of the internal heating method is that the lower 

thermal limit is ambient (~22°C).  Although solder joints are significantly affected by low temperature thermal excursions, 

PWBs are less vulnerable to negative temperature testing.  It appears that testing to temperature near Tg improves the ability 

to discern discrepant and unreliable conditions. 

There are three reliability test approaches; compliance testing, reliability testing, and survivability testing. In compliance 

testing representative coupons are tested to the minimum cycle requirement, and once achieved, testing stops. In reliability, 

design of experiment and product life tests, testing continues until a 50% failure rate is achieved. In survivability testing the 

test temperature is increase to assembly temperatures (ex. 220°C) and testing is terminated at 50 thermal excursions. 

IST and HATS ™ have the advantage of being able to sense failures as a 10% increase in resistance while other methods are 

frequently limited to monitoring for damage by an event detector. An event detector requires of resistance change that are 

orders of magnitude larger than the methods used in HATS ™ and IST. Once a test method has been selected test samples 

may be produced. HATS™ and IST methods require customized coupons with certain electrical and physical attributes for 

their respective test method. 

 

In any test method the selection of which attributes will be tested has a profound effect on the acuity of the test. In an ideal 

world one would test all attributes; from a practical point of view testing is usually limited to a few critical attributes. Hole 

size is one critical attribute and testing usually includes the smallest hole. Smaller holes effectively test the reliability of the 

barrel of the PTH. As hole sizes diminish it becomes a challenge to effectively get chemistries into the hole for cleaning and 

electroplating. Holes 0.010” or less, are difficult to produce and are particularly sensitive to overall copper thickness and 

copper distribution within the PTH. Holes larger than 0.018” are less of a fabrication challenge. Large holes tend to be robust 

and resistant to the stress induced by thermal expansion. Stress appears to be redirected into the internal interconnection 

making large hole designs more sensitive to testing the robustness of internal interconnections. Material studies often include 



grid size (hole to hole spacing) variations. Grid size influences material damage typically expressed as delamination, 

cohesive failure or crazing of the dielectric. In DOE applications, orthogonal attributes; ones that are considered contrasting 

and unique, are selected. It is prudent with the advent of lead-free testing to include a material evaluation as an integral part 

of the thermal test. Traditional thermal test vehicles use microsectioning to confirm or refute material damage. IST coupons 

frequently have a material test circuits included. 

 

Surface finish may have a profound effect on reliability testing. For compliance or acceptance testing the surface finish of the 

product should be reflected in the test vehicle. For testing and ranking variables like materials or different designs, surface 

finish may dominate the test results limiting acuity or even confounding test results. There are two surface finishes that have 

been demonstrated to influence reliability results; reflowed solder and finishes that incorporate nickel. Either reflowed solder 

or nickel can mask reliability data in specific instances. 

 

Hot air solder leveling (HASL) is, by its’ nature, an extra thermal excursion that is in effect equivalent to an extra assembly 

cycle. It appears that some materials are robust with up to three thermal excursions but are degraded after the fourth 

excursion. In a lead-free application the extra thermal excursion associated with a HASL process may have a significant 

impact. Any fusing or reflow process should be considered when establishing comparative reliability tests. 

 

In high temperature testing and preconditioning where thermal excursions exceed the liquidous temperature of a solder finish, 

copper cracks made be bridged with solder. The effect is that cycles to failure are artificially extended due to solder filling the 

developing cracks. Instead of presenting a catastrophic failure the circuit appears self healing. If a coupon is subjected to high 

temperature thermal excursions like assembly and rework simulation and becomes damaged in the process the solder may 

reflow and fill the cracks in the PTH. If the coupon is then subjected to thermal excursions below liquidous, cracks frequently 

develop in the solder filling the original copper crack (figure 1). 

 

 

 

 
Figure 1 - Copper Crack with Reflowed Solder Cracked 

 

Nickel is robust in most applications extending cycles to failure. Cracks in the PTH start at a glass fiber and stop when the 

nickel layer is reached (figure 2). It should be mentioned, however, that occasionally nickel with nicks, bubbles, variable 

thickness, or nickel cracks may reduce thermal cycles to failure. Electroless nickel is known for even plating thickness 

throughout the PTH, while certain electrolytic nickel baths appears to be prone to variations in nickel thickness. With aspect 

ratios of 8:1 or greater, achieving a uniform and even nickel distribution throughout the barrel of the PTH can be a challenge. 

It appears that compromised nickel may initiate a crack which propagates toward the dielectric (figure 3). Weak nickel can 

reduce thermal cycles to failure. On well applied nickel the cycles to failure is significantly extended.  

 



 
Figure 2 - Nickel Protection – Cracks Stops at Nickel Finish 

 

 
Figure 3 - Nickel Acceleration – Cracks Induced by Nickel Defect 

 

If the goal of the investigation was to determine which of three materials is most robust then the presence of nickel would 

extend testing time and possibly confound the data. The subtle effects of roughly equivalent materials may well be masked by 

the presence of nickel in the surface finish. 

Another influence that should be addressed prior to the selection of a test vehicle is design. Design may influence thermal 

testing in a number of ways. Grid size plays an important role in materials testing in that materials tend to delaminate most 

readily at 0.8 mm (0.032”) spacing but are more prone to crazing with PTH drilled at a 0.5 mm to 0.6 mm (0.020” to 0.024”) 

pitch.  

 

Smaller holes, 0.4 mm (0.016”) or less tend to accumulate damage in the barrel of the PTH. Larger holes sizes tend to fail at 

internal interconnections. So testing the robustness of electrolytic plating would best be served with holes less than 0.4 mm 



(0.016”). Testing the reliability of interconnections, for example testing the robustness of different electroless coppers, would 

best be served with a 0.4m (0.016”) or greater hole on a large grid. 

 

All variables including design, construction, holes size, etc. should be considered when establishing effective reliability 

testing. For example, electroless copper and direct metalization chemistries may be effectively tested and ranked with a test 

vehicle that has large holes 0.4 mm (0.016”) on a 2.5 mm (0.100”) grid, with a nickel finish to strengthen the PTH and 

prevent the influence of barrel crack failures. 

 

Once representative coupons have been fabricated they should be subjected to inspection including measuring the resistance 

of all test circuits. For the purpose of this report this incoming inspection and measurement will be referred to as 

prescreening. Commonly circuits are checked for opens and shorts, and resistances are measured and recorded. The data is 

then subjected to a statistical evaluation. If the test method selected has the capability, capacitance measurements are made as 

a baseline against which material damage can be determined. 

 

In well designed circuits variations in resistance may reflect an inverse relation to copper thickness. Circuits designed to test 

plated through holes should be sensitive to variations in copper thickness and distribution, Circuits designed to test 

interconnect robustness are more likely to be sensitive to hole preparation, registration and variations in etching. By 

calculating the mean, standard deviation at the one sigma limit, minimum and maximum values, range and coefficient of 

variation (defined below) one is able to rank coupons and sort coupons into appropriate test groups. 

 

If it is determined that the resistance of a circuit is sensitive to copper thickness in the barrel of the hole, low resistance would 

indicate thick copper plating. Conversely higher resistance is a reflection of thin copper plating in the barrel of the PTH. If 

the mean resistance is a reflection of copper thickness, variation from the mean is a reflection of variations in copper 

thickness. A large standard deviation in resistance reflects variable plating. Experience has demonstrated a coefficient of 

variation (described below) of greater than 10% may reflect unacceptable copper thickness variation and requires a review to 

understand if the variation is due to an attribute that is critical to the test goal. If, for example, materials are being compared, 

it would be counterproductive to establish a ranking of materials where one group of coupons is under plated. Such a test, 

confounded by variations in copper, would produce ranking based on copper thickness that could unknowingly be attributed 

to the influences of the tested materials. 

 

Armed with the range in resistances one can intelligently select samples that better support the testing goal. If compliance, 

acceptance or survivability testing is being performed high, midrange and low resistance coupons best represent a reliability 

sample group that includes the extremes and midrange of copper plating thicknesses. Evaluations to rank or rate variables, 

such as different material types, are best served by selecting the most common resistance range across the test groups. Using 

the most common rang between groups will minimize the effects of copper thickness variations in the sample set allowing the 

effect of the variable of interest to be better expressed in the test data.  

 

If capacitance circuits are available in the test vehicle then the capacitances between layers can be measured and two different 

coupons compared. Variations in construction are easily observed and variant coupons may be removed from the test group. 

Figure four demonstrates how the subtle differences in layup of two six layer coupons are demonstrated as changes in 

capacitance. Measuring the picofarads reading between the planes on each layer allows one to confirm or refute that two 

coupons have the same construction. Variation in the number of ply and glass styles each produce different construction 

profiles, based on capacitance measurements. If two dielectrics were being ranked for robustness, and variations in 

construction were found, then there would be concern that the test vehicles may not be equivalent and test data may be 

skewed. 

 

 



 
Figure 4 - Construction Profile 

 

In prescreening, the resistance and capacitance measurements allow an intelligent selection of coupons which in turn 

increases the acuity and accuracy of the reliability test. The initial resistances and capacitance measurements set the baseline 

against which subsequent measurements are compared. Significant changes in resistance and capacitance are considered to be 

a reflection of copper or material damage. 

 

The simulation of the thermal excursions associated with assembly and rework will, for the purposes of this article, be 

referred to as preconditioning. Preconditioning coupons allows a better evaluation of the degradation in reliability that is to 

be expected in assembly and rework. As a standard three thermal excursions are considered representative of two passes 

through a reflow oven and one pass over a solder wave. Two sided surface mount PCBs with a PTH connector would likely 

have three thermal excursions during assembly. Rework is thought to be represented with an additional three thermal 

excursions; possibly a BGA removal and replacement and one solder touch-up.  

 

Preconditioning to simulate assembly is typically three thermal excursions, while assembly and rework is six thermal 

excursions. The reliability of the product can adequately be established by comparing cycles to failure of coupons tested “as 

received”, against the cycles to failure of coupons preconditioned three times (3X) and six times (6X). The “as received” 

coupons are the control group and the 3X and 6X preconditioned coupons the comparative test groups. One expects the “as 

received” coupons to survive the longest, followed by 3X coupons and the 6X preconditioned coupons. If the “as received 

coupons produce lower cycles to failure than the 3X or 6X coupons then one suspects that material damage is artificially 

extending the cycles to failure data, confounding the results. 

 

Acceptance and compliance testing often uses 5X preconditioning as a standard by convention. DOE and comparative tests 

usually have testing “as received”, 3X and 6X. Survivability testing is basically preconditioning to failure and therefore no 

preconditioning is required before survivability testing. 

 

Typically preconditioning is performed at 230°C for tin lead applications. Preconditioning to simulate lead-free applications 

is usually preformed at 245°C for low temperature lead-free assembly or 260°C for high temperature lead-free assembly. 

Preconditioning may be performed in a reflow oven, on the test equipment (for example IST) or by other means as agreed to 

by the user and supplier (AABUS). There is a great variability in reflow oven capabilities, assembly methods, and reflow 

profiles. Variations in assembly are observed between companies or even within companies.  

 

Coupons have inherently different physical parameters than printed circuit boards that are loaded with paste and components, 

and setting ovens to produce the equivalent condition on coupons is problematic. The difference in mass between PCBs and 

coupons present the major challenge as the coupons do not have components or solder pastes and are a much smaller size. 

Sending a raft of coupons down the reflow oven setup to run boards may over stress coupons producing failures that are not 

observed in the boards.  



Running coupons through oven setup to simulate the thermal profile of the PWBs requires significant time commitment due 

to cool down requirements between each run.  For the best results preconditioning must be well controlled and repeatable. 

 

It is important to measure the resistances and capacitance if available, before and after preconditioning to determine if there is 

interconnect or material damage attributed to the assembly and rework simulation. One way to capture this damage is to start 

reliability testing to establish the resistance baseline, remove the coupons, perform preconditioning, measure capacitance 

changes, and then resume the test. This allows the damage associated with assembly to be captured in the reliability test data. 

Both interconnection and material damage may be incurred in preconditioning with the temperatures associated with lead/free 

assembly. If the material is significantly damaged the reliability testing may be suspended due to the probability of having 

stress-relieved the coupons and likelihood of having the cycle to failure data confounded. It is a common error in reliability 

testing, not to capture the damage associated with preconditioning by starting reliability testing only after the assembly and 

rework simulation. 

 

Various testing protocols require a different number of cycles to failure. Compliance and acceptance testing typically stops 

when the minimum cycles to failure are completed. DOE and reliability are typically set to 500, 1000 cycles or continue until 

a 50% failure rate is achieved. With HATS™ and IST testing a 10% increase in resistance is considered a failure while 

thermal cycling ovens typically have an event detector that continues cycling the coupon until the circuit being tested has an 

open. By stopping testing exactly at 10% one reviews the failure, (by means of microscopic examination) as it is developing, 

rather than after the failure site is destroyed by extra thermal cycles. 

 

Testing temperatures vary based on equipment. Thermal cycling ovens allow negative temperature testing to -60°C or lower 

but are limited at the high end to approximately 140°C. HATS™ testing range is typically -60°C to 150°C.  IST testing is 

limited to ambient 22°C to a practicle limit of 300°C.  

 

Strain is defined as the change in length divided by the initial length (in this case at ambient). The strain associated with z-

axis expansion due to thermal excursion is the force that induces stress in the PWB causing damage of the interconnection 

and material. The strain associated with negative temperatures, for example, between -60°C and ambient, ~22°C, is the same 

strain associated between 22°C and 104°C; the former in compression while the later is in tension. It appears the majority of 

damage in PWBs is associated with the higher temperature excursions near or above Tg. PWBs appears to tolerate the 

negative temperature without significant influence in reliability. It should be noted that solder joints, however, may be 

susceptible to thermal excursions to negative temperatures. The high end temperatures achieved in reliability testing have 

been increasing over the last few years, particular in response to lead-free assembly. A number of companies have performed 

studies and established standards based on tests at or above 150°C. 

 

Thermal cycling ovens are generally limited to upper temperatures of about 120°C to 140°C. If the test method selected is 

capable, DOE, reliability and compliance testing is preformed at ~150°C. Many companies are specifying microvia testing at 

190°C and polyimide materials (flex and rigid) testing at 210°C. Survivability testing is preformed at 220°C to 260°C. 

Acceleration testing is typically preformed at 150°C, 160°C and 170°C.  If higher temperature testing is not available then 

test cycles must be extended to prevent false positive results and to capture enough failures to insure the data is statistically 

meaningful.  

 

At the end of testing the cycles to failure are recorded. Standard statistical analysis is applied including mean, standard 

deviation, minimum, maximum, range and coefficient of variation. The mean allows proof of compliance for compliance 

testing. In DOE and reliability testing the mean establishes ranking of variables while the coefficient of variation suggests if 

there is more than one influence expressed in the results. A coefficient of variation (see below) in cycles to failure data of 

greater than 65% should be investigated.  

 

An in depth review of statistical methods is beyond the scope of this article but there are a few point of interest offered for 

consideration. Typically common statistical methods are applied to resistance and cycle to failure data. This includes mean, 

standard deviation and range but a useful calculation to include is coefficient of variation. This is the standard deviation 

divided by the mean (formula 1). For ease of use this number is often expressed as a percentage. A coefficient of variation 

below 1% or greater than 100% is considered meaningless. 

 

 

Formula 1 - Where: cv = coefficient of variation, σ= standard deviation, μ= mean 



The mean cycles to failure are the most used calculation for ranking and comparing results. The coefficient of variation (cv) 

is useful as an indicator of process variation and possibility of multiple failure modes. The coefficient of variations of 

resistance measurements in the as received condition can be relevant to copper plating and distribution variation in circuits 

that are sensitive to copper thickness.  

Common statistical analysis methods have the advantage of being universally understood, and they are easily calculated. 

Limits include they assume the distribution of the data is Gaussian or normal (figure 6) express as a bell curve and the 

method does not take end of test into account. The end of test result is, by convention, calculated as a failure. 

 

 
Figure 6 - Standard Distribution – Bell Curve 

Weibull statistical analysis of cycles to failure produces a Weibull mean, beta (shape of distribution) and eta (mean time to 

failure). Although a thorough review of Weibull analysis is beyond the scope of this paper it should be noted that Weibull 

accepts right censored data. Beta is a useful number in failure analysis. A beta of less than 2 suggests that there may be more 

than one influence expressed in the cycle to failure data. A beta of greater than 15 suggests that the test temperature may be 

too high reducing the acuity of the results. Failures near 500 cycles usually produce good acuity and at the same time are 

practical from a time/cost point of view. 

The two main advantages of Weibull analysis is that the shape of the curve accommodates the distribution better than 

standard deviation and it accepts right censored data. Instead of assuming the end of test results are a failure as is the 

convention with the mean, the end of test data is entered with the label suspended. Weibull analysis, to a limited degree, 

accommodates and adjusts data when the testing is stopped before failure. In essence, extra value is given to suspended data 

and the Weibull mean may be higher than the standard statistical mean.  

 

In reliability testing the distribution is rarely bell shaped and therefore the data may be skewed. Weibull analysis incorporates 

the shape number beta (β). A beta of 1 is exponential, 2 emulate a Rayleigh distribution, 3.6 is normal and 5 is peaked normal 

(figure 7). When β is below 2.5 one should suspect that two or more failure modes with significantly different influence on 

reliability are present. If β is greater than 15, one may suspect that the test temperature may be too aggressive and a lower 

temperature may allow wider distribution, giving the test greater acuity to discern subtle variations. 

 



 
Figure 7 - Weibull Probability Density Function Curves 

 

After testing is complete and if resistances at peak temperature have been recorded by the test method used, resistance graphs 

may be plotted. Resistance graphs (figure 8) are a plot of the change in resistance per thermal cycle.  Resistance may be 

considered analogous to damage, typically due to cracks in the copper of interconnections.  Resistance graphs give insight to 

the onset of damage and rate of damage accumulation. Resistance changes plotted against thermal cycles will show the onset 

and then acceleration of failure. Robust coupons fail slowly over time; usually thousands of cycles. Coupons that are weak 

will fail catastrophically in a few cycles. Coupons with material damage may present an accelerating damage accumulation, 

and then a flat or nearly flat plot reflecting the onset of the stress relieving effect of material damage. If the test is measuring 

resistance of more that one circuit at the same time in the coupon, then the effects of the two circuits may be compared to 

each other. Frequently one circuit will dominate damage accumulation, while other circuits are stress relieved or not 

influenced. Resistance graphs reflect the damage accumulation of the expressed and latent failure modes. 

 

 
Figure 8 - Resistance Graph – Damage Accumulation 

 

One of the most powerful tools in understanding the influences on reliability is failure site location in a failing circuit, by 

means of a low current and a thermal imaging camera. If testing is stopped promptly at a 10% increase in resistance, the 

failing circuit will still be conductive and a small current may be applied to the offended circuit while the coupon is being 



viewed with a thermal imaging camera. The most damaged interconnection will have the highest resistance and heat up to a 

higher temperature than other, less damaged, interconnections, and is readily observed with thermal imaging (figure 9). This 

technique is usually applied to the first failed coupon in a group, the one that achieved the fewest cycles to failure. The single 

most damage interconnection out of hundreds may be located in this manor and a microsection processed of that specific 

interconnection. This allows a direct view of a failure that is developing, before it becomes catastrophically damaged to the 

point where meaningful failure analysis is impossible. With a microsection of the failed interconnection, one can view the 

dominate failure mode in the identified interconnect and latent failure modes in adjacent interconnections. Frequently the 

failure site is associated to conditions that violate the minimum standards, such at copper thickness, as defined in IPC-6012 

and other applicable IPC documents. 

 

 
Figure 9 - Failure Location with Thermal Imaging Camera – Failing Microvia 

 

Armed with the exact location of the most damaged interconnection, microsections may be processed and failure modes 

reviewed. The three most common tin/lead failure modes are barrel cracks due to metal fatigue, interconnect separation and 

corner cracks that progress through the electrolytic copper at the knee of the hole, at 45° angle. For the purposes of this article 

we will step outside of conventional definitions in that metal fatigue barrel cracks are differentiated from barrel cracks, 

interconnect separation is differentiated from post separation and 45° corner cracks are differentiated from horizontal corner 

cracks. The rationale for these distinctions is in ranking failure modes by the severity of damage, and the difference in how 

the failure modes are expressed in resistance graphs, and cycles to failure data. 

 

It should be noted that all six interconnection failure modes (metal fatigue/barrel cracks interconnect separation/post 

separation, and 45° corner cracks/horizontal corner cracks) presented in this paper may be present in coupons that have been 

exposed to either tin/lead preconditioning (230°C) or lead/free preconditioning (245°C, 260°C) and are not exclusive to given 

preconditioning temperature. There is a trend however that has been noted. Tin/lead preconditioned coupons frequently 

express failure modes that are less severe and less numerous than coupons that were preconditioned to lead/free temperatures. 

The failure modes reviewed here are a reflection of PTH failures. Other types of interconnections including buried vias, 

capped buried vias, blind vias, microvias and interconnections with three point contact express other failure modes that are 

not reviewed in this paper. 

 

Barrel Cracks due to Metal Fatigue: Metal fatigue barrel cracks (figure 10) are a wear out mechanism. The crack usually 

develops over time and traverses the copper of the barrel of the PTH at a 20° to 50° angle from horizontal.  A metal fatigue 

crack will typically propagate between copper crystals. These cracks are frequently closed at ambient.  This type of failure 

mode is consistent with slowly accumulating resistance that does not accelerate during the life of the test. Robust coupons 

which survive thousands of thermal cycles will present this failure mode. 

 



 
Figure 10 - Metal Fatigue Barrel Crack 

 

Interconnect Separation: Interconnect separation (figure 11) is defined as a small crack at the internal interconnection.  This 

failure mode is exemplified with small cracks between the copper of the PTH and the internal foil.  The connection is 

frequently not displaced out of plane of the original interconnection site.  There is a small gap between the foil and copper of 

the PTH barrel at ambient.  This type of failure produces a constant increase in resistance over the life of the test. 

 

 
Figure 11 - Interconnect Separation 

 

Corner Crack - 45°: Corner cracks (figure 12) are a result of pad rotation due to Z-axis expansion.  The expansion of the 

dielectric material puts strain on the corner of the PTH producing a fracture line the proceeds up the face of the surface foil 



and then across the plated copper at a  45° angle.  Relatively small cracks can cause a 10% increase in resistance.  Corner 

crack failures can be “wear-out” type failures where the copper at the corner is fatigued over time due to pad rotation as a 

result of repeated z-axis expansion associated with thermal cycling. 

 

 
Figure 12 - Corner Crack at a 45° angle. 

 

Generally the damage associated with coupons that have been subjected to lead-free assembly and rework is a more severe 

form of the traditional tin-lead failure modes described above. 

 

Barrel Cracks: Barrel cracks (figure 13) are expressed as a more severe type of PTH failure. In this failure mode the crack 

traverses the PTH at right angles frequently propagating through copper crystals. Because the crack is open at ambient plastic 

deformation of the dielectric is inferred. This suggests that there is material damage associated with a barrel crack type 

failure. This type of barrel crack usually transverses the copper at a 90-degree angle. This failure mode frequently presents a 

quickly accumulating resistance, after onset that accelerates to failure over a few thermal cycles. 

 

 
Figure 13 - Barrel Crack - Open at Ambient 

 

 

 



Post Separation: Post separation (figure 14) is a failure of the connection between the internal foil and the barrel of the plated 

through hole.  This failure mode is exemplified by large separations between the copper in the PTH and the internal foil.  The 

connection is frequently displaced out of plane from the original interconnection site.  There is a large gap between the barrel 

and the foil and frequently the foil end is rounded.  This type of failure is catastrophic with resistance graphs showing 

acceleration after onset  

 

 
Figure 14 - Post Separation 

 

Knee Crack- Horizontal: It appears that there is a tendency, after exposure to lead/free preconditioning, for corner crack type 

failures to be expressed as a horizontal crack (figure 15) occurring just below the knee of the hole. This failure usually 

presents with accelerating damage, after onset, failing in a few thermal cycles. 

 

 
Figure 15 - Corner Crack - Horizontal 



 

There are two trends that have been observed associated with lead-free assembly and rework. There is greater propensity for 

corner crack and these cracks are more frequently horizontal (figure 16). 

  

 
Figure 16 – Lead-Free induced corner cracks 

 

Materials’ testing in support of reliability, was traditionally limited to various thermal analyses. Only four types of test 

equipment are mentioned. Thermal mechanical analysis (TMA) measures the coefficient of thermal expansion (CTE) and 

glass transition temperatures (Tg). TMA is also used to measure time to delamination at various temperatures (T260, T288, 

and T300). A new method, informally called cyclic TMA (cTMA), incorporates the preconditioning cycles prior to time to 

delamination (cT260, cT288 and cT300) in an attempt to quantify the effect of assembly on dielectric materials. Dynamic 

mechanical analysis measures the viscoelastic properties of materials including Young’s and loss moduli and tan delta Tgs. 

Thermal gravimetric analysis (TGA) establishes time to decomposition.  

 

It appears the preconditioning at 260°C is at the limit of most FR4 based dielectric systems. As a result of the degradation of 

material induced by lead-free assembly, the dielectric material has a significant influence in reliability. The standard thermal 

analysis testing was not able to anticipate the robustness of materials in a given application. A practical method was 

developed to find material damage in coupons.  

 

Assembly and rework at 260°C appears to be at the limit of most FR4 based dielectric system’s temperature range, if PWB 

reliability is the standard. To that end, some test coupon designs (IST) are now incorporating capacitance planes on the layers 

that are ground planes in the PWB. These layers allow the measurement of capacitance, typically in picoFarads (fP) between 

planes. Subtle changes in the dielectric can be measured with this method. Material damages in to form of delamination, 

cohesive failure, crazing, material decomposition may be sensed. Other influences that can be sensed include changes in 

dielectric constant (i.e. curing) and moisture content. Measurements are taken and recorded in the “as received” coupon, after 

preconditioning and at end of test.  Compared to baseline measurement a change in capacitance may reflect material damage 

(figure 17). 

 



 
Figure 17 - Capacitance Layer with Delamination 

 

Microsections are used to confirm material damage on the coupons with the greatest changes in capacitance. Although there 

is no practicle method to find the precise location of where the coupon may be delaminated, microsections in the middle zone 

of the coupon appear adequate to confirm or refute material damage.  

 

Based on morphology and failure modes, four types of material damage have been identified and are referred to, for the 

purposes of this paper, as: adhesive delamination, cohesive failure, crazing and material decomposition (figure 18). It appears 

that a fifth material condition often referred to as cratering is an associated failure mode but, cratering has not been expressed 

as an influence in thermal cycles to failure test PWBs and is not sensed by established capacitance measurements. Coupons 

with lifted (rotated) pads, that have dielectric attached to the pad, and associated cracks in the dielectric, may anticipate 

cratering in assembly. 

 

 
Figure 18 – Overview of Types of Dielectric Damage 

 

It has become obvious that reliability evaluations must include testing the copper interconnections and the dielectric material 

in order to demonstrate robustness in lead/free applications. Material damage frequently artificially extends thermal cycles to 



failure by stress relieving interconnect structures. False positive test results are a consequence of material failure that goes 

undetected. It should be noted that material damage provides a path for conductive anodic filament (CAF) growth.  

 

Adhesive Delamination: Adhesive delamination (figure 19) is a break between physical planes within the coupon. The most 

common is between the b-stage epoxy layer and c-stage or copper layers. On occasion the delamination will be between the 

epoxy and glass bundles but this is not to be confused with crazing where the crack is between epoxy and individual glass 

fibers. This type of delamination appears as round blisters or crosses and squares that are associated with warp and weft of 

the glass weave.  Viewed in cross section cracks appear long and between laminated planes with pointed ends. It is thought 

that this failure may be a result of mechanical force being applied to the material like out gassing of volatiles or a failure of 

oxide coatings on internal copper traces or planes. 

 

 
Figure 19 – Adhesive Delamination 

 

Cohesive Failure: Cohesive failure (figure 20) appears to be a failure of the epoxy system. The failure appears to be closely 

associated with a chemical degradation of the material and less a mechanical force induced failure. On cross section the 

cracks are not limited to a physical plane and may cross between b-stage and c-stage boundaries. The cracks are present as 

angular sections sometimes bifurcating into two arms. 

 

 
Figure 20 - Adhesive Delamination 

 



Crazing: Crazing (figure 21) may be defined as a separation between the epoxy and individual glass fibers in the dielectric 

material. The defect appears at the edge of a drilled hole and proceeds down the length of the glass bundle. On cross section 

the condition appears to refract light and can bridge between holes and adjacent interconnections. Crazing does not connect 

directly to internal traces as there is usually a butter coat of pure epoxy above and below internal traces and glass bundles. 

Crazing may connect directly to the adjacent PTHs and frequently copper is observed penetrating down the glass bundles 

(wicking) for a short distance. The sizes of the cracks along the glass fiber are such as they are most likely conducive to 

capillary action of liquids. This is the common path for CAF. 

 

 

 
Figure 21 - Crazing along Glass Fibers – Longitudinal view between PTHs 

Material Decomposition: Material decomposition (figure 22) is infrequently observed. On occasion low performance 

materials are tested in lead-free applications with the result of carbonizing the dielectric material. On cross section 

decomposed materials present severe pad rotation with bubbles in a blackened epoxy. Decomposed material is frequently 

observed “oozing” out beside PTHs. It is obvious that decomposed material has boiled and burned. 

 

 
Figure 22 - Material Decomposition 

 

If one were to take the mean cycles to failure result of a coupon tested “as received” as the reliability entitlement, then 

compare that number to cycles to failure of coupons preconditioned to tin/lead and lead/free temperatures, a reasonable 

reliability expectation could be inferred.  One would expect cycles to failure to be reduced to a greater degree as the 

preconditioning temperature and number of cycles is increased. The data in table one has been normalized to 500 cycles for 

the “as received” tested coupons.  The typical degradation due to various levels of preconditioning is shown. On well made 

coupons without material damage a 50% reduction in reliability is common after assembly and rework simulation. 

 



Reduction in Reliability Based on Preconditioning 

 

Table 1 

 
 

When material damage was present, the thermal cycles to failure increased. Crazing, adhesive delamination, cohesive failure 

and material decomposition, all can have the net effect of stress relieving the copper interconnections, protecting the copper 

from accumulating damage, and artificially extending cycle to failure data. It has become apparent that material damage can 

confound thermal cycle to failure data and give false positive results.  Both the material and copper interconnections must be 

evaluated in concert in order to achieve an accurate reliability evaluation of representative coupons. 

  

In summary, the best way to realize the most from reliability testing of PWBs is to assure the test method and coupon design 

will support the testing goal, by confirming compliance or discriminating between test variables. Reliability testing can be 

broken down into three testing approaches; compliance or acceptance testing, design of experiment or testing in order to rank 

and compare variables, and survivability or accelerated testing at high temperatures. Compliance testing requires a coupon 

that has the important attributes of the product. DOE and comparative testing may be confounded by surface finishes 

particularly nickel finish and the process temperatures inherent in HASL finishes. Survivability testing may induce atypical 

failure modes but does not change of order of failure; weak coupons fail earlier than robust coupons tested at any 

temperature. Preconditioning to simulate assembly and rework is used to stress coupons and evaluate the impact of assembly 

and rework on overall reliability. Typically testing effective reliability is performed to 150°C. Higher test temperatures are 

becoming more popular by expanding the testing capability to find weaknesses in otherwise robust interconnections and 

reduce test times. Acceleration testing to predict field life is typically done at 150°, 160° and 170°C. Microvias are tested at 

190°C, polyimide circuits at 210°C and survivability testing is done at 220°C to 260°C.   By stopping testing promptly at a 

10% increase in resistance, a circuit will not be open allowing a small current to be applied to the failing circuit. This allows 

precise failure location by means of a thermal imaging camera of the interconnection that has accumulated the most damage. 

Microscopic evaluation of the developing failure allows insight into the expressed and latent failure modes. Failure modes are 

shifting due to lead free assembly; metal fatigue tends to be present as barrel cracks that are open at ambient, interconnect 

separation is present as larger post separation with displaced copper foil and corner cracks are changing from a 45° crack to a 

horizontal crack. Standard and Weibull analysis can be applied in novel ways to enhance both coupon selection and data 

evaluation. It is imperative to include evaluation of both copper interconnections and materials for lead-free applications. 

Changes in capacitance been used successfully to enunciate material damage in specifically designed test vehicles. Damage 

to material includes adhesive delamination, cohesive failure, crazing and material decomposition. Material damage, if 

undetected my give false positive results by stress relieving copper interconnections. A well made PWB, fabricated with high 

reliability material and conservative designs can expect a 50% reduction in reliability due to the temperature associated with 

lead-free processing.  
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Reliability Testing PWB

• Thermal Cycling of Representative Coupons

– Thermal Cycling Ovens

– Highly Accelerated Thermal Shock (HATS)

– Interconnect Stress Testing (IST)

– Other methods, liquid to liquid, etc.

• Measures Thermal Cycles to Failure

– Event Detector – High Resistance Change 

– Failure is a 10% Increase in Resistance



Lead Free Thermal Cycle



Thermal Cycling Testing PWBs - RoHS

Three General Applications

• Compliance and Acceptance Testing 

– Test productions lots as a condition of purchase

– Cycle to Specification

• DOE or Reliability Testing

– 500, 1000 cycles or 50% Failure

• Survivability Testing – High Temp Testing

– High Temperature Testing ~ 220°C

– Assembly Cycles to Failure 



Coupon Selection and Fabrication

• Select Test Method 
• Ovens, HATS, IST etc.

• Select Coupon Design
• Reflects PWB Attributes

• Reflects Coupon Testing Attributes

• Delamination Circuits

• Planarization, registration counter bores etc.

• Smart Coupon Design – Sensitive to Damage



Coupon Selection and Fabrication



Coupon Selection and Fabrication

Fabrication Requirements

• Surface Finish

– Compliance – Surface Finish of PWB

– DOE Reliability – No Nickel No HASL

• Survivability Testing – No Solder

– Representative Fabrication

• DOE and Reliability

– Best Practices for all but the variables

– Generally Must Have Good Copper and Material



Prescreening – Coupon Selection

• Incoming Inspection and Coupon Sorting

– Coupon checked for opens, shorts,

– Measurements are taken on resistance, capacitance, 

registration etc. 

– Confirm copper and material meet requirements

• Informed Coupons Selection 

– Rank Coupons by  Cu Thickness – PTH

– Compliance and Survivability

• High Medium Low

– DOE, Reliability, Acceleration Testing

• Common Lowest Resistance Across Group

• Record resistance and capacitance “As Received”

– Establish a baseline against which damage is measured



Preconditioning – Assembly Simulation

• Preconditioning Cycles
– Three Thermal Cycles for Assembly

– Six Thermal Cycles Assembly & Rework

• Preconditioning Temperatures
– Tin-Lead – 230°
– Lead – Free – 245°C or 260°C

– Compliance & Survivability Tests - 5X

– DOE & Reliability – As Received, 3X, 6X

• Preconditioning 
– Should be more Aggressive  than Assembly to 

prevent false positive conclusions

– Precondition in ovens or on test equipment



Lead Free Assembly Thermal Cycles



Thermal Cycle Testing - Protocol

1. Preconditioning Produces Damage 

2. Start Thermal Cycle Testing

3. Precondition As Required

4. Measure Capacitance Change if available

5. Restart Reliability Testing

This allows an objective measurement of 

damage due  the thermal excursions 

associated with assembly and rework.



Thermal Cycle Protocols

• Thermal Cycles 

– Compliance –

• Cycle to Specification – Stop

– Reliability Testing 

• 500, 1000 to 50% Failure

– Survivability 

• 50 Cycles

• End of Test 10% Increase in Resistance 

• Allows Thermal Imaging to Find Defect 

• Allows Evaluation of a Developing Failure 



Temperature Selection

• Established Temperatures

– DOE, Reliability and Compliance 150°C

– Survivability Testing 220°C

– Special Temperature Requirements 

• Microvias 190°C – 500 Cycles

• Polyimide 210°C

• Acceleration Testing Choose Three 

Temperatures below Tg - 150°C, 160°C, 

170°C



Data Recording

• Thermal Cycles to Failure 

– Record Cycles to Failure 

– Sort by Preconditioning

– Sort by Variable

– Apply Statistical Analysis

• Measure Capacitance

– Compute Capacitance Changes



Resistance Graphing - Damage

• Plot Resistance at Test Temperature

• Plot of Damage Accumulation

– Calculate Onset of Damage

– Review the Rate of Resistance Changes

• Sudden catastrophic failure

• Accelerating damage accumulation

• Damage after preconditioning

• Steady wear out over time = High Reliability

– Stress Relieve

• Delaminating, Crazing, Material Degradation



Damage Accumulation – Resistance Graphing



Damage Location and Failure Analysis

• If Testing Stops at 10%

– Current May be Applied

– Thermal Camera Finds Damaged PTH

• Microsection – Failure Analysis

– Review Exhibited Failure Mode

– Review Latent Failure Mode

– Review Fabrication Influences



Thermal Imaging (thermo-graphic camera)



Failure Modes – Tin Lead Failures

• Barrel Cracks – Metal Fatigue

• Interconnect Failure – Wedge Crack

• Corner Cracks – 45° Across Corner



Barrel Crack – Metal Fatigue



Metal Fatigue



Interconnect Separation



Interconnect Separation



Corner or Knee Crack – 45°



Knee Crack



Failure Analysis –Lead Free Failures

• Barrel Cracks  Corner Cracks

• Interconnect Failures  Post 

Separation

• Significant Pad Rotation

• Material Failures

– Delamination

– Crazing

– Material Degradation



Recent RoHS Failure Modes



Recent RoHS Failure Modes



Barrel Crack – Open @ Ambient



Barrel Crack



Post Separation



Post Separation



Corner Crack - Horizontal



Lead Free Corner Crack



Material Analysis –Lead Free Failures

• TMA – CTE’, CTE”, Tg, DTg, T260, cT260

• DMA – Young’s & Loss Moduli, Tan D 

• TGA – Time to Decomposition

• Changes in Capacitance

– Adhesive Delamination

– Cohesive Failures

– Crazing (path for CAF)

– Material Decomposition



Thermal Cycling – Lead Free



Material Damage – Cohesive Failure



Material Damage –Lead Free Failures

• Changes in Capacitance

– Adhesive Delamination

– Cohesive Failures

– Crazing (path for CAF)

– Material Decomposition

• TMA – CTE’, CTE”, Tg, DTg, T260, cT260

• DMA – Young’s & Loss Moduli, Tan D 

• TGA – Time to Decomposition



Material Damage



DELAM Testing
GP40001A - Coupon 9 - 1X @ 260C
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Material Damage

• Crazing – Around Glass

» - Loss of Adhesion

» - Crack Around Glass

» - Follows Bundles

» - Half Moon On End

» - CAF Concern

Dark Field XS



Material Damage

Adhesive Delamination

» - Sharp Point Ends

» - Cracks Along Plane

» - Large and Gaping

» - May Be Stress Relieving



Material Damage

Cohesive Delamination

» - Sharp Angles

» - Random Cracks

» - Pointed Ends

» - Large and Gaping

» - Across “B” & “C” Stage

» - May Focus Stress



Material Damage

Dielectric Decomposition

» - Round Void

» - Gross Damage

» - Pad Rotation

» - Large and Gaping



Data Analysis – Standard vs. Weibull

• Standard Statistical Analysis
– Universally Understood

– Easily Calculated in most Spread Sheets or Calculators

– Assumes a Standard “Bell Curve” Distribution

– Does Not Take “End of Test” into Account!

• Weibull Statistical Analysis
– Better Tool for IST Analysis

– Adjusts the Curve to the Actual Distribution

– Accepts Censored Data (“End of Test” Results)

– Becoming the standard method for OEMs



Standard Deviation - Distribution



Weibull Parameters

• Weibull Analysis - Parameters

– Beta (b) = Shape Parameter

– Eta (h) = Scale Parameter (characteristic life, 63.2% fail)

– MTF = Mean Time to Failure (Average IST cycles to failure)

– Std Dev = Standard Deviation

• Weibull Graphs
– Weibull Graphs – Very Good for Comparative Analysis 

– Probability Density Function (PDF) Graph – Easy to 

Understand

– Other Charts Reliability vs. Time, Failure Rate vs. Time



Probability Density - Beta



RoHS Challenge\s – Counter Intuitive Data

• Reduction in Reliability – No Delamination

• Artifacts Result Due to Delamination

Control

Precon As Rec 3X230°C 6X230°C 3X245°C 6X245°C 3X260°C 6X260°C

Precent 100% 80% 60% 75% 55% 70% 50%

No Material Degradation 500 400 300 375 275 350 250

Sn/Pb Low Temp Pd-Free High Temp Pb-Free

Control

Precon As Rec 3X230°C 6X230°C 3X245°C 6X245°C 3X260°C 6X260°C

Precent 100% 80% 60% 75% 55% 70% 50%

No Material Degradation 500 400 300 375 275 350 250

Delamination 500 400 300 400 425 450 500

Sn/Pb Low Temp Pd-Free High Temp Pb-Free
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