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INTRODUCTION · ... 
,• 

Present and future trends in printed board designs point to higher 

circuit densities with narrower lines and ·closer spacings. Some 

designers are now laying out boards with 0.13 mm (0.005 inch)* lines 

and spacings. The reduction of nominal spacing between conductive 

elements has raised .. questions concerning the adequacy of present 

voltage-clearance recommendations in IPC and other guidance docu-: 

ments. The present recommendations are considered too conservative 

in that they are weighted with large safety factors, especially for 

small clearances, and are frequently disregarded by many designers 

as, for example, the requirement of 0.38 (0.015) minimum clearance 

between uncoated conductors for voltage differences of 0 to 50 volts. 

Published voltage breakdown measurements made on p~i~ted boards with 

comb patterns with their enhanced conductor test lengths show break-

downs occurring at much higher voltages than those specified -f(lr the 

1 . . . ..:l 1-6 c earances 1n ex1st1ng uocuments •. 

A Task Group was set up by the IPC to rev:iew published . breakdown 

measurements and to makP. any aodi tionul measurements necessary to 

provide voltage-clearance recommendations which can be used for the 

revision of IPC documents and for those documents generated by IPC 

members for use in their own organizations. This report presents the 

recommendations of . this group. 

*Dimensions are in millimeters with inches in pare~theses. 
·' 
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The International Electrotechnical Commission (IEC) through Sub-

committee 28A (Insulation Coordination for Low-'Voltage Equipment) has 

proposed a draft for clearances and creepage distances for low-

voltage equipment. This proposal, which gives clearances for dif-

ferent voltage levels, is based on -an extensive joint study by 

Lehner, Safran, Schau, and 
. 1 

We1se of voltage breakdown .and. con-

ductor spacing and on the experience gained on apparatus built to 

their recommendations which has been used in German postal equipment 

for over 5 years. This usage has included outdoor closed housings 

as well as clean dry rooms. 

The recommendations of their study, which are based' on some 250,000 

measurements in different environments and degrees of pollution, were 

incorporated in a p~oposal to change VDE 0110. 7 Included in these 

measureme.nts are those with partial discharge voltages, surge vol-

tages, continuous voltages,· and mixed de and ac voltages in atmo-. 
spheres with varying levels of temperature, humidity, and dust. 

Recommendations from the Lehner, Sa.f r,an, Sc.ha.u, and vle i s.e. study and 

supporting data from this Task Group and from other studies provide 

the basis for recommended minimum clearance's for different voltage 

levels between conductive elements on a printed board. .A summariza-

tion of pertinent data is presented to permit designers to assess the 

risk involved in deviating from recommended clearances for different 
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board end-use: environments. These recommended clearance values 

incorporate safety factors fro~ the measured data. A designer sho"uld 

not design to a failure condition. 

The Ta·sk Group recognized· at the outset that with limited testing 

facilities, manpower, and test boards available, .a compre.hensive 

study of voltage breakdown ·in different enviro"nments could not be 

undertaken. In view of the data already published covering typical 

use environments, a decision was made to test only at a worst case 

environment, evaluating both coated and· uncoated boards. In other 

more benign environments, vol.tage breakdown levels are expected to 

be equal to or greater than those in this ~nvironmc~t, and clearance 

reco·mmenda tions based on this environment wi 11 have general appl ica-

bility for almost all IPC user environments. For op~n marine 

environments where salt may deposit on equipment, special protection 

may be required. 

Th t . t 1 t d 7 1:', °C, e wors case env1 ronmen se ec .F!! . wao _ 95 to 100 percent 

relative humidity, and a pressuri of 0.385 x lfr5 Pascals (289 Torr) 

which is equivalent to roughly 7600 meters (25,000 feet) altitude. 

A preconditioning treatment prior to measurement consisted of 1 week 

at 75°C, and 95 to 100 percent RH. The environmental pressure or 

altitude was limited by the experimental difficulties of maintaining 

75°C and 95 to 100 percent RH. Breakdown at other altitudes can 

be estimated through the use of the Paschen Curve. 8 
. r. 

t 
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, .. 

Experimental Measurements 

The test pattern used is shown in Figure 1. The BOl or back~ide is 

similar to the AOl or front.side which is shown. The comb patterns 

are based on .the IPC B--25 design, that is, 0.17 (.0065), 0.32 

(0.0125), and 0.64 (0.025) lines ar:td spaces. Leads_to the connector 

tabs were arranged to minimize breakdowns· in the·connectors. Equiva-

lent lengths of conductor .separations. tested for each comb !:)ection 

are 280 to 300 (11 to 12) in the 0.17 section, 150 to 180 (6 to 7) 

in the 0.32 section, and about 80 (3) in the 0.64 section. 

Forty boards of this test pattern were fabricated for the Task Group 

by Rockwell-Collins using photo tools generated at Sandia National 

Laboratories Albuquerque (SNLA). Copper was pattern plated in a 

pyrophosphate bath to 0.04 (0.0014) thickness on a thin clad, 1/3 oz. 

copper, FR 4, 1.5 (0.06) thick laminate . A tin-lead coating was 
. 

plated on the copper and later reflo~ed using infrared fusing. 

Of the 40 boards tested, 20 were uncoated or bare and 20 had a 

0. OS .±. 0. 03 ( 0. 002 .±. 0. 001) thick Conothane- type 1155 urethane coat-

ing. The test pattern permits 48 ·tests per board, four comb pat-

terns for each of the three nominal separations or clearances, and 

four tests per comb. Thus a total of 20 x 48 or 960 tests could be 

run on bare or uncoated boards and a simi~ar number on coated· b6ards. 
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The original plan was for four testers to test ten boards each, five 

coated and five uncoated. Because of unforeseen difficulties, one 

of the testers was unable to carry out the testing, and that group 

of boards was tested at SNLA several months after the testing of an 

initial set. Another tester was nelsen Laboratories in Glendale, 

California. Data was not received from one of the testers, although 

it was said to correspond to that obtained from the other tests. 

Figure 1 . . Test Pattern 

. -~ 'f ... .- ~ .. - ...... .,.__,........._ ----
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All boards were examined· for visual defects and electrically for 

shorts upon receipt at SNLA. Very few comb sections were eliminated 

from testing because of defects. All boards were cleaned using a 

deionized water boil, 1,1,1, trichloroethane vapor degrease, a 

deionized water rinse, and an isopropyl alcohol rinse, 

··- an oven drying at 75°C f'or· 1 hour·. The ure·t'ha'ne 

applied by dipping and draining, then oven curing at 

hours. 

followed by. 

coating was 

75°C for 8 

A solvent extract resistivity test performed by Naval. Avionics 

Center, Indianapolis, per MIL-P-28809 on a bare board, showed resis­

tivity of the wash extract to be 24.5 M n-cm using· a test water of 

30 M s-2-cm. Th.is c.an be .compared to the MIL-P-55110C specification 

requirement of 2 M n-cm. Another board tested on an Omega II 

instrument showed a similar cleanliness level. 

Testing at SNLA consisted of applying a de voltage at 250 volts per 

second until breakdown occurred, producing a current of 4 or more rnA 

which triggered cut-off of a Iiypotronics Model 830-20 M 1 high-

voltage .power supply. 

illumination to the 

Overhead fluorescent light provided some uv 

test pattern. Breakdown location was observed 

through a window in the test. chamber. Conductor separation was 

~ea~ured op~ically at or near the breakdown location. Tests 

performed at Delsen Testing Laboratories were at 250 + 50 volts 

dc/s~c on a Hypotronics Model HD-125. Cut-off ~as triggered at about 

5 rnA·. 
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Results 

Voltage breakdown valu~s for the measured conductor separations are 

shown in Figure 2 along with· least squares average, 99 and 99.9 per­

cent (95 percent confidence) curves. Similar breakdown information 

is shown for coated boa.r·ds. in ·Figure· 3-. Bre.akdown· ranges for bare 

and coated boards for the ·three· nominal separ·ations are shown in 

Table 1. 

The sc~tter in brecikdown voltages is much higher for coated than bare 

boards. Tests at SNLA wer:e limited to 5 kV, and many of the values 

in the 1 to 5 kV range r.ep.resent breakdowns. in o:..her than the· comb 

pattern under test. Most, bu~ signi.ficantly not all .of the break-

downs on coated boards .were higher than those on bare boards. 

Sepatalion 

0.17 (0.0065) 

0.32 (0.0125) 

0.64 (0.025) 

TABLE 1 

Breakdown Voltage Ranges 

for Different Nominal Separations 

B-are :Ronrds 

320 to 800 Volts 

520 to 1080 

560 to 1500 

Urethane Coated~Boaids 
'-.' ... ~-- . 

400 to 50b0 Volts 

640 to 5300 

li60 to 5800 
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Figure 2. Breakdown voltages for different conductor separations on 
bare boards at 75°C/100% RH/289 Torr . 
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Figure 3. Breakdown voltage s on different conductor separations on 
urethane -coated boards at 75°C/ 100% RH/289 Torr. 
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Figure 4 shows . least squares curves for the different test sets. 

Delsen reported max and min values for the clearance distance of each 

section. Breakdown voltages were plotted using the average of their 

max and min values. Breakdown does not always occur at the minimum 

separation within a pattern section. Average breakdown voltage 

decreases nonlinearly with the l .ength of conductor exposed to the 

voltage. The different slope for the coated SNLA set 2 measurements 

could be related to the 5 kV limit on the test equipment. 

A limited number of breakdown measurements made at room conditions 

(23 + 3°C, 10-30 percent RH, 0.88 kPa) showed breakdown levels 1.7 

to 2 times higher than those for the worst case environment. 

Individual temperature, pressure, and humidity changes showed pres­

sure . to have the greatest effect on breakdown levels as one would 

expect. Temperature and humidity increases caused, at most, varia-

tions in the 10 percent range. These same temperature and humidity 

increases cause order of magnitude decreases in insulation 

resistance. 

After conditioning for 7 days at 75°C and 100 percent RH, the first 

set of boctrds tes t ed at SNLA showeil Pxt.ensive measling and a white 

cry::;tc:tlline-like rccidue on the r.onductors as illustrated in Fig­

ure 5. In a few regions of the 0.17 pattern, the white crystalline 

material bridged the conductors as illustrated in Figure 6. Electron 

micropro be exam inatio n indi c ated the wh i te ma t er ial to be a lead 

o x ide or hydroxide . I t c ould be c leaned from the boar d with an 



· -11-

..... . l. 

2 2.5 3 4 5 6 7 .8 ! 

Figure 4. Compn rison of least squares curves o f tes t data from 
different testers . 
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aqueous 20 percent by weight solution of. ammonium acetate. Boards 

so cleaned and .rinsed with deionized water, followed with 2 propanol, 

had breakdown voltages about 10 percent higher than the values 

obtained with the original corroded boards. 

When boards from an earlier 5 study were given the same 75°C/100 

percent RH/room pressure conditioning f·or 1 ·week, the conductor 

encrustatiori varied from none to heavy, which suggests that th~ 6or-

rosion is associated w-ith the laminate material and processing which 

it receives in fabrication. 

When Rockwell-Collins was informed of the corro~ion and measling 

obse.rved on the first set, they tested some of. the laminate stock 

from which the boards were fabrica-ted and. found. evidence of what 

D. R. Witherell described as .the "Soft Resin Problem." 9 

When the second set of boards was conditioned at SNLA about 6 months 

after the first, the degree of measling and corrosion was very much 

less than the first set. Voltage breakdown was higher for the second 

than for the first set. Boards tested at D~lsen and the other tester 

did not show the typical corrosion of the first set after the condi-
. . 

tioning. These were tested a few months after the first set at SNLA. 
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Conductor Spacings Specified in Existing Documents 

Figure 7 shows minimum clearances specified for various voltages in 

MIL-STD-275 and IPC-ML-910A for altitudes up to 3000 met~rs (10,000 

feet). The step format came about from the application of different 

safety factors to the measured data for the different .clearance 

intervals. Also plotted are the proposed VDE 0110 clearances assum­

ing an inhomogeneous field, material· group 2 and pollution degree 

2. In the definition of pollution degree 2, normally only 

nonconductive pollutio~ is anticipated. Occa~ionally, however, a 

temporary conductivity caused by condensation must be expected. As 

can be seen, there· are significant differences shc~n in recommended ., 
clearances, especially in the low-voltage range. 

There are some apparent inconsistencies which should be corrected 

with regard· to requirements for dielectric withstanding voltage in 

IPC and MIL Specifications. For example, the Conformal Coating 

Specification, MIL-I-46058C, Section 4. 8. 7, specifies that a test 

separation of 0.76 + 0.08 (0.030 + 0.003) shall be capable of with­

standing 1.500 vol.ts ac rms or 2100 volts peak at 60 Hertz for 60 

seconds. As shown in Figure 3, a significant number of breakdowns 

can be predicted at or below this peak voltage. The voltage speci-

. fied for this clearance in MI L-STD- 27 50, Sect ion 5. 1. 4, Table 1, as 

shown in Figure 7, is 101 to 300 volts, that is, the voltage 

required in MIL-I-46058 is seven or more times that in MIL-STD-275. 
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Figure 7. Clearance recommendations in MIL-STD-2750 and IPC-ML-910A 
along with those recommended in VDEllOb proposal for altitude to 
3000 meters (10,000 ft). The VDEO llOb proposal re fer s to a de 
worklng voltage for material group 2, pollutio n deg r ee 2. 
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Another instance is the requirement in MIL-P-55110C that the B pat-

tern of IPC-B-25, i.e., 0.32 (0.0125) separation, be required to 

withstand without flashover 1000 volts de for 30 seconds in accor-

dance with Method 301 of MIL-STD-202. Figure 7 shows that the maxi-

mum recommended voltage for this separation in MIL-STD-275 is 30 

volts, which is considerably less than the 1000-volt test voltage~ 

Recommendations 

The voltage-clearance recommendations of this Task Group for both 

coated and uncoated boards for altitudes to 3000 meters (or 10,000 

feet) are shown in Figure 8. These are based on ;,,-ol tage breakdown 

measurements from this study and from those previously reported, 

particularly the Lehner, Safran, Schau, and Weise study, with safety 

factors. This curve is essentially the same as the VDE OllOb curve 

in Figure 7. Also shown are least squares average and 99.9 percent 
. 

(95 percent Confidence) limit curves for the data generated in this 

study. Voltage is shown as a continuous function of clearance in 

Figure 8 in contrast to the discrete step values in IPC-ML-910A and 

MIL-STD-275. For convenience, minimum clearance.s corresponding to 

some typical voltages are given in Table 2. A comparison of the 

worst case voltage level, 99.9 percent (95 percent confidence) curve, 

with the recommended voltage curve shows the safety factor to range 

from 2.6 for 0.13 (0.005) to 1.8 for 2 . 5 (0.100) separation. 
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Figure 8. Voltage-Clearance recommendations of this Task · Group for 
coated and uncoated boards to altitudes of 3000 meters (10,000 feet). 
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T1\BLE 2 

Specified Minimum Clearances for 

Different Voltage Levels Between Conductors 

·voltage Minimum.Clea~ahce 

0~100 Volts 0.13 (0.005) 

150. o. 25 (0.010) 

200 0.44 (0.018) 

300 .0.97 _(0.03R) ~~-, 

·4oo· 1.6'5 (0.065) 

500 2.54 ( 0.100) 

The clearances represent expected minimum or actual separations 

ra.ther than nominal or design values; that is, the designer should 

apply the growth or positive conductor width tolerance ·expected in 

fabrication to determine minimum clearance. 

Attempts made to determine corona effects at ~oltage levels j~st b~~ 

.low expected breakdown levels were unsuccessful. Corona effects are 

not expected to be appreciable at the voltage levels given iri this 

rec::oinmendation. For a few of the comb patterns the voltage was 
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maintained at 90 to 95 percent of expected breakdown level without 

breakdown or any appreciable rise in current level. 

·In view of the higher breakdown voltages for co a ted boards, it may 

appear strange that the spacing requirements for coated boards are 

the same as for uncoated boards: i.e., Figure 8 ·a:PPlies to both 

types. There were, however, .·sufficient breakdowns on coat·ed boards 

in the voltage range at which bare boards broke down that caused 

both types to be included together.. Breakdowns typically occur at 

coating defec·ts on coated boards .and do not reflect the inherent 

breakdown strength of the coating material. There is a reasonable 

probability that defects could occur in close pt .. o:;dmity such that 

breakdowns would b~ observed' in the voltage range for uncoated 

·boards. Breakdown levels for coated boards appear to be a function 

of the adequacy of the coating process. Once breakdown occurs on a 

coated board, there is sufficient coating degradation that upon 

repeated voltage applications the breakdown level is typically much 

lower than the initial value. Thi·s is not true for uncoated boards, 

the br~akdown levels for repeated voltage applications are generally 

within a few volts of each other. 

Dielectric withstanding test voltages, which are used to determine 

the adequacy of insulation materials and spacings, should be selected 

on the basis of the pattern tested and the test environment in 
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accordance. with the information of this report and other reported 

information, notably the Lehner, Safran, Schau, and Weise study. 

As conductor separations have become smaller on board designs, there 

is increasing concern for the possibility of forming electr6migratory 

filament shorts and low-insulation resistance paths between conduc­

tors. While the 'rask Gro.up · re.cognizes this concern, it has not 

directly addressed the problem. For boards that are to be used in 

humid environments the designer should refer to IPC-TR-468 and 

IPC-TR-476 for information and recommendations relating to these 

problems. However, because there is an increasing probability for 

insulation resistance problems and . short formaticn .. from filaments, 

slivers, or particles at clearances of less than 0.17 (0.005), the 

minimum recommended clearance is limited to 0.17 (0.005)~ 

A conformal or solder mask polymer coating will generally, but not 

always provide some protection against low resistance paths or shorts 

in addition to generally increasing the breakdown voltage levels. 

The use of such coatings or masks is recommended. 

Breakdown volt~ge is a function of atm6spheric pressure or altitude 

as well a!=; separation, and a desi9ner should apply a correction 

factor whenever the board is· to be used at an altitude beyond the 

recommendations for this report or within a narrow altitude range. 

Correction factors which are based on the Paschen curve for air are 

given in Table 3 or can be obtained from Figure 9. 

- • ~ J ... ~ ' .. • - '/.':~. • • 
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TABLE 3 

. ~l~itude Corre~tion F~~tor~ fo~ Cleara~ce Distances 

Al.ti tude Pressure Multiplication Factor 

for·C1earance Distance Me-ter-s Feet 

0 0 

2,000 6,560 

3,000 9,840 

7,600 24,930 

10,000 32,810 

'25 ~ 000 82,020 

30,000 98,420 

Pascals Torr 

1.013xl05 760 

0.800 600 

0.700 525" 

0.385 289 

0.265 199 

0.027 20 

0. 013 10 

0.69 

0.87 

1. 00 

1. 82 

2.64 

26 ............. _ 

54 

The emphasis of this report has been on board conductor separations 

such as line-to-line, 1ine-to-land, and land-to-land: however~ it is 

equally important that recommended clearances be applied to connec-

tor clements, component leads, and other conductive par~s of a board 

assembly. In a previous study, voltages for land-to-land breakdowns 

were found to be abou.t 20 percent higher than line,-to-line break-

downs. 6 Much of this difference could be attributed to smaller 

exposure of conductor length in the land~to-land measurements. Con-

ductor edges in the line-to-line patterns were microscopically rough, 

presenting many sites for breakdown initiation. 
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Fi gnre 9. Paschen curve for voltage breakdown for air in a 
homogeneous field. 
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SUMMARY 

1. Present clearance recommendations for different voltage levels 

between conductors on a printed board such as thbse in IPC-ML-910 

are very conservative with· respect to measured val.ues., e.specially 

for the low-voltage .r.ange because of the ·la-rge ~safety factors 

which were applied. 

2. New clearance guidelines are proposed b~sed on measurements mad~ 

by this Task Group and on other published data. Voltage-

clearance recommendations are presented as a continuous curve 

rather than in discrete steps as in current~~.documents. The 

degree of risk assumed can be assessed by comparing this curve 

with the measured data for the worst case environment. 
. ~ ~. 

3. Recognizing the increasing tendency for electromigratory fila-

ments and low-insulation resistance paths to form as conductor 

spacings narrow, a limit of 0.13 (.005) is recommended as the 

minimum conductor clearance. This limit will ·also reduce possi­

ble effects from particulate contamination and conductor edge 

slivers. For means of contr·olling or minimizing filaments and 

low-resistance paths, reference· is ··made 
. . 

to other IPC Task Group 

publications addressing these pr6bl~ms. 



4. Altitude or air pressure 

mental factors affecting 
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is the most important of the environ­

voltage breakdowri. For instances in 

which there is a specific ~r unusual pressure environment, clear­

ance correction factors are listed for different pressures. The 

effect of moisture and temperature variations on breakdown volt­

age appears to be minimal. This is in contrast to the apprecia­

ble effect they have on insl.llation resistance. Although corro-:­

sion products were seen on some of the conductors after exposure 

to the high humidity environment, even bridging the conductors 

in a few regions, there .was only a minor reduction in breakdown 

voltage for these boards. 

5. The large spread in breakdown voltages for coated boards reflects 

the quality of the coating process rather than the variability 

in inherent breakdown strength ~f the coating material. Despite 

the fact that no distinction is made between coated .and bare 

boards in the clearance recommendations, a coating will, in most 

i-nstances., provide higher breakdown levels than bare boards. In 

addition, a coating will offer protection from contaminates and 

abrasive or other mechanical handling damage, and its use is 

recommended whenever a board is exposed to an uncontrolled or 

degrading environment, unless restricted by mounting or other 

·considerations. 
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