THE FUSING OF WIRES AND TIN WHISKERS 

-  A compilation of raw emails between various participants that show up on the Tin Whisker Group telecom on Wednesday mornings

     Ver 4/09

Helpful insight:  Start from the bottom (and then work your way up) with the earliest entries by Henning Leidecker (NASA).   Henning wrote a huge volume on fuses for spacecraft.  Jay Brusse (NASA) added some follow-on information.  Then a series of exchanges took place between Jay, Gordon Davy (Northrop retired), and Steve Smith (Smith & Co).   This was then followed by a series of observations by John Barnes (dBi).
May the user of this information find it as enjoyable as the people who contributed it.

              Bill Rollins (Raytheon)
EMAIL Thread EXCERPTS on fusing wires and whiskers, for DISCUSSION:

   Follow-up from John Barnes

I did some further research into Preeces's and Onderdonk's Equations.

William Henry Preece developed his Equation, and its "magic constants"

for different metals, from 1884 to 1888 [1,2,3].  These papers are all

available from the JSTOR database, which many university libraries have

access to.  

Preece wanted to develop fuses to protect telegraph lines and power

lines from overcurrents.  He experimented with wires made from:

*  Platinum.

*  Copper.

*  Wrought iron.

*  German silver.

*  Aluminum.

*  Platinoid.

*  Tin.

*  Tin-lead (33Sn67Pb).

*  Lead.

His basic equation assumes that the wire lost heat only by radiation,

and that the wire was long enough that heat losses by conduction through

the mounting terminals could be neglected [1].  At the end of his second

paper [2], he mentions that for wires smaller than 0.010 inch (254

micron) diameter, the fusing current seems to be directly proportional

to diameter.   

To come up with his constant for tin, Preece used wires of 0.010 inch to

0.036 inch (254 to 914 microns) diameter.  Last week we were talking

about the fusing currents of tin whiskers of 1 to 4 microns diameter,

extrapolating Preece's equation by about 2-1/2 orders of magnitude,

against experimental data that only covered 1/2 order of magnitude!

---------------------------------------------------------------------

I found two citations to I. M. Onderdonk, "To melt copper conductors,"

Elect. World., Jun. 24, 1944.  The University of Kentucky's bound volume

of Electrical World for this date was in remote storage, and came in

yesterday while I was working.  I will get this paper today, to see if

it includes Onderdonk's Equation, and tells how it was derived. 

     ---------   -------

I just got a copy of

   Onderdonk, I. M., "Short-Time Current Required to Melt Copper 

   Conductors," Electrical World, vol. 121 no. 26, pp. 98, June 24, 

   1944.  

This article has a nomogram to solve the equation

   33*(I/A)^2*S = log((t/274)+1)

where:

I = Current, amperes

A = Cross-sectiona area of conductor, cir. mil

S = Time current is applied, seconds

t = Temperature rise of copper, deg. C., = 1083-40

where:

1083 deg. C., is melting point of copper

40 deg. C.,is assumed ambient temperature

It says that the equation only applies to short periods of time, and

considers only heat storage in the copper.  It neglects:

*  Convection losses from air currents.

*  Radiation.

The nomogram has scales for:

*  Currents of 10-100,000 amperes.

*  Copper area of 100-2,000,000 circular mils, 30AWG (about 0.010   

inch diameter) and larger.

*  Time of 0.01-100 seconds.

Inital analysis from John Barnes

At the end of last week's conference call, several of us discussed the 

current/energy required to open a short circuit caused by a tin whisker.

I did some calculations over the weekend, and concluded that tin

whiskers can carry 15 to 76 times as much current as we would expect,

based on the "fusing current" of normal-sized wires!

Two equations for the fusing current of round wires are:

*  Preece's Equation (W. H. Preece, 1884) [1,2,3]

   I = k * d^1.5, where 

      I is the fusing current, 

      k depends on the metal and the units,

      d is the wire diameter.

*  Onderdonk's Equation (I. M. Onderdonk) [1,3,4]

   I = A * SQRT(LOG(((Tm-Ta)/(234+Ta))+1)/(33*S)), where

      I is the fusing current in amperes,

      A is the cross-sectional area in circular mils,

      Tm is the melting point of the metal in degrees Celsius,

      Ta is the ambient temperature in degrees Celsius,

      S is the fusing time in seconds

Page 9 of Karim J. Courey's Ph. D. Thesis [5] lists the "current

carrying capacity" measured by Hada, and the "fusing current" measured

by Dunn, for six tin whiskers.  I compared these measured values against

the calculated fusing currents from Preece's and Onderdonk's Equations:

Tin-whisker 

 Measured

 Preece's

 Onderdonk's

Diameter

 Fusing Current

 Equation

 Equation

--------------  --------------  --------------  -----------

1um

 

 10mA (Hada)

 0.41mA

 

 0.13mA

1.1um

 

 10mA (Dunn)

 0.47mA

 

 0.17mA

1.5um

 

 20mA (Dunn)

 0.75mA

 

 0.31mA

2.5um

 

 30mA (Hada)

 1.6mA

 

 0.87mA

3.0um

 

 32mA (Dunn)

 2.1mA

 

 1.2mA

4um

 

 75mA (Hada)

 3.3mA

 

 2.2mA

For Preece's Equation I used the tabulated constant for tin.  For

Onderdonk's Equation I used Tm = 232 degrees Celsius for tin, Ta = 20

degrees Celsius, and S = 1 second.

A few authors have suggested that tin whiskers might be superconductors

at room temperature.  But page 9 of Courey's thesis cites Dunn as having

measured the resistivity of two thin tin whiskers at 10.8 and 11.4

microohm-cm, and of two thick tin whiskers at 59.2 and 41.0 microohm-cm.

The resistivity of pure tin is 11.3 microohm-cm.
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from Steve Smith  -  All,

I recently did a calculation to see how much energy would be required

to "spot-weld" a tin whisker at the tip to some large heat sink that

touched it and broke the oxide film.

I think this corresponds to Henning's "microwelding", but happens VERY

quickly.

If you assume a small contact-spot (ten percent of a

whisker-diameter)about a tenth of a micron across (for purposes of

calculating tin-melting energy), and ten nanometers thick, the energy

to raise that much tin up to the melting point, and the additional

heat of fusion, seems to be about 0.2 nanojoules, perhaps a bit less.

With a smaller contact-spot it would require less energy.

The stray capacitance of the wires associated with the connections to

the whisker, going back to a current-limiting resistor perhaps a foot

away, could conceivably be ten picofarads, or even more.

The stored capacitive energy in ten picofarads at ten volts is about

a half a nanojoule.

This energy would discharge in a time on the order of a microsecond or

less (there's not much inductance associated with that stray

distributed capacitance, and so the resonant frequency is rather high,

and the discharge time rather short), and would heat that local amount

of tin to the melting point faster than the energy could diffuse away

into the surrounding bulk of tin in the whisker.

A appreciable portion of that half-nanojoule would end up in the tin

at the whikser-tip, and it thus seems that welding a whisker is a

practical thing, and would happen before any steady-state follow-on

current, and could happen at fairly low voltage.

Steve Smith

> Hi Gordon,

>  

> Sorry I haven't had time to respond sooner.

> When we made the video of the tin whisker melting and

> "microwelding" at its tip to the Au-plated probe, we did not make

> the effort to carefully examine (i.e., SEM, dare I say FIB too) the

> whisker tip for evidence of "welding". This was not the objective of

> our trials. As mentioned this was a "failed" attempt at measuring

> the resistance ( V / I ) of the whisker where we had "hoped beyond

> hope" that the power supply current limiting circuitry could respond

> fast enough to clamp the current below the melting current. IT DIDN"T!

>  

> Some years ago Henning and I engaged in some email interchanges

> about what may be occurring during the shorting of a metal whisker

> to an adjacent conductor under various current and voltage

> scenarios. I've included one interchange in its entirety below. I'm

> certain you'll enjoy.  Based on Henning's extensive study of the

> melting behavior of electrical fuse filaments and our expected

> analogous behavior of a tin whisker "filament", you will see why I

> am inclined to believe that the event (that occurs in the "blink of

> an eye") in the video I shared may well have proceeded as follows: 

>  

> 1.      Rapid heating at zone of contact between Sn whisker tip and

> Au-plated probe produced local melting of the whisker tip

> 2.      Upon melting, the Sn whisker tip became sufficiently heat

> sunk to quickly cool and then resolidified forming a "bond" to the

> Au-plated probe.  This is what I referred to as "microwelding". 

> Perhaps the Au does not melt in this case, but instead we have

> liquid Sn dissolving Au to form a metallurgical bond upon

> resolidification. Perhaps I should call this kind of a bond a

> micro"solder" joint instead of a micro"weld"?

> 3.      With the whisker now "heat sunk" at both its root and tip,

> temperature rise of the whisker occurs fastest along the mid-length.

> 4.      When temperature at some location along the whisker's

> length exceeds melting temperature for Sn, localized melting occurs (now for the 2nd time).

> 5.      Forces acting upon the liquified column cause the whisker

> to pull apart and interrupt the current flow.

>  

> Aside:  The Sn whisker also has an "oxide" film that encases the

> whisker like a sheath.  The melting temperature of this oxide is on

> the order of 1000°C compared to 232°C for the Sn that makes up the

> whisker filament.  The oxide film may "hold" the liquid column of

> tin (as the whisker melts) until forces acting upon the whisker

> (bending moments, gravity, etc.) are sufficient to pull the liquid

> column apart and break the oxide sheath.  More than a few whisker

> researchers have expressed amazement that many whiskers retain their

> shape after exposing them to reflow oven exposure above 232°C...

> some higher than 280°C as I recall. In his book "Wire Bonding in

> Microelectronics" George Harman shows a nice example of how Al bond

> wires that have formed thick Al oxide sheaths are able to carry far

> more current than expected for a pure Al wire because the oxide

> sheath can hold the molten Al wire together.

>  

> Cheers,

>  

> Jay Brusse

> Sr. Components Engineer

> Perot Systems at NASA Goddard

> 301-286-2019

> ________________________________

> From: Henning W Leidecker <Henning.W.Leidecker@nasa.gov> 

> Subject: Re: Tin whisker follow-up question 

> Date: Wed, 12 May 2004 21:41:31 -0700 

> Dear XXXX,

> I've done a lot of experimental and modeling work with the FM08 style fuses.

> Each contains a nearly straight metal wire.

>  

> For currents ranging up to about 120% of the rated current, the link opens by

> "creep to rupture", but never melts.  The element is held at each end under

> bending moments; the ends stay cool, and so the built-in stresses there never

> relax; but the middle of the link gets hot enough to creep open in tens of

> seconds, even when tens of degrees under the melting temperature.  I doubt

> that this mechanism happens in whiskers --- they are just too flexible, and

> are not fastened at both ends (only at one), so there cannot be important

> bending moments acting to induce creep.

>  

> For currents from about 120% to (very roughly) 300% of rated current, the

> middle of the link reaches melting, and this molten section is pulled by

> surface tension back onto the cooler stubs --- the opened fuse shows a pair

> of stubs with a melt ball formed onto each end.  

>  

> For a whisker, one end is well-rooted in the surface from which it grows,

> while the other end is "just touching" a surface at a different potential ---

> the contact pressure is small since the whisker is flexible. (I am thinking

> of the large-aspect ratio whiskers.  I leave a discussion of the very short

> aspect ratio whiskers for another time.)  With gentle contact pressure, the

> Hertz-disk of contact between the whisker and the other surface is small, and

> the associated contact resistance is high.  So there might be important

> heating developed there, unlike the case for a normal fuse element. (But

> this is what happens during welding --- the tip of the welding element is

> usually tapered, so that it gets hotter than the rest of the rod.)  So we

> might initiate this adventure by having the tip of the whisker melt, and flow

> into the surface --- then the contact becomes pretty good, and the whisker

> tip would cool, while the middle of the whisker would get hot (this is the

> part of the whisker that is most isolated now from the heat sinks at each

> end).  The whisker would then fuse open near its middle, with melt balls

> forming on each stub.

>  

> For a fuse that is hit with (roughly) 300% to 1,500% of its rated current, the

> link heats so fast that almost no heat escapes from the ends, and so most of

> the length of the link heats uniformly, and reaches the melting temperature

> at nearly the same time.  (The middle does reach melting first.)  A liquid

> metal is still a conductor (the resistivity increases by 1.2 to 2.0, 

> depending on the metal), and so the liquid column continues to heat until

> some forces act to break this liquid metal beam into different parts.

>  

> One force is gravity --- it is important for long thick wires like overloaded

> transmission lines, but it is not important for thin wires or whiskers.

>  

> Another force acting on fuse links is built-in bending moments, and this may

> be important for a whisker that is bent into a curve by being compressed

> between two plates (the one the whisker is growing from, and the other at a

> different potential) that are approaching each other.  

>  

> But the usual force for fuse link (and whiskers) is surface tension --- this

> excites the Rayleigh-instability once the length of the liquid column exceeds

> the diameter of the liquid region --- the liquid "beads up" in to a set of

> balls.  (You can see this in Boys' Christmas Lecture book on soap bubbles,

> reprinted by Dover --- excellent book!)  Or in a lava lamp.  Or in a stream

> of water.  We see this in x-rays of fuses: we count the number of melt balls

> visible inside the fuse-tube to estimate the overcurrent.

>  

> For a fuse that is hit with more than (roughly) 1,500% of the rated current,

> the continued heating of the liquid column gets the metal hot enough for

> evaporation to become important before forces (gravity, built-in, surface

> tension) can break the tube up and stop electrical conduction.  So some

> material evaporates off the hot column.  This decreases the cross section

> area, and concentrates the current into a smaller area (ie the current

> density goes up), and so the heating rate increases --- this drives 

> evaporation faster, and this concentrates the current even more --- that is,

> the process accelerates and the filament "explodes" in a puff of metal vapor.

> (Modeling this requires attention to heat lost by radiation and also by the

> heat carried off by the evaporating metal.)  For overcurrents near (roughly)

> 1,500%, only the middle of the filament evaporates --- inspection of the fuse

> envelope shows this evaporated metal present in a band near the middle ---

> and this band does not extend far enough along the envelope to electrically

> connect the ends.  For much larger overcurrents, almost all the length of the

> link can evaporate --- the metal band deposited inside the fuse envelope can

> now bridge between the end connectors, and the fuse will continue to conduct

> electricity.  Indeed, about the same amount of metal is available for 

> conduction after this evaporation as before!  (Just its location is 

> different.)  Since this metal film is in intimate contact with the inside

> wall of the fuse envelope, it is much better able to shed joule heat into

> these walls, and so the rating of this "reborn" fuse is now substantially

> larger!  This is why fuse specifications limit the maximum current the fuse

> is intended to interrupt.  This is intended to prevent the fuse from being

> used under circumstances in which it would be reborn in a more robust 

> condition.

>  

> A whisker that is hit with a huge overcurrent (such as few hundred 

> milliamperes for thin whiskers) will mostly evaporate, and the metal will

> deposit onto the line-of-sight surfaces.  The deposited metal could provide

> conduction if the film now bridges between ANY conductors, either the 

> conductors that launched the evaporation of the bridging whisker, or any

> other coatable conductor pairs (can you say, "Use conformal coating!"  I knew

> you could.)  Bridging depends entirely on the locations of the surfaces

> collecting the evaporated metal.  The more distant a collecting surface is,

> the thinner is the deposited film: films thinner than roughly 1,000 A (=0.1

> um) begin to have resistivities substantially larger than bulk values, since

> surface scattering of the conduction electrons begins to become important.

> When thinner than about 30 A, then the deposited metal is probably present as

> isolated islands, and the resistivity diverges to infinite values.  So you

> can stop worrying once collecting surfaces become distant.

>  

> This presumes that the available voltage and available current do not ignite

> the metal vapor into an arc --- then things get exciting in other ways.  But

> arcing should be impossible for potential difference under 6 volts. And the

> huge sustained arcs are impossible at less than 20 A or so.  Your case seems

> perfectly safe from arcing.

>  

> Happy to chat further.

> Henning Leidecker

>> Thank you both for the return phone calls, and the email.  I think we have

>> the electrostatic aspect of our study under control now, but a new issue

>> has come up.  We have been talking with others on this subject also,

>> and they brought up a concern over having a tin whisker fuse open, and a

>> vaporized tin coating forming in a continuous path on a cavity surface,

>> causing additional shorting. I was hoping that one of you might be able to

>> share your experiences of what happens when a tin whisker fuses open--does

>> a section melt away, is some of it vaporized and deposited on surfaces,

>> will discrete pieces be shot out, etc.  We are most interested in cases

>> with low voltage (under 6 volts) and in the low hundreds of milliamps

>> range, and in a space environment. I can be reached through email or by

>> phone, I thought I would give you a chance to consider this

>> issue before calling directly. Thank you for the continued help,

