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ABSTRACT
Temperatures inside the flame zone of large regulatory pool fires

measured during tests of radioactive materials packages vary widely
with both time and position. Measurements made with several
Directional Flame Thermometers, in which a thermocouple is attached
to a thin metal sheet that quickly approaches flame temperatures, have
been used to construct fire temperature distributions and cumulative
probability distributions. As an aid to computer simulations of these
large fires, these distributions are presented. The distributions are

constructed by sorting fire temperature data into “bins” 10“C wide. A
typical fire temperature distribution curve has ti gradual increase starting
at about 600”C, with the number of observations increasing to a peak
near 1000”C, followed by an abrupt decrease in frequency, with no
temperatures observed above 1200”C.

INTRODUCTION
Temperatures vary widely in large, engulfing pool fires of the type

that can be used to qualify Type B radioactive material packages under
Title 10, Code of Federal Regulations, Part 71 (10CFR71) in the United
States or under the ST-1 standard set by the International Atomic Energy
Agency. The turbulent mixing of fuel and air in the flame zone leads to
both time and spatial temperature variations at all locations within the
fire. When temperature measurement data are examined, some
temperatures occur more frequently than others. The purpose of this
paper is to examine some data collected fi-om the central core of large
pool fires, and sort the data to obtain an approximation of the
temperature distribution functions and cumulative distribution finctions
that could be useful for regulato~ and risk analyses.

At any location in the flame zone of a large pool fire, the local
conditions and resulting temperatures vary significantly with time.

* Sandia is a mukiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United States
Department of Energy under Contract DE-AC04-94AL85000.

Because fuel and oxygen are not premixed in a pool fire, combustion is

supported through a turbulent mixing process of air and fiel vapors.
Where mixtures of fuel vapor and oxygen are within the limits for
flammability, and the temperature is sufficiently high, combustion
occurs. As the oxygen becomes depleted locally, the flames extinguish
until sufficient fuel and oxygen are again present. Through the turbulent
mixing process, flames continue periodically as long as fuel and oxygen
are available. At any location, the temperatures swing between those
recorded within a flame and temperatures representing hot combustion
products, but without combustion.

Because the fiel-oxygen mixtures are far from the stoichiometric
limit, combustion is often incomplete, leading to the formation of soot

particles, which aggregate and form the large smoke clouds associated
with inefficient combustion. The soot particles also play a large role in
the radiant heat transfer process within the flame zone since they absorb

and emit radiant energy. The density of the soot particles is such that the
absorption length for radiant energy in the flames is on the scale of
centimeters (see Gritzo, et al, 1998). All of these effects combine so that
temperatures in the flame zone of a fire should vary greatly both in time
and space.

The measurements in this paper are intended to give typical statistics
for temperatures occurring in the flame zone of large pool fires. Through
inspection of the results, analysts can determine typical temperatures to
use when modeling packages exposed to the pool fire environment.

DIRECTIONAL FLAME THERMOMETERS
Burgess and Fry, 1990, describe the basic concept for a Directional

Fknne Thermometer (DFT), which is also called a Heat Flux Gauge
(HFG). As shown in Figure 1, the DFT is a cylindrical, can shaped
device with flat, thin, sheet-metal ends that are backed with insulting
materials. Each end of the DFT views a hemisphere of the fire, and, as
the thin metal ends absorb radiant and convective energy, they quickly

come into thermal equilibrium with fire temperatures. From the package
designers viewpoint, the thin metal ends could be considered to
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Figure 3. Illustration of active solder process
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Figure 4. Illustration of active solder metallization.

Figures 3 and 4 (to the left) illustrate
the essential processes by which the,
fluxless, active solders can be processed
to join various components. To
overcome the low capilarity of these
active solders, preplacement is required.
The technique schematic in Figure 3
demonstrates that the preplaced alloy,
when molten is “activated” by
disturbing the molten pooMayers to
break the thin tin oxides that form on
the Sn-Ag-Ti alloy as it melts.
Techniques that have been shown to
work include brushing, vibrapeen
spreading, spraying and via
preplacement and ultrasonic action
focused on the joint as in the ultrasonic
equipment that is used in plastic
welding.

Further techniques that may be used for electronic applications include using the active solder
layers as a wetting layer, as is illustrated in Figure 4. In this process example, the active solder
alloys is spread onto surfaces such as aluminum oxide, aluminum nitride and silicon, as well as
aluminum, copper and titanium to enable wetting. After the surfaces to be bonded are wetted,
they are pIaced together and mechanically disturbed followed immediately, while the active
alloy is still molten (or is remelted) with application of a conventional solder, without the
application of flux.

These process techniques combined with the active bonding nature of the reported Sn-Ag-Ti
(plus various Ianthanides) alloy, promise to enable its application for joining combinations of
dissimilar materials in a range of electronics, as cited above. The work reported here is part of
an ongoing investigation by the authors to determine the suitability of such active solders in
electronic fabrications.

EXPERIMENTS

The objective of the planned work was to assess and measure the interaction and bonding of the
low temperature, active Sn-Ag-Ti type solders against materials that would be experienced in
electronics. To accomplish this a series of bond (solder joined) lap specimens were made. In
this work, 1.2mrn x 1.2mrn x 0.5rnm coupons of aluminum, copper, aluminum oxide, aluminum
nitride and silicon were cut and polished. The pairs of these materials were left as polished and
then degreased prior to heating to the joining. The joining consisted of heating the surfaces to
250”C +/- 10°C, melting a small amount (- 0.2gm) of the solder alloy onto the surfaces followed
by spreading the alloy onto the surface of each of the pairs faying surfaces. After working the
alloy with a spreader into the surfaces the active alloy wetted the surfaces. When both surfaces
were moken, an additional layer (-O.05mm) of the active solder was placed on one half on the
joint and then the two halves of the joint were placed together. After placing the surfaces
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together a gentle movement of the two joints halve relative to one another was completed and
then a weight was placed on the sets being bonded and the heat source was removed and the
parts were cooled. The weight was sufficient to generate - 0.07MPa pressure at the joint
interface. The pressure was found to be needed to assure that the faying surfaces remained in
close proximity during solidification.

The bonded couples were scheduled for a range of temperature exposures and times. These
isothermal treatments were designed to measure the interaction and level of the active solder’s
bonding as a function of time and temperature. These interactions would be able to determine
the types of bonding with the various base metals and to determine the stability of the solder
bonds in both solid state and near liquid state aging cycles. In this paper, the as-bonded and the
high temperature (near solidus temperature, 205”C) aging experiments after 10 days exposure
have been evaluated. Other temperatures from 25 - 205°C and from 10 hours to 100 days are
currently under evaluation. The microstructure of these specimens are presented and discussed
below.

RESULTS

Figures 5-9 below show the structure of the active solder bonded joint adjacent to the solder
interface. The solder is seen to be multi-phase with the Sn-Ag eutectic phases and a range of Sn-
Ti intermetallics that are created in the solder alloy when it originally produced. These
intermetallics are not broken up in the processing of the solder and upon remelting these phases
remain solid and become distributed in the joint.

AI-A~ intermetallics

a) , , ,/ -.:

Sn3Ti intmhetallics \

at 205°C.

Cu-Sn intermetdics

Figure 6. CU-CU
joint showing the
solder iterface:
a) as-bonded.
b) aged at 205°C

for 10 days.
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These Srt-Ti intermetallics are likely a source of the Ti that is used for the active bonding that is
believed to be responsible for the adhesion between the solder and the range of substrate
materials to which the alloy bonds. As depicted in the joint interfaces presented here.

Ummm.’ ‘. .

b)

Figures 5 and 6 depicted the active solder bonded to metals aluminum and

Figure 7. A1203
to AIz03 joint
showing the
solder iterface:
a) as-bonded.
b) aged at 205°C

for 10 days.

Figure 8. AIN-AIN
joint showing the
solder iterface:
a) as-bonded.
b) aged at 205°C

for 10 days.

Figure 9. Si-Si
joint showing the
solder iterface:
a) as-bonded.
b) aged at 205°C

for 10 days.

copper. One can see
that the solder wets and bonds to both and is very stable in contact with the aluminum with a
small, discontinuous A1-Ag phase forming while on the copper substrate a continuous Cu-Sn
phase forms, as in conventional Sn based solders. There is one feature in the as-bonded Cu joint
that shows some interphase fracture. This effect will be further studied in the other aging
samples. After aging at 205°C for 10 hours there was no evidence of fracture. Figures 7-9 show
the active alloy is capable of wetting and bonding to ceramics and silicon. Note in Figure 7 that
there is no resolvable interactions that can be seen, but the solder is in intimate contact with the
aluminum oxide surface. After 10 hours at 205°C, there may be some small bare] y resolvable
interaction zone. Additional microscopy work will be required to better resolve if there are



reactions. Figure 8 is another ceramic joint interface between the solder and aluminum nitride,
an electrically insulative, thermally conductive ceramic. As in the aluminum oxide ceramic
there is little resolvable interface interactions in the as-bonded joint, but after 10 hours at 205°C
there is a change in the appearance in the AIN faying surface grains. Future electron microprobe
analysis will be conducted to resolve what reactions may be occurring. These results on
aluminum oxide and aluminum nitride show that the new active solder eliminates the need for
pre-metallizing of faying surfaces that are normally used to solder to ceramics.

Finally, Figure 9 shows that the active alloy enables the bonding to Si, without the use
premetalizations. The figures show a clean interface and close alloy contact with the Si surface
but with no resolvable interactions. Even after 205°C for 10 hours there is no interactions seen.
However, as seen in Figure 9b above and Figure 10b below, there may be some “dewetting” or
other failure of the alloy/Sn~Ti or the alloy/Si interfaces. This phenomena may have been a
temperature control issue (205°C is only - 10”C from the solidus) where some remelting of the
solder alloy could have begun. This will be evaluated in the course of the continuing

Figure 10. Si-Si joint
showing the solder
iterface:
a) as-bonded.
b) aged at 205°C for
10 days.
At lower msg. (200x

Figures 11-13 below show another application example where aluminum metal matrix (Al-
MMC’S) are being used in electronic packages where high thermal conductivity and low CTE
are required. The active alloy can be seen in these figures to be able to join such composites.

Figure 11. An A1-MMC
electronic pakage.

Figure 12. AISiC joint joined
with active solder.

Figure 13. A1-SiC joined to
Kovar@ using active solder.

Figure 11 shows an
electronic package that has
a Kovar@ (Fe-Ni/low
CTE) alloy lid bonded to
the A1-MMC body.
Figures 12 and 13
illustrate how the active
alloy has bonded to the
aluminum matrices and
wetted and adhered to the
SiC phases seen in such
A1-MMc composites.
Note the good wetting and
bonding of the active
solder to the A1-SiC and
the Kovar@ materials.
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The figures above show additional use of the new active solders with composites. The figures
below, Figures 14 and 15 show a promising application for the active solders for joining AIN to
copper for use in electronic power modules that are used in switching and controlling high
amperage current elements. A key characteristic for these type joints are the high thermal
conductivity that requires metallic bonds between the Cu and the AIN ceramic substrates.
Figure 14 shows a commercially available type
elements are bonded and interconnects are made.

substrates that provides Cu-pads to which Si-

Figure 14. Photo of commercial AIN-CU
substrates used in power modules.

Figure 15. An example of a
CU-AIN joint with active
solder joint.

The joint structures presented in this paper show that the new active solder, although not yet
fully understood, has the capability to bond to metals, ceramics and composites. Thus, the active
solder has the potential to be a versatile bonding process and alloy for many emerging
electronic applications, especially those for which flux use is prohibited or require that
dissimilar materials be joined.

Data on specimens, not part of this direct investigation, show that the active alloy shear
strengths for aluminum bonded to ahminum are 45-60MPa while the strengths in aluminum
oxide to aluminum nitride bonding dropped to - 20-30MPa. Other data show the properties of
the alloy to have substantially the same thermal and electrical properties as Sn-Ag based
solders. For example the active alloy had CTE of 19-21 pprn/”C while the thermal conductivity
was 48-50 W/mK. Electrical resistivity was near that of Sn-Pb alloys.

CONCLUSIONS

The completed work shows that the active solder, Sn-Ag-Ti with Ianthanides can wet and bond
to a variety of materials such as copper, aluminum, silicon, aluminum oxide and aluminum
nitrides that are expected to have a significant role in electronic devices. The metallographic
investigations conclude that in all cases bonds have been established and that in aluminum and
copper joints there are reactions on the interfaces that indicate good bonding can be achieved.
For the ceramics, aluminum oxide and aluminum nitride it is evident there is adherence but with
little of no resolvable interface reactions. The silicon bonding is similar to the ceramic bonding,
but the interface is much smoother.
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Upon aging at 205°C for 10 days, there are significant interface reactions with Cu base metals

I
that have continued to age and grow. The aluminum interface us much more stable with the
appearance of Al-Sri and A1-Ag phases. The ceramic bonds look very stable and there is some
indication that reactions may be occuming, but additional testing and analysis will be required to
measure this. Finally, for the silicon joined with the active alloy, there appeared to be dewetting
but the Si interface remains substantially inert. The dewetting is being investigated as to its
cause by too high an aging temperature where the joining alloy was above its solidus
temperature.

In conclusion, the active solder presented here seems to have potential as a versatile bonding
alloy that can join metals, ceramics and composites without flux and without pre-metallization.
With these attributes, there appears to be wide spread application for such low temperature,
active solders to make die attachments, substrate bonds, heat sink attachments and low CTE
package assembly.
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