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Using the diffusion cell technique and autoclave tests of aluminum corrosion test structures it is shown that silicones are much more permeable for volatile chlorine containing contaminants than for nonvolatile.  The estimated diffusion coefficient at 121 (C is less than (4 – 7) (10-11 cm2/s for nonvolatile chlorides (NaCl) and (4-9)(10-9 cm2/s for volatile ones (HCl).  The activation energy of diffusion is estimated to be 0.3-0.4 eV in the first case and approximately 0.1 eV in the second.  Due to the different permeability for volatile and nonvolatile chlorides, silicones provide protection in moisture environments as conformal coatings on boards and are much less effective as buffer layers in plastic encapsulated devices.

Silicones have been used for many years as glob-top encapsulating compounds, buffer layers in plastic encapsulated devices, and conformal coatings in electronic assemblies due to the perfect combination of mechanical, thermal, and electrical characteristics.  Although silicones have relatively low moisture sorption coefficients, their diffusion coefficient is significantly larger (approximately two orders of magnitude) than in epoxies resulting in a relatively high permeability to moisture.  The ability of polymer material to provide environment/corrosion protection to electronic elements depends not only on their moisture characteristics but on their permeability to ions and in particular, chlorine ions.  Unfortunately, ion permeability of encapsulating materials has not been addressed thoroughly yet.  Studies started in CALCE center and reported in [1] indicate that epoxy molding compounds may not provide sufficient protection against ion contamination.

In this study the diffusion coefficient of chlorine contamination in silicones has been estimated using two techniques.  One technique is the autoclave (121 (C, 2 atm.) test of aluminum test structures (corrosion susceptibility).  The other is based on measurements of conductivity of the sodium chloride electrolyte in a diffusion cell.

Experiments and results.

A scheme of the diffusion cell technique is shown in Figure 1.  Approximately 10 mg of NaCl was placed in a silicone cell with a wall thickness S = 0.7 mm.  The cell was placed in a container with 100 ml of deionized water at 100 (C.  Electrodes were inserted for conductivity monitoring.  The diffusion delay time ( in the conductivity variance with time gives the diffusion coefficient:
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Two types of RTV silicones, SC1 and SC2, have been tested with similar results.  Figure 2 shows typical results of these experiments.  A sharp increase in water conductivity was found to be due to cracks in the silicone caused by the osmotic pressure in the cells.  The cells without cracks withstood more than 1200 hrs of the extraction at 100 (C without any noticeable conductivity changes.  This indicates that the diffusion coefficient of the NaCl salt in silicones was less than 1.9(10-10 cm2/s.
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Figure 1.  Diffusion cell technique.  Insert shows expected variance of the water conductance vs. time of extraction.
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Figure 2.  Typical experimental results of conductance variance with time of extraction for several identical samples.

The diffusion coefficient varies with temperature according to the Arrhenius law:
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The activation energy ED can be estimated using the Van Krevelen empirical rule for molecular diffusion in rubber polymers [2].  Assuming that the diameter of the hydrated chlorine ion is d = 6-7 Å and the diffusion process of the hydrated ions in silicone rubbers is similar to the process for simple gases, which depends on the size of the diffusing molecule and is proportional to d2 , the value of activation energy of the diffusion, ED, can be estimated as ED = 0.12 (d/3.8)2 = 0.3 – 0.4 eV.  This value is close to the activation energy of CaCl2 diffusion in polyethylene (0.43 eV) reported in [3]. 

At 121 (C the calculated coefficient of diffusion is less than (3-4)(10-10 cm2/s.  To verify these calculations, an autoclave corrosion test was performed using 15-20 corrosion test structures covered with two types of silicone RTV compounds, SC1 and SC2, of 0.3 to 0.4 mm of thickness.  Test results showed no difference in corrosion of samples preconditioned in a salt solution and control samples (see Table 1).  This means that the chlorine ions did not penetrate during 1000 hours and the coefficient of ion diffusion at 121 (C was less than (4 – 7) (10-11 cm2/s which agrees with the previous results.  With the activation energy of 0.3-0.4 eV the expected coefficient of diffusion at room temperature would be less than 10-12 cm2/s and the diffusion delay time more than 25 years.

     Table 1.  Proportion (%) of failures after 1000 hrs of autoclave test.




   (Aluminum corrosion test structures)

	Silicone coating
	NaCl treatment*
	Control**

	SC1
	8
	13

	SC2
	8
	8


* 8 hours, 85 (C, 5% NaCl solution;       ** 8hours, 85 (C, deionized water

To estimate the diffusion coefficient in silicones to volatile chlorine contamination, the autoclave test was performed using 10% and 1% HCl solutions instead of deionized water.  Results of these tests are shown in Table 2.  All samples failed the test with 10% HCl solution after 8 hours.  The first failures during the 1% HCl test occurred after 4 and 16 hours for SC1 and SC2 coatings correspondingly.  Assuming that the diffusion delay time at 121 (C is 4-16 hours, the estimation of the coefficient of diffusion for volatile chlorine contamination gives (4-9)(10-9 cm2/s which is approximately two orders of magnitude larger than for nonvolatile chlorides.  As the size of HCl molecule (2.8 Å) is much less than of hydrated chlorine ion, the activation energy of diffusion is expected to be less than 0.1 eV.  With such a small activation energy the diffusion process will only slightly depend on temperature (less than threefold decrease of the diffusion coefficient is expected when temperature is decreased from 121 (C to 25 (C).  This results in more than three orders of magnitude difference between diffusion coefficients for volatile and nonvolatile chlorides at room temperature.

Table 2.  Proportion of failures (%) during HCl autoclave test. 
(Corrosion test structures).

	Time in autoclave, 
	                SC1
	               SC2

	hrs
	10% HCl
	1% HCl
	10% HCl
	1% HCl

	4
	N/P
	6
	N/P
	-

	8
	100
	12
	100
	-

	16
	-
	85
	-
	12

	32
	-
	-
	-
	55

	64
	-
	-
	-
	80


Application of silicones.

The difference in permeability of silicones for volatile and nonvolatile chlorides should result in the difference of their protection capability in different applications.

Two types of potential chlorine containing contamination are known for electronic parts encapsulated in epoxy plastics: the epoxy compound itself (internal source) and contamination from the printed wiring board, PWB (external source).  

Hydrolyzable organic chlorides in epoxy resins are considered a major factor affecting corrosion of aluminum metallization in plastic encapsulated devices.  Decomposition of these chlorides in a moisture environment results in release of HCl molecules which are extremely corrosive.  As it was shown above, silicones do not prevent permeation of these molecules to the die surface and thus application of silicone coatings before epoxy encapsulation will not improve the moisture resistance of the part.  Experiments with corrosion test structures encapsulated in TO-220 packages using epoxy molding compound with a relatively high concentration of hydrolyzable chloride (100 ppm) confirmed these expectations (see Table 3).  No significant increase in the median time-to-failure, (50 , for structures with silicone buffer coatings occurred.  Both types of structures (with silicone coatings and without coatings) failed within several tens of hours during the autoclave test.

Table 3.  Effect of silicone coatings in TO-220 packages on the median time to failure during the autoclave test.  (Corrosion test structures, 121 (C)

	Coating
	(50, hr

	Without coating
	31

	SC1
	39

	SC2
	61


Contamination on PWBs usually comprises of various nonvolatile carboxylic acids, organic, and inorganic salts.  In this case one may expect better moisture resistance for boards covered with silicone coatings.  It should be noted that in polyethylene the permeability of different halide ions (from water solutions of NaF, NaCl, NaBr, and NaI) varied less than 5 times [3].  As the diffusion in silicones is of a similar nature we can assume that in silicones different chloride salts would have diffusion coefficients of the same order of magnitude and the diffusion delay time at 121 (C would be more than 1000 hours.

Table 4 shows results [4] of the autoclave test performed on transistors encapsulated in SOT-23 plastic micropackages and soldered on a standard PWB (15 transistors on each board).  The first board was coated with epoxy conformal coating, the second with silicone conformal coating, and the third board was not covered and used as a reference.  At 121 (C the calculated moisture diffusion delay time did not exceed several hours for the epoxy coating and several minutes for the silicone coating (coatings thickness was 0.5 - 1 mm).  This means that, compared to the times to failure during the autoclave test, neither of the coatings presents a barrier for moisture.  A significant increase (more than 2000 hours) in the median time-to-failure for the board, which was covered with silicone, can be explained by a low diffusion of contaminants from the board surface to the die.  In the case of epoxy coating the failure rate increased as compared to the uncoated board.  Most likely the epoxy resin was an additional source of contamination which penetrated to the die surface relatively easily.

Table 4.  Effect of conformal coatings on moisture resistance of transistors soldered on PWB.  (Autoclave test).

	Coating
	(50, hr

	Without coating
	1900

	Silicone
	4100

	Epoxy
	650
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