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Thermal Aging Effects Between Thick-Film Metallizations 
and Reflowed Solder Creams 

by 
S.J. Muckett, M.E. Warwick and P.E. Davis 

 
Editor’s Note: Originally published as K. Parker, Plating and Surface Finishing, 73 (1), 44-51 (1986), this paper was awarded 
the 1987 AESF Gold Medal for Best Paper published in Plating and Surface Finishing in 1986.  With the passage of time, Pb-
containing solders have been found to have issues regarding toxicity and health.  Nonetheless, the work, methodology and 
results discussed here remain valuable from a historical standpoint. 

 
ABSTRACT 

 
Soldered conductor joints for hybrid microelectronic devices were examined by subjecting samples to aging at 135 or 170°C.  
Both tin-lead and indium-lead solders formed intermetallic compounds at the same rate over gold/platinum thick-film conductors.  
Over copper conductors, indium-lead solder reacted less rapidly but penetration into conductor pores was observed.  A high-
phosphorus brittle nickel compound was formed with both solders over a tungsten conductor with electroless nickel and 
electroplated gold deposits. 
 
In the thick-film hybrid microelectronics industry, a wide range of metallized finishes can be applied on the ceramic substrate to 
form the circuit pattern for printed resistors, conductors and conductor lands for device attachment.1  The circuit pattern usually is 
produced by the screen printing of thick-film inks, which normally consist of finely divided metal powder and glass frit suspended 
in an organic vehicle.  The thick-film substrate is then subjected to a firing regime, which burns out the organics, partially sinters 
the metallic particles, and allows the glass frit to fuse with the underlying ceramic layer.  When high packaging density is 
required, a multilayer circuit may be more suitable.  Such circuits can be produced by incorporating a layer of glass dielectric 
between successive layers of thick-film metallization. 
 
Interconnections between thick-film conductors and discrete electronic devices are frequently made through a solder-alloy 
screen printed into position in the form of a paste or cream.  Reflow soldering is then used to remove solvent from the cream, 
activate the flux, and melt the particles of solder alloy to wet the surfaces to be joined.  In addition to good wetting, the 
metallization components must resist leaching by the solder.  These factors have received considerable study, and data are 
available from manufacturers of thick-film inks. 
 
For high reliability, as in military and aerospace applications, vigorous environmental and mechanical testing and the simulation 
of extreme service conditions are often needed to evaluate the quality and integrity of assembly components.  Thermal shock, 
temperature cycling, thermal aging (burn-in), and vibration testing all may be carried out to some degree.  The integrity of 
soldered joints made to thick-film conductors can be adversely affected by such conditions.2 Solid-state diffusion reactions 
between the solder and conductor metallization can have a deleterious effect on the adhesion of the conductor to the underlying 
substrate, particularly when assemblies are subjected to high temperatures for long durations. 
 
The purpose of our study was to determine the effect of thermal aging at elevated temperatures on the solid-state diffusion 
reactions at the thick-film conductor/solder interface.  The metallurgical reactions occurring between three solder alloys and three 
thick-film conductor systems considered suitable for high-reliability military and aerospace applications were investigated. 
 
The thick-film conductors we used were selected to give a range of metallurgically different systems for study, with no intention of 
making specific comparisons among materials.  Previously published studies aimed at quantifying the solid-state diffusion 
reaction rate between tin-lead solders and a number of substrates3-10 can be compared with the data in this report. 
 
Experimental materials 
 
Samples of a number of thick-film hybrid substrates were supplied in the as-fired condition.  In each case, firing conditions were 
regarded as normal for the particular products in question.  The systems were as follows: 
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1. Thick-film gold/platinum (Au/Pt) and dielectric cofired on alumina. 
2. Nitrogen-fired, multilayer, thick-film copper and dielectric on alumina. 
3. Cofired, multilayer, thick-film tungsten (W) and ceramic on which nickel was deposited autocatalytically and on which 

gold was electroplated. 
 
Three commercial solder creams, each formulated with a mildly activated rosin flux with 88% metal powder loading, were 
employed.  Solder particle size and cream viscosity were chosen to allow manual dispensing by syringe on the thick-film 
conductors.  The solder compositions were: (1) 63% tin/37% lead, with a melting point of 183°C; (2) 62% tin/36% lead/2% silver, 
with a melting range of 178 to 189°C and (3) 50% indium/50% lead, with a melting range of 180 to 209°C. 
 
Each solder cream was dispensed by syringe onto rows of conductor pads of each thick-film hybrid substrate.  The solder cream 
was reflowed using an inert fluorocarbon liquid* with a boiling temperature of 218°C in a small, laboratory-scale, vapor-phase 
soldering tank.  Reflow time was approximately 10 sec in the primary vapor.  Samples of soldered substrate were cut into 
coupons carrying at least one row of conductor lands wetted by each of the solder alloy compositions.  The coupons were then 
subjected to thermal aging for up to 1200 hr in air-recirculating ovens at 135 or 170°C. 
 
Metallographic analysis 
 
In cross sections through soldered conductors, inter-metallic compound growth was measured optically at 1000X magnification.  
Each reported thickness is the mean of 40 measurements taken at different locations along the solder/conductor interface.  The 
large standard deviations for the long aging times can be attributed to the uneven surface morphology of the thick-film conductor.  
Some of the thickness measurements from each sample were of an "apparent" thickness, revealed when the sectioning 
randomly encountered the undulating interface, thus producing an uncontrolled taper section. 
 
Scanning electron microprobe (SEM) analysis was employed to help identify the intermetallic compounds.  SEM was also used 
to examine the surface morphology of non-soldered conductors or, in one case, the surface of the soldered conductor after 
chemical stripping of the solder. 
 
Morphological observations 
 
The Au/Pt conductor was approximately 25 μm thick.  The surface morphology of the unsoldered material is shown in Fig. 1.  No 
glass spheres were evident in the surface, which formed an open network of sintered fine particles.  The Cu conductor was also 
25 μm in thickness, and Fig. 2 shows that the metal particles were more completely sintered.  However, this resulted in a porous 
open structure with some voids as large as 10 μm at the surface of the material.  As expected, the electroplated coatings of Au 
(1.5 μm) and Ni (4 μm) on the thick-film W (25 μm) conductor presented a uniform closed surface (Fig. 3). 

 

 
* Fluorinert FC70, 3M Co., St. Paul, MN.  
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Although no pretreatment of the thick-film conductors was necessary prior to reflow soldering, defects such as non-wetting or 
dewetting were not observed.  There were no distinguishing features between the surface morphology of solder fillets made with 
the tin-containing alloys, which were characteristically smooth and shiny.  The surface of reflowed In-Pb solder was mat and not 
as smooth as the tin-based solder alloys. 

 
The tin-based alloys showed the same structure in section except for the presence of crystals of tin-silver intermetallic compound 
(Ag3Sn) in the Sn-Pb-Ag alloy. Some of these Ag3Sn particles could be seen at the solder/conductor interface on the solder side 
of the intermetallic compound layer (Fig. 4).  The sample in this SEM photograph was produced by chemically stripping the 
solder alloy from the surface of the conductor. 
 

 
 
The reflow operation produced, between each of the solder alloys and substrates, layers of intermetallic compound that were 
consistent with the time/temperature history of the samples.  Thermal aging increased the thickness of these layers, apparently 
without changing their chemical makeup.  The Au/Pt conductor produced a layer of gold / tin intermetallic compound at the 
solder/ conductor interface.  This compound was probably AuSn4 with both tin-based solders.  
 
Figure 5 shows a section through such a sample after some aging, as well as the corresponding X-ray maps for Au and Sn.  
Figures 6(a) and (b) illustrate this increase in thickness.  The Pt in the conductor does not appear to have entered the 
intermetallic compound region (Fig. 6(c)), and the lead-rich region in the solder next to the AuSn4 can be seen clearly (Fig. 6(d)).  
In the case of the In-Pb solder, the diffusion pattern on the Au-Pt conductor was similar except that the AuSn4 region was 
replaced by a layer of intermetallic compound identified as AuIn2. 
 
The section shown in Fig. 7 through the interface between the Cu conductor and the Sn-Pb solder in the unaged condition clearly 
indicates the extent of solder penetration into the open conductor structure.  Thermal aging made the intermetallic compounds 
present at the interface more evident, and Fig. 8 shows the layers of Cu6Sn5 (white, next to the solder) and Cu3Sn (light gray, 
next to the conductor).  Use of the Sn-Pb-Ag solder did not change the nature of the solder / conductor interface.  The 
morphology of the system also appeared unchanged when the In-Pb solder was used but, of course, in that case the 
intermetallic layer was composed of an indium-copper compound, which corresponded to Cu6In5 (although this compound does 
not appear in the equilibrium phase diagram). 
 
The tin-based solders both reacted with the Ni/Au conductor to produce an interface region typified by Fig. 9.  This shows the 
tungsten thick-film layer and the continuous nickel electroplate.  The thin gold electrodeposit was dissolved into the solder during 
reflow and was replaced by a layer of intermetallic compound, shown in greater detail in Fig. 10(a).  The X-ray distribution maps 
for Ni, Sn and Pb in Fig. 10 (b-d) show that the intermetallic was a nickel / tin compound, identified as Ni3Sn4. 
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Figure 6 - X-ray images of Fig. 5: (a) Au, (b) Sn, (c) Pt and (d) Pb. 

 

Figure 7 - Optical photomicrograph of section through reflow-
soldered (63% Sn / 37% Pb) thick-film Cu conductor interface 
(scale marker - 20 μm). 

Figure 8 - Optical photomicrograph corresponding to Fig. 7 
but aged for 400 hr at 135°C (scale marker = 20 μm). 
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In the case of the In-Pb solder, the intermetallic 
compound layer consisted of Ni3In7, but for each of the 
solder alloys another interesting effect was seen.  More 
detailed examination of the residual layer of unreacted 
nickel showed a high concentration of the phosphorus co-
deposited during the electroless plating process and 
rejected from the nickel consumed in reaction with tin or 
indium.  For example, samples soldered with In-Pb alloy 
and aged for 1176 hr at 170°C contained 18% P in the 
layer of nickel, corresponding to Ni5P2 or Ni2P with no free 
nickel remaining. 
 
Growth rate of intermetallic compounds 
 
Data on the growth rate for each conductor metallization / 
solder combination at 135 and 170°C were fitted to the 
following expressions by least-squares analysis: 
 
 x = mt + c   (1) 
 
 x = kt1/2 + a   (2) 
 

where x = total thickness of the intermetallic compound layer in μm, t = time at aging temperature in hr, and m, c, k and a are 
constants. 
 

  
  

  
Figure 10 - (a) SEM electron image of section through Ni/Au conductor reflow-soldered (63% Sn/37% Pb) interface following 
aging at 135°C for 1200 hr; scale marker = 5 μm); (b) Ni X-ray image for “a”; (c) Sn X-ray image for “a”; (d) Pb X-ray image for 
“a”. 

 

 
Figure 9 - Optical photomicrograph of section through reflow- 
soldered (63% Sn/37% Pb) thick-film Ni/Au conductor follow- 
ing aging at 170°C for 1200 hr (scale marker = 20 μm). 
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Most of the data could be fitted equally well to both Eq. 1 and 2.  In view of the large standard deviation associated with each 
recorded value, this is not surprising.  The mathematically simpler expression (Eq. 1) was used to describe our data.  Figures 11-

14 plot the measured intermetallic growth as a function of 
time.  Figure 13 also shows the effect of increased aging on 
the growth rate. 
 
Table 1 shows the collated growth rate data for each of the 
solder alloys on the Au/Pt metallization layer.  Equation 1 
was used to derive the experimental growth rate constant, m, 
and the value of c.  The mean intermetallic compound layer 
thickness measured after reflow soldering has also been 
given, since this was often different from c.  The results show 
that growth of intermetallic compound for the tin-lead solders 
was comparable and not affected by the presence of Ag in 
one of them.  The growth of the indium/gold intermetallic 
compound layer also seemed to proceed at a rate 
comparable to that of the tin/gold compound.  At 170°C, the 
metallization layer of all the systems was completely 
consumed long before the full aging program had been 
completed. 
 

The data in Table 2 show results for the thick-film copper conductor metallization.  Again, the presence of Ag in one of the tin-
lead solder alloys appeared not to affect significantly the intermetallic compound growth rates.  At 135°C, the In-Pb solder 

  

Figure 11 - Growth of intermetallic compound between Au/Pt 
conductor and 63% Sn/ 37% Pb solder at 135°C. 

Figure 12 - Growth of intermetallic compound between Au/Pt 
conductor and 50% In / 50% Pb solder at 135°C. 
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produced the same thickness of intermetallic as the tin-lead solders, but the acceleration in growth rate was less marked when 
the temperature was increased to 170°C. 

 

 
The growth rates for intermetallic compounds shown in Table 3 for the Ni/Au conductor metallization were lower than those for 
the other systems.  The Sn-Pb-Ag solder reacted again at the same rate as the Sn-Pb solder.  The In-Pb alloy produced 
intermetallic compound more rapidly at both 135 and 170°C. 
 
 
 
 

  
Figure 13 - Growth of intermetallic compound between Cu 
conductor and 63% Sn/ 37% Pb solder at 135 (■) and 170°C 
(▲). 

Figure 14 - Growth of intermetallic compound between Ni/Au 
conductor and 63% Sn/ 37% Pb solder (■) and 50% In / 50% 
Pb solder (▲) at 170°C. 
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Discussion 
 
The interaction between Au/Pt thick-film conductors and solder alloys has been studied previously.  The growth of intermetallic 
compound beneath In-Pb solder was described by Yost,11 who analyzed results in terms of several growth rate laws.  Extended 
aging produced a layer identified as Au9In4, whose growth was best described by the linear law used in our study.  Yost's results 
on aging at 130 and 160°C show good agreement with those presented in Fig. 12 and Table 1. 
 
In a similar study, Sulouff12 described the growth of intermetallic compound layers beneath tin-containing solders on Au/Pt 
conductors.  He preferred to relate compound layer thickness to (time)1/2, but his results were comparable with those reported 
here.  The author also related the growth of gold / tin intermetallic compound to the loss of bond strength of the solder, and this is 
consistent with results describing solder joints made to electroplated gold coatings.6,7  Attempts have been made in the past to 
overcome the embrittling effect of gold / tin intermetallic compounds on joint strength by the addition of cadmium7 or indium14 to 
tin-lead solder.  However, results with cadmium were erratic and the initial joint strength produced by tin-lead-indium solder was 
less than that given by tin-lead alloys.15  Another report16 also showed that molten 50-50 In-Pb solder dissolves gold less rapidly 
than tin-lead solder, suggesting that intermetallic compound growth might be similarly retarded.  However, the present study 
demonstrates that this is not the case. 
 
The growth of intermetallic compound layers on a copper foil substrate coated with various tin-lead alloys has been extensively 
reported3-5,10 for a range of temperatures.  Reflowing electroplated solder coatings on a copper substrate has no effect on 
subsequent solid-state diffusion rates during thermal aging at 135°C.9  The compound thickness data described above were 
reported as a function of (time)1/2, but the actual values recorded were in good agreement with those shown in the present study.  
It may be concluded, therefore, that the physical form of the copper substrate does not have a significant effect on intermetallic 
compound growth rates, although the porous nature of the thick-film conductor surface made estimation of its thickness more 
difficult.  Furthermore, the growth of compound within the sintered structure of the copper metallization, and the accompanying 
volume change, might be expected to produce problems of long-term reliability for such a system.  Reducing the porosity of the 
copper layer would be expected to reduce the magnitude of this problem, as would limiting the penetration of the thick-film 
metallization by molten solder.  It is ironic that in this particular case, long-term reliability might be better insured by a controlled 
reduction in the excellent wetting of the conductor by tin-lead alloys. 
 
At an aging temperature of 135°C, 50-50 In-Pb solder produced the same thickness of intermetallic compound on the copper 
conductor as the tin-bearing solders.  However, there was evidence that at 170°C, the indium-containing solder would produce 
less intermetallic than either of the tin alloys. 
 
Solid nickel substrates3 and electroplated nickel finishes5 supporting coatings of various electroplated solder alloys have been 
thermally aged previously, and the growth of intermetallic compound layers has been quantified.  The results of that work agree 
with the present findings for Ni/Au despite the thin layer of electroplated gold initially present on the thick-film conductor.  It may 
therefore be assumed that when the solder creams were reflowed, the gold layer rapidly dissolved in the molten alloy and 
subsequently had no effect on the solid-state diffusion kinetics of intermetallic compound layer growth.  This would also be 
consistent with the lack of an observed effect of the silver in one of the tin solders on compound layer growth. 
 
Another factor distinguishing the Ni/Au system from nickel substrates studied previously was the presence of phosphorus in the 
layer of electroless Ni on the tungsten thick film.  This apparently did not affect the growth of nickel/tin intermetallic compound 
and the phosphorus was not included in the structure of the layer.  It appears to have been rejected from the compound layer, 
diffusing back into the unreacted nickel coating where its concentration rose.  Ultimately, this diffusion would also contribute to 
aging of the conductor, since the nickel/phosphorus intermetallic compounds produced would be brittle and the reaction would be 
accompanied by a volume change.  The apparent advantage of Ni/Au in terms of reduced intermetallic compound growth rates 
over the Au/Pt and Cu systems might not therefore be fully realized in practice.  In contrast to the results of Cu metallization, the 
interaction between Ni/Au and 50-50 In-Pb produced a thicker intermetallic compound layer than the tin solders at both 135 and 
170°C. However, the nickel/tin intermetallic contained a higher level of nickel than the compound formed with indium.  Assuming 
the densities of each were comparable, this suggests that depletion of nickel would be at about the same rate in each case. 
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Conclusions 
 
Five conclusions may be drawn from this study: 

1. Following reflow soldering of thick-film conductors, solid-state diffusion increases with temperature and is significant at 
temperatures frequently encountered during "burn-in" procedures. 

2. In our study, 63/37 Sn-Pb behaved in the same way as 62/36/2 Sn-Pb-Ag solder with respect to intermetallic 
compound growth. 

3. A gold/platinum thick-film conductor behaved in much the same manner as gold electroplate in producing a layer of 
AuSn4 and AuIn2 under tin-lead and indium-lead solders, respectively.  The formation rate of these compounds was 
comparable. 

4. A copper thick-film conductor produced the same intermetallic compounds with tin-lead solder at the same rate as solid 
copper basis material.  At the highest test temperature, indium-lead solder reacted less rapidly; but for both solders, 
the main observation causing concern was the penetration of the porous conductor layer by solder during reflow. 

5. A nickel-coated, tungsten thick-film conductor reacted with tin-lead solder as if the gold coating on top of the nickel 
were not present.  At the same time, phosphorus present in the nickel was concentrated ahead of the advancing 
intermetallic compound front, producing a nickel / phosphorus compound layer.  Indium-lead solder behaved in the 
same way as tin-lead solder. 
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