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TECHNOLOGY 
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There are several parameters affecting the reliability of solder joints (e.g. surface finish), 

therefore, an optimal time-temperature profile should be determined for the proper control of void and 
intermetallic compound (IMC) formation during the reflow process. Since IMCs are most frequently 
formed in Sn-Ag based lead-free solders, the amount of these must be taken into account. In this 
paper, the effects of different peak temperatures on the ED-XRF measurements of major metallic 
elements (e.g. Pb contamination) in soldered pads were studied. Results measured at extremely high 
peak temperature demonstrated that the intensive dissolution of the Cu pad yields large Cu6Sn5 IMCs 
in the bulk solder. 
Keywords: ED-XRF, reflow, lead-free, void, intermetallic. 
 
Introduction  
 

Reflow soldering process (whereby solder paste is applied) is a mainstream interconnect 
technology, due to its productivity and reliability [1]. The so-called surface mount 
technology (SMT) consists of three main steps, including the printing process of the paste 
(a mixture of solder powder and flux), stepwise mounting and a final melting (reflow) 
phase. The whole process is similar to conventional eutectic solder reflow processes; 
however, the applied temperatures are different [2]. The described soldering process can be 
optimized by carefully selecting the properties of the applied flux and the solders. Voids 
can be characterized by non-destructive (e.g. 2D X-Ray) analysis [3], while IMCs can be 
observed with destructive methods (e.g. cross-section photos). One of the aims of this study 
was to examine the applicability of non-destructive ED-XRF analysis for the classification 
of solder joints.  

X-ray fluorescence is a simple and fast non-destructive method of homogeneous 
(mechanically inseparable) materials [4]. Nowadays, one of the main applications of the 
XRF technique is the testing of RoHS (Restriction of Hazardous Substances, 2002/95/EC) 
elements in electronic products [5]. Generally, the microstructure of the bulk material after 
the reflow process is not homogeneous, but the results of XRF measurements are in good 
agreement with the required standards of average metallic compositions. 
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1. Experimental procedure 
 

The experiments were conducted on six pieces of printed circuit boards (PCB). Each 
PCB had 10 pads with a 4x5 mm2 tinned surface. These samples were prepared by paste 
printing (95.5wt%Sn–4wt%Ag–0.5wt%Cu alloy powder mixture with 10% flux) and with a 
heating process applied. The thickness of print deposition was about 150 µm, which 
ensured an infinitely thick layer for XRF analysis. The temperatures of the experimental 
heating profiles can be seen in Table 1 – with the same values set for all cases in the 
preheating zones (1–5) to ensure the best activation of flux. The temperatures of the peak 
zones (6–7) TPEAK were set at three different levels (low, normal, high), including extreme 
cases. The transport speed in the reflow oven was kept constant (800 mm/minutes). 

 
Table 1 

Temperatures of the reflow oven* 
 

  Zone temperatures, oC 

Profile 1 2 3 4 5 6 7 
Low 130 150 177 197 225 230 230 
Normal 130 150 177 197 225 250 260 
High 130 150 177 197 225 275 280 
*N2 inert gas atmosphere was used  

 
XRF measurements were performed with a Fischerscope X-ray XDAL spectrometer 

operating at 50 kV. The X-ray fluorescence spectra were collected by using a silicon PIN 
detector with high energy resolution (<200eV). The samples were measured for 180s, using 
the utmost collimator (0.6 mm diameter). WinFTM (Windows-based) v.6.20 software with 
a ‘fundamental parameters method’ installed on it has been used for computation. 

Phoenix PCBA 2D X-Ray equipment was used for performing and evaluating 2D X-
Ray measurements with a Vintage software. After 2D analysis, image processing of the X-
Ray photos was done with Leica QWin Pro 2.3 software. Observations of the 
microstructures (on cross-sections) were made using Scanning Electron Microscopy 
(AMRAY 1830I) equipment. All measurements were carried out on the reflowed bonds. 
 
2. Results and discussion 
 

10 points on each profile were selected for the XRF measurements. The measured 
concentrations in Figure 1 show that the amount of Cu (1,92±0,51wt%) is twice higher for 
the normal than for the low-temperature case (0,99±0,17wt%), which indicates increased 
Cu-dissolution from the PCB pad. 

The relative standard deviation (RSD,%) of Cu increased with temperature. Normally, 
the RSD values of the respective elements (Ag, Cu and Pb) were lower than 20 percent. 
Wherever Cu-dissolution passed the threshold value [6], large Cu6Sn5 IMCs (about 30–50 
µm) were formed in the bulk solder at random positions (see Figure 2). It is important to 
note that larger IMCs make the bonds less reliable [1], and influence the dispersion of other 
elements such as Pb. The size of IMCs were 1–5 µm in the bulk solder at normal case. IMC 
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layers were also measured in the cross-section images. 3,2±0,5 µm, 5,1±1,0 µm and 
6,7±1,6 µm were found, from low to high TPEAKs. 

 

  
a) b) 

Figure 1. Measured concentrations of Cu, Ag and Pb elements – a) mean values – 
b) RSD values 

 
 

 
 

a) b) 
 

Figure 2. IMCs in bulk solders – a) eutectic Sn-Pb (after 10 min reflow at 190oC [6]) – 
b) Sn-4Ag-0.5Cu after high TPEAK (experimental result) 

 
Based on Yunus’s [3] and Harris’s [7] study on void formations in Sn-Ag-Cu solder 

alloys on Cu substrate, it can be seen that the characterization of voids is not negligible. 
Therefore, the count and area parameters of the voids were determined with a special image 
analysing process (Figure 3). Grey images were transformed into binary images with the 
help of ‘greyscale levels effect’ (the voids segregated from their background), then the 
detected objects were measured. 

While there were no significant differences among maximum void diameters (22±3 µm; 
25±3 µm and 24±3 µm from low to high TPEAKs), the area (3,0±0,3%; 1,9±0,2%; 1,1±0,2%) 
and count number (92±14 pcs; 43±3 pcs; 28±3 pcs) of the voids strongly depended on 
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temperature. It can be stated that at low TPEAK, the dispersion of Pb in bulk solder correlated 
with void formation. Measurement uncertainty for Pb was the smallest by normal TPEAK 
profiles, due to the most homogeneous microstructure of the bulk solder. 

 

  
 

a) [2,4%, 69 pcs, dmax = 22µm]  
 

b) [1,3%, 30 pcs, dmax = 22µm] 
 

Figure 3. Characteristics of voids [area fraction; count number; maximum diameter]  
in bulk solders – a) at low TPEAK – b) at high TPEAK 

 
Conclusion 
 

The prepared PCB samples were reflowed using three different time-temperature 
profiles, and, after the application of different heating processes, measured with ED-XRF 
technique. Based on the results, it can be stated, that the relative standard deviations of Cu, 
Ag and Pb strongly depended on the applied peak temperatures. At low temperatures, void 
formation had a significant effect on RSD values. Comparing the values obtained at high 
temperatures to those of the normal case, it can be concluded that large IMCs entail 
increasing RSD values. We therefore suggest a potential classification scheme applicable to 
reflow soldered joints, as presented in Table 2. 

 
Table 2 

Potential classification scheme 

Element Relative St.Dev., % 

Cu <20 <20 >20 
Pb >20 <20 >20 

Classification Multiple voids Normal process Large IMCs 
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