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Abstract The aim of our research is to develop an economic material combination
exhibiting good wetting with solder alloy melts and enhanced lifetime against
erosion in lead-free soldering applications. Iron-nitrides have strong bonds com-
pared to metals, therefore they are expected to have increased resistance against
erosion in solder melts compared to iron soldering tools. The first step of our
research is to find the proper substrate material for nitride coating to obtain the
desired wetting behaviour. The present paper focuses on the substrate material
selection through wetting examinations of nitrided W302, 42CrMo4 and C45 steels
with SAC 305 solder alloy melt. It was found that the substrate composition
strongly affects the wetting contact angle. The best wetting was achieved with the
C45 type steel substrate. The correlation between substrate composition, com-
pounds formed during nitriding and wetting behaviour is discussed.

1 Introduction

In selective soldering applications the solder alloy melt is driven to the soldering
location with a soldering tool. In case of selective wave soldering, the tool is a
nozzle, while for hand soldering it is the tip of the soldering iron. For all cases, the
soldering tools must have good wettability with the solder alloy melt to ensure a
stable contact with the component to be soldered. In most cases, the tool is
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produced of iron with low alloying element/impurity concentration or high purity
Armco iron. For those tools, the metallic type bonding in iron ensures the desired
wettability with the molten solder alloy. At the Fe-solder alloy melt interface, FeSn2
intermetallic layer is formed [1]. The wettability is further enhanced through the
FeSn2 intermetallic layer at the tip/solder melt interface. The FeSn2 intermetallic
layer is either produced intentionally prior to soldering (hand soldering) or during
the first soldering cycle (selective wave soldering). During application, the thick-
ness of the intermetallic layer gradually increases with soldering cycles. Fe atoms
are provided by atom transport from the tool as the FeSn2 intermetallic layer
thickens. This atom extraction appears macroscopically as the erosion of the sol-
dering tool. The erosion produces a rough surface on which ditches also form in the
later stages. The erosion is further enhanced in the ditches where the solder melt is
in contact with unharmed Fe surface. After a certain degree of erosion, the good
wetting between tool and solder melt is destroyed and the tool must be replaced.
The erosion is accelerated by the application of lead-free soldering alloys such as
SAC and INNOLOT due to the increased Sn content compared to previously used
Sn-Pb alloys and the elevated soldering temperature [2–12]. The erosion process is
more pronounced in selective wave soldering applications where the tool is exposed
to the continuous flow of solder alloy melt [9]. In such applications, the erosion
effect of the melt flow contributes to the diffusion driven Fe extraction. Finally, the
degradation of the soldering tool leads to the need to replace the soldering tool
which, in turn, requires the interruption of the soldering process, calibration of the
new tool and cause an overall loss of production time for soldering companies.

The erosion reaction of metals in Sn based solder alloys can be reduced by
composition modification of the solder alloy melt. Nishikawa et al. showed that Co
addition to Sn-Ag solder alloy effectively reduces the erosion reaction of iron plated
copper in Sn-Ag solder melt [11]. However, if the solder composition cannot be
modified, the erosion reaction must be suppressed by designing erosion resistant
solder tools. Watanabe et al. examined the erosion resistance of Fe-MWCNT (Multi
Wall Carbon Nanotube) composite in lead free solder melt. They found that the
wetting conditions decreased, but the resistance against erosion was increased [12].
Although a promising material might have been found, the fabrication of the
developed composite material is quite costly and its production can only be carried
out in laboratory conditions.

The long-term objective of our research is to develop an economic and com-
mercially obtainable substrate-coating material combination that exhibit proper
wetting with the most commonly used lead-free SAC solder alloys and increased
erosion resistance compared to the currently applied iron tools. The first step of our
research is the selection of the proper substrate material and the wetting exami-
nations of nitride coatings. For substrates, three steel types were chosen with
varying alloying contents, being W302, 42CrMo4 and C45. For coatings,
Fe-nitrides were produced at the surface of the substrates with two different
nitriding processes. In this manuscript, the results of wetting contact angle mea-
surements are presented and the correlation between contact angle and substrate
composition is discussed. The potential substrate-nitride combination of selective
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soldering tool applications is selected based on the results of the wetting exami-
nations. The examination of the erosion behaviour of the potential substrate-nitride
combination will be the next step of the research and is not yet performed.

2 Materials and Methods

Three steel types were chosen for substrates with decreasing alloying element
contents being W302, 42CrMo4 and C45, respectively. The standard compositions
of the examined steels are given in Table 1.

Plates with dimensions of 8 mm � 10 mm � 1 mm were cut from the bulk
alloys. The plates were austenized in an air furnace at 860 °C for 30 min, then
quenched in room temperature water. The plates were subsequently annealed at
600 °C for 20 min in air furnace. According to Böhler’s recommendation, at least
2 h of annealing is required in the case of W302 steel. The annealing time was
chosen to be shorter, since the subsequent nitriding ensured the completion of the
annealing process. After removing the decarburized surfaces the plates were divided
into two groups. The two groups were subjected to different nitriding processes. For
the first group, before the nitrocarburising a preoxidation at 350 °C for 30 min in an
air medium was carried out. Then the plates were heated up to the nitriding tem-
perature of 550 °C in nitrogen. This heating type is the standard heating process in
conventional gas nitriding that removes contaminations and produces an oxide layer
on the surfaces. After 6 h of the nitriding, the furnace was cooled down and the
samples were removed. Samples of such treatment are called here as “oxidized” For
the second group, the plates were heated up to 550 °C in nitrogen atmosphere.
Thus, no oxide layer was produced. After 6 h of nitriding the furnace cooling down
and the samples were removed. Samples of this group are called as “oxide-free”.

X-ray diffraction (XRD) phase analysis was performed with a 40 kV 40 mA
Bruker D8 Advance diffractometer using Co tube.

Before wetting angle measurements, the surfaces of the samples were cleaned
with a commercial flux, Lux-Tools DIN EN 29454. The samples were placed in an
air furnace with a small piece of SAC 305 solder alloy on the top. The composition
of the SAC 305 alloy is given in (Table 2) After holding the samples at 320 °C for

Table 1 The standard compositions of the examined steels, wt%

C Si Mn Cr Mo Ni V W Co P S

W302 0.39 1.10 0.40 5.20 1.30 – 0.95 – – – –

42CrMo4 0.38–
0.45

<0.40 0.60–
0.90

0.90–
1.20

0.15–
0.30

– – – – <0.035 <0.025

C45 0.42–
0.50

<0.40 0.50–
0.80

<0.40 <0.10 <0.40 – – – <0.045 <0.045
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20 min, they were removed and cooled down to measure the equilibrium contact
angles. If the contact angles measured on the two sides of the same sample hap-
pened to deviate with 10°, the results were neglected. Such deviations originated
from surface roughness caused by improper sample machining. The presented
results are the average of contact angles measured on the two sides of the same
sample.

Glow Discharge Optical Emission Spectrometry (GD-OES) examinations were
carried out with a GD Profiler 2 (Power: 25 W, Module: 6 V, Phase: 5 V, Pressure:
500 Pa, flushing time: 5 s, pre-integration time: 100 s).

3 Results

Figure 1 shows the X-ray diffraction patterns of the oxide-free nitride samples.
Bragg reflections of Fe2-3N (e) and Fe4N (c′) nitrides and the ferrite substrate can be
seen. No reflections of any other phases are present. Note that Co tube was applied,
which excites Cr atoms. Due to the fluorescence radiation originating from the
excitement of the Cr atoms, the sign/background ratio of W302 alloy is lower

Table 2 Composition of the SAC 305 alloy used for wetting angle measurements, wt%

Sn Ag Cu

96.34 2.95 0.59

Fig. 1 XRD patterns of the oxide-free nitride coated W302, 42CrMo4 and C45 samples
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compared to 42CrMo4 and C45, therefore lower intensity peaks are not visible on
the spectrum of the W302 sample.

Figure 2 shows the near-surface region of GD-OES spectra of alloying elements
of the C45 sample with oxide-free coating. Since the equipment was not calibrated
for N and O elements, their absolute value could not be determined. However, the
distributions of these elements are well represented. For other elements, both their
distributions and absolute values could be determined. It can be seen that the
increase of the N content is monotonic with increasing depth. There is a small peak
of O in the sub-surface region, meaning that some O atoms were present during the
nitriding process. The Si and Mn show definite peaks near the surface. The relative
positions of Si, Mn and O peaks indicate that compounds/complexes of Si, Mn, and
O formed on the surface with an amount less than 2 wt%. There is a small quantity
of V in the alloys, which diffused from the bulk to the surface.

Figure 3 shows the near-surface variation of elements of the 42CrMo4 sample
with oxide-free coating. Again, the N content increases monotonically with depth in
the near surface region. Only a small peak appears in the Mn content with less than
1 wt%.

Figure 4 shows the GD-OES spectra of the W302 sample with oxide-free
coating. It can be seen that Cr, Si, Mn, O have peaks at the same positions.
Furthermore, the distribution of N is not monotonic, but having a local peak exactly
where Cr, Si, Mn and O. This means that compounds/complexes of Cr, Si, Mn, O
and N formed at the surface. The net amount of these compounds exceeds 5 wt%.
The V diffused from the bulk to the surface.

Figure 5 shows the measured equilibrium contact angles of the oxidized samples
and molten SAC 305 solder alloy systems. The W302 sample has the highest

Fig. 2 GD-OES spectra of the C45 alloy with oxide-free nitride coating
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Fig. 3 GD-OES spectra of the 42CrMo4 alloy with oxide-free nitride coating

Fig. 4 GD-OES spectra of the W302 alloy with oxide-free nitride coating
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contact angles of *40°–50°, thus, it has the poorest wetting with the SAC 305
alloy. The contact angle for the 42CrMo4 samples are *20°–30°, while those of
the C45 samples are *20°.

Figure 6 shows the contact angles of the oxide-free samples and molten SAC
305 solder alloy systems. The contact angles for the W302 samples are*70°–100°.

Fig. 5 Contact angles of the SAC305 alloy on the oxidized nitride coated W302, 42CrMo4 and
C45 substrate

Fig. 6 Contact angles of the SAC305 alloy on the oxide-free nitride coated W302, 42CrMo4 and
C45 substrate
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As for the 42CrMo4 and C45 samples, the contact angles are the same, being
*20°. It is worth to note that the oxide-free nitriding notably increased the wetting
angles of the W302 samples compared to the oxidized nitriding. For the 42CrMo4,
there is only a slight increase in contact angles, while none is for the C45 samples.

4 Discussion

XRD examinations confirmed that Fe2-3N (e) and Fe4N (c′) nitrides were produced at
the surface of the oxide-free nitrided samples. For the C45 and 42CrMo4 alloys,
GD-OES examinations revealed that no notable quantity of oxides/nitrides of alloying
elements or impurities formed during the oxide-free nitriding. The formation of such
compounds was inhibited because of the low alloying element concentration of the
C45 and 42CrMo4 steels. It was concluded that the good wetting of SAC 305 sol-
dering alloymelt on the oxide-free nitridedC45 and 42CrMo4 sampleswere due to the
lack of additional oxides/nitrides, i.e. the desired wetting originated from the
favourable adhesion between the Fe2-3N (e) and Fe4N (c′) nitrides and the SAC 305
solder alloy melt. As for theW302 alloy, high wetting angles were measured after the
oxidized nitriding, furthermore, wetting angles were even higher after the oxide-free
nitriding. According to GD-OES examinations, nitrides of alloying elements such as
Cr, Si andMn formed during the oxide-free nitriding at the surface of theW302 alloy.
It is well known that CrN is non-wettable for most metal melts, and, because of this
character, it is used as non-wetting coating in soldering and aluminum casting pro-
cesses [13–15]. It was deduced that the poor wetting of molten SAC 305 alloy on the
nitridedW302 alloywas due to the presence of non-wetting compounds on the surface
during nitriding. Finally, the obtained results showed that low alloyed steel substrates
such as C45 or 42CrMo4 with nitride coatings can be candidates for wetting coatings
within lead-free soldering applications.

5 Conclusions

The suitability of steel substrate-nitride coating combinations as wettable materials
with enhanced erosion resistance for lead-free soldering applications are being
investigated. This paper reports about the correlation between substrate composi-
tion and wetting behaviour. Samples of W302, 42CrMo4 and C45 steels were
covered with Fe2-3N (e) and Fe4N (c′) nitride layers using gas-nitriding. For the first
set of alloys, conventional oxidizing was performed prior to nitriding, while for the
second sets, the oxidizing step was skipped. The wettability was examined in the
pre-oxidized and oxide-free samples/SAC 305 solder alloy systems. It was found
that the composition of substrates strongly affects the wettability through formation
of nitrides and oxides of alloying elements at the surface. The best wetting with
contact angles of *20° was achieved with the C45 type steel substrate. It was
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deduced that low alloyed steel substrates with nitride coatings can be candidates for
wettable materials for lead-free soldering tools.
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