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Lead-free solder is increasingly used in the wave soldering but corrosion of the stainless steel holders frequently
occurs and produces deleterious effects. To enhance the service life, a Ti/TiC coating is deposited by filtered ca-
thodic vacuumarc (FCVA) on the stainless steel holders. Themorphology, structure, composition,microhardness,
wear resistance, electron chemical corrosion, and wetting properties against solder are investigated. The results
show that not only good frictional properties and corrosion resistance are achievedby the Ti/TiC coatings, but also
good tin repelling and hydrophobic characteristics are observed. The Ti/TiC coating provides excellent protection
against corrosion of lead-free solder in wave soldering.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

According to theWaste Electrical and Electronic Equipment (WEEE)
and Restriction of Certain Hazardous Substances (RCHS) regulations
proposed in 2003, lead has been forbidden in electronic products since
2006 and lead-free solder has been used to replace the traditional Sn-
Pb solder [1–3]. However, the larger Sn content in lead-free solder
leads to a higher welding temperature [4] consequently increasing the
risk of corrosion of stainless steel components in wave soldering equip-
ment [5–7] such as the solder container, wave wheel rotor, and
duckbilled holder. Residual solder adhering to the soldering holders
also requires mechanical removal as shown in Fig. 1.

There are two approaches to mitigate the problems by replacing the
stainless steel with other materials and conducting surface modifica-
tion. For example, Ti and Ti-alloys and cast iron have been used to in-
stead of stainless steel to produce the holders and they exhibit better
tin repellence, suggesting the effective roles of Ti and C [8]. However,
Ti and Ti-alloys are quite expensive and pollution of Ti limits the service
life. Cast iron possesses poor formability boding well for components
with a complex shape and surface modification of the holders has be-
come increasingly popular. Hu, et al. [9] studied the corrosion resistance
of the SS holders after N ions implantations and obtained similar results
as Ti alloys. Morris, et al. [8] studied the corrosion resistance of Ti, cast
iron, nitride and CrxCy coatings in the liquid lead-free solder and
@plasmatechnol.com
observed the key role of C in the coatings in tin repellence. Additionally,
PPS and nylon 66 coatings were prepared on holding strips and compo-
nents made of stainless steel to hinder adhesion and corrosion and the
modified holders were found to have small surface energy against tin
solders thereby inducing wetting resistance [10,11]. Nevertheless, or-
ganic coatings tend to have poor mechanical performance and also de-
grade quickly during prolonged use at a high soldering temperature.
In this work, Ti/TiC coatings are prepared on stainless steel holders to
provide protection. The mechanical properties, wetting characteristics,
and corrosion resistances against tin solders were investigated.

2. Experimental details

The experiments were performed in vacuum chamber with a diam-
eter of 100 cm and height of 80 cm. After the chamber was evacuated to
a base pressure of 3 × 10−3 Pa, the carrier gas (Ar, 99.999% pure) and
reactive gas (C2H2, 99.8% pure) were introduced through a leak valve.
A Ti target (50 mm in diameter, 40 mm thick, and 99.9% pure) was
mounted in the cathodic vapor arc source. To balance the deposition
rate and the amount of “macro-particles”, a straight magnetic filter
was assembled between the cathodic arc and the vacuum. Silicon
(100) and stainless steel holders were used as substrates. Prior to load-
ing into the chamber, the substrates were ultrasonically cleaned in eth-
anol and acetone for 20 min at room temperature. The substrates were
placed at a distance of 10 cm from the exit of the magnetic filter and no
external heating was applied during the process. The experiments were
carried out in four stages. Firstly, plasma etchingwas performedwith Ar
at 1 kV. Secondly, a Ti layer was deposited on the samples by FCVAwith
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Fig. 1. Lead-free solder on the wave soldering holders.

Fig. 2. Schematic diagram of the tin-repellent property test.

Fig. 3. XRD patterns of the Ti/TiC coatings deposited at different C2H2 partial pressure.
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the current of 60 A and the voltage of 43 V in argon to increase the ad-
hesion between the film and substrate. Thirdly, the TiC film was depos-
ited by reactive FCVA with the current of 60 A and the voltage of 43 V
using the two gases at different C2H2 partial pressure from 0.1 Pa to
0.7 Pa and different bias from 50 V to 200 V. Finally, the samples were
cooled naturally in vacuum.

The structure was determined by X-ray diffraction (Bruker D8 Ad-
vance) in the continuous scanning mode using Cu Kα radiation (λ =
0.15418 nm) at room temperature. The test angle range (2θ) is from 10°
to 80° and the step size is 0.1°. The surface morphology was examined
by field-emission scanning electron microscopy (FESEM, ZEISS SUPRA®
55). The HVS-1000 micro-hardness tester was used to determine the
micro-hardness of the coatings with a load of 10 g for 20 s. The data
were averaged by 10micro-hardnessmeasurements. Thewear resistance
was evaluated by a ball-on-disk tester under ambient conditions (relative
humiditywas 25±1RH%and temperature of 20±1 °C). Slidingwas per-
formed against a Ф6.636 mm SiC ball with a 100 N load at a speed of
80 rpm with a wear radius of 3 mm. The electro-chemical corrosion test
was performed on a Reference 600 Electrochemical Analyzer. The refer-
ence electrode was the saturated KCl solution and the auxiliary electrode
was platinum. The solution was 3.0 wt% NaCl solution and polarization
was performed at a scanning rate of 3 mV/s.

The tin-repellent property was assessed by simulating the practice
wave soldering process by a homemade device shown in Fig. 2. The sam-
ples were dipped into the liquid tin solder at 280 °C and then pulled-out
after 5 s similar to the practice in commercial wave soldering. After re-
peating the process for 100 times, the samplewas observed by opticalmi-
croscopy and the mass difference was determined on a precision
electronic balance (0.001 g). The surface tension in liquid solder was test-
ed on awetting balancemeter at 280 °Cwith the speed, depth, and dura-
tion being 5 mm/s, 3 mm and 20 s, respectively. An optical contact angle
instrument (Dataphysics, Inc.)was used to observe the solder droplet (5 g
solder) after the heating-cooling cycle. The solder melted and formed a
droplet which rolled freely on the coating at 280 °C and higher. As the
temperature drooped, the spherical droplet remained on the coating.

3. Results and discussion

3.1. Structure and morphology

The XRD patterns of the Ti/TiC coatings deposited on the stainless
steel samples by FCVA at different C2H2 partial pressure are depicted
in Fig. 3. Except the peaks of the substrate, only Ti and TiC peaks can
be observed. Ti peaks which may be attributed by the transition layer
and the unreacted Ti show Ti (100), Ti (101) and Ti (103) preferred ori-
entations with the 2θ of 35.04°, 36.57°, 40.10°, respectively. When the
C2H2 partial pressure is 0.1 Pa, Ti is dominant in the coating. Although
the TiC diffraction peaks are not obvious, TiC (111), TiC (200), and TiC
(220) located at 36.57°, 41.86° and 59.65°, respectively can be recog-
nized from the XRD spectrum of the Ti/TiC coatings and the preferential
orientation is TiC (111) which possesses a low free energy. When the
C2H2 partial pressure is raised from 0.1 to 0.7 Pa, the Ti peaks decrease
but the TiC ones increase quickly, indicating a gradual increase of the
dominant phase of face-center-cubic TiC [12,13]. However, the prefer-
ential orientation of TiC becomes TiC (200), suggesting a low surface en-
ergy at the high C2H2 partial pressure [14–16].

The surfacemorphology SEM images of the Ti/TiC coatings prepared at
different C2H2 partial pressure are presented in Fig. 4. Only a few macro-
particles can be observed on the surface of the coatings compared to those
prepared by conventional cathodic arc deposition without filtering [17,
18]. When the C2H2 partial pressure is small, the surface of the coating
is smooth and dense. However, much macro-particles and defects pro-
duce on the surface with increasing the C2H2 partial pressure to 0.7 Pa.
The cross-sectional SEM images of the Ti/TiC coatings are presented in
Fig. 5. A 200 nm thick Ti interface layer and a 1 μm thick TiC layer can



Fig. 4. Surface morphology SEM images of the Ti/TiC coatings deposited on silicon at C2H2 partial pressure of (a) 0.1 Pa, (b) 0.3 Pa, (c) 0.5 Pa, and (d) 0.7 Pa.
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be identified. The Ti interface layer is crucial to good adhesion between
the TiC coating and substrate [19–21]. A typical columnar and dense
structure is observed from the TiC coatings prepared at C2H2 partial pres-
sure of 0.1 Pa, 0.3 Pa, and 0.5 Pa as shown in Fig. 5a, b, c, respectively,
whereas the coating deposited at 0.7 Pa shows a cluster structure (Fig.
5d) due to the large amount of C2H2 [16,22,23].

3.2. Microhardness

Themicrohardness of the Ti/TiC coatings is observed in Fig. 6. Owing
to the thickness of the coatings (1 μm)which are smaller than 5 times of
the indentation depth (between 276.3 nm and 312.7 nm), the hardness
includes contributions from the substratemaking them smaller than the
Fig. 5. Cross-sectional SEM images of the Ti/TiC coatings deposited on silicon
actual value [19,24]. All the coatings are harder than the substrate
and with increasing C2H2 partial pressures, the microhardness in-
creases initially and begins to decrease when the C2H2 partial pres-
sure is 0.5 Pa (Fig. 6a). The highest microhardness is 1247 HV
corresponding to stoichiometric TiC according to XRD. Excessive
C2H2 produces an amorphous carbon-rich phase in the coating and
consequently, the microhardness decreases [25]. The microhardness
dependence on the bias is illustrated in Fig. 6b. The microhardness of
the Ti/TiC coatings increases monotonically with increasing bias and
the highest value (1335 HV) is achieved at −200 V. Generally, both
ion bombardment and sputtering of the loose deposition and defects
occur to improve the density, crystallinity, and microhardness of the
coatings [26].
at C2H2 partial pressure of (a) 0.1 Pa, (b) 0.3 Pa, (c) 0.5 Pa, and (d) 0.7 Pa.



Fig. 6. Micro-hardness of the Ti/TiC coatings produced at: (a) different C2H2 partial
pressure and (b) different bias.

Fig. 7. Friction coefficients of the Ti/TiC coatings prepared at (a) different C2H2 partial
pressure and (b) different bias.
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3.3. Tribological properties

The tribological behavior of the Ti/TiC coatings prepared at different
C2H2 partial pressure and bias is shown in Fig. 7. An obvious decrease in
the friction coefficient is observed from the coatings compared to the
stainless steel substrate. The smallest friction coefficient of 0.11 is
achieved when the C2H2 partial pressure is between 0.3 and 0.5 Pa at
the bias of −100 V. As the C2H2 partial pressure is increased from
0.1 Pa to 0.5 Pa, the friction coefficients decrease from 0.33 to 0.10 be-
cause of the large C contents in the coatings. If the C2H2 partial pressure
is further increased, more defects are formed (confirmed by SEM) af-
fecting the friction coefficient as shown in Fig. 7a.When different biases
are used, the friction coefficients are similar although the optimal bias is
−100 V. The bias produces two main effects. Firstly, more Ti ions are
attracted to the samples [26], at a high bias and the Ti content in the
coating goes up. Secondly, the defects in the coatings decrease giving
rise to a large coating density [19,27]. Therefore, the smaller friction co-
efficient at a low biasmay be attributed to the improved coating density
and mechanical properties and the large friction coefficient at a high
bias stems from the large Ti concentration rendering the coating non-
stoichoimetric.
3.4. Corrosion resistance

The polarization curves of the Ti/TiC coatings prepared at different
C2H2 partial pressure and bias are displayed in Fig. 8. The coated sam-
ples exhibit larger corrosion potentials and smaller corrosion currents
than the substrates indicating better corrosion resistance. When the
C2H2 partial pressure is 0.5 Pa, the best corrosion resistance with the
corrosion potentials increasing from−0.671 V to−0.288 V and the cor-
rosion currents decreasing from 51 μA to 1.84 μA (Fig. 8a) are observed.
The stoichiometric C/Ti ratio is 0.97, which yields the best mechanical
properties as described before. The corrosion resistance of the coatings
decreases slightly if the C2H2 partial pressure is too high as the increase
of corrosion tunnels throughout the coating. Fig. 8b illustrates the ef-
fects of the bias to the corrosion resistance. As the bias is increased, ob-
vious improvement is observed because the large density reduces the
corrosion tunnels in the coating and prevents further corrosion. Howev-
er, when the bias is larger than 100V, no significant enhancement in the
corrosion resistance is observed suggesting that it is the optimal value.

3.5. Tin-repellence

The contact angles on the Ti/TiC coatings for liquid lead-free solder
in comparison with Ti and cast iron using the modified sessile drop
method are shown in Fig. 9. All the samples exhibit a non-wetting be-
havior with the average contact angles on Ti, cast iron, and TiC coating
being 131.35°, 133.9°, and 133.95°, respectively. Compare to Ti and
cast iron, the Ti/TiC coating has better hydrophobicity probably due to
the synergistic effects of Ti and C [28].

In order to assess the durability and lifetime of the coated samples,
Fig. 10 shows the surface images of stainless steel, Ti, cast iron and Ti/
TiC coating after immersion in the liquid solder 100 times. In the begin-
ning of immersion, there is no visible adhesion on any sample. However,
corrosive pits can be observed from the stainless steel sample after



Fig. 8. Polarization curves of the Ti/TiC coatings prepared at (a) different C2H2 partial
pressure and (b) different bias.

Fig. 9. Contact angles for the lead-free solde
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immersion and eventually, large pieces of solder stick to the sample sur-
face and must be removed mechanically similar to the phenomenon
shown in Fig. 1. In comparison, a few small solder droplets adhere to
the other three samples. To quantitative determine the effects, the
weight of the solder adhered on the sample after immersion for 100
times is determined and the results are shown in Fig. 11. The weight
of the solder on Ti, cast iron and Ti/TiC coatings is about two orders of
magnitude less than that on the stainless steel substrate. The best tin-re-
pelling efficiency is again observed from the Ti/TiC coatingwhich shows
the least weight of 0.001 g. The improvement can be explained by the
small surface energy of the coatings [27] and the similar hydrophobic
property to liquid solder.
4. Conclusions

Ti/TiC coating are deposited on stainless steel holders by FCVA to im-
prove the corrosion resistance and repellent performance against liquid
tin solder. The structures, morphology, mechanical properties of the Ti/
TiC coatings depend on the C2H2 partial pressure and bias. The optimal
C2H2 partial pressure and bias are 0.5 Pa and−100 V, respectively. The
microhardness of the optimal Ti/TiC coating is 1335 HVwhich is 7 times
larger than that of the stainless steel substrate. The TiC coatings also
have smaller friction coefficients and better corrosion resistance. Com-
pared to Ti and cast iron, the TiC coatings show larger contact angles
and have better repellent properties against liquid solder. Hence, the
Ti/TiC coatings improve the protection of the stainless steel holders
and have potential in wave soldering involving lead-free solder.
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Fig. 11.Weight of lead-free solder on the different samples: (a) stainless steel, (b) Ti, (c)
cast iron, and (d) Ti/TiC.

Fig. 10. Micrographs showing the degree of tin solder adhesion on the different samples: (a) stainless steel, (b) Ti, (c) cast iron, and (d) Ti/TiC.
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