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Nikolaos Tapoglou
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In recent years, the field of micromachining has gained a lot of traction owing to the
drive towards lightweighting, electrification, and sustainability. Industrial sectors that have
shown an increasing interest in micromachining include the medical, space, aerospace,
and consumer electronics fields. Research in academia has focused on the experimental
investigation of micromachining and additive manufacturing processes and in particular, on
laser-based manufacturing technologies. In addition, numerical and finite element models
have been developed to predict the performance of micromachined parts. Over the last few
years, a series of manufacturing processes have emerged in the macro manufacturing sector
that have shown great potential in the improvement of these processes; however, their use
on the micro scale has not been thoroughly modeled and understood. Moreover, a series of
processes developed to address challenges in micro-manufacturing have been emerging as
a parallel thread. Accordingly, this Special Issue showcases nine original research papers
and one state-of-the-art review in the fields of manufacturing micro-electronic devices,
surface property modification, and additive manufacturing.

In particular, Hauschwitz et al. [1] presented a novel technique for the modification
of the reflectivity and surface topography of tempered glass using an ultrashort, pulsed
laser. By utilizing a dynamic beam shaping and a galvanometer scanning head, the laser
beam was divided into a matrix of beamlets, allowing for the fast and flexible fabrication of
a sub-wavelength ripple structure on the surface. The study showed that reflected intensity
reduced by up to 75% while maintaining 90% of transparency.

Kluba et al. [2] presented a novel type of substrate for a Silicon on Insulator wafer,
which contained a patterned, buried oxide layer that can simplify the fabrication of MEMS
devices with complex geometry and added functionality. The authors successfully demon-
strated the application of the cavity-BOX SOI substrate in the fabrication of a deep brain
stimulation (DBS) demonstrator with a length of 18 mm and a diameter of 1.39 mm.

Li et al. [3] developed a 2D model of the molten flow behavior during laser polishing,
demonstrating the complex evolution of melt hydrodynamics involving heat conduction,
thermal convection, thermal radiation, melting, and solidification. The model developed
was able to predict that the morphological evolution of different surfaces from rough to
smooth in laser polishing could guide the optimization of polishing parameters such as
laser power and scanning speed. The experimental results showed a good correlation
between the experimental and simulated results with an error ranging from 8.3 to 14.3%.

Cao et al. [4] investigated the performance of a Ag-8.5Au-3.5Pd alloy wire after cold
deformation and annealing, using SEM, strength, and resistivity testing. The experimental
campaign showed that the strength of the wire increases with the increase in the deforma-
tion rate, and the resistivity decreases with the increase in the annealing temperature. The
mechanical performance of the alloy wire was improved at an annealing temperature of
500 ◦C. The surface quality is high when the tension range is 2.5–3.0 g. However, when the
annealing temperature increased to 550 ◦C, the grain size growth led to a decrease in the
mechanical performance.
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Zhang et al. [5] presented a modified Bosch etching process to create silicon nanowires
with a controllable density and high aspect ratios. The use of Au nanoparticles as a hard
mask resulted in an anti-reflection property with a reflectance value below 2% in a broad
light wave range and a near-unity reflectance below 3% in the range from 220 to 2600 nm.
Additionally, the nanowire array demonstrated super-hydrophobic behavior without any
hydrophobic chemical treatment.

Kim et al. [6] investigated the deposition of low-hydrogen-containing amorphous
silicon (a-Si) using a plasma system with multi-split electrodes. Based on their experimental
research, they concluded that increasing the RF power of the plasma led to decreased hydro-
gen content in the deposited film and a decrease in impurities such as carbon and oxygen.
When crystalized under a UV lamp, a-Si exhibited improved crystallinity, confirmed by
Raman spectroscopy and HR-TEM.

Kumamoto et al. [7] introduced a technique for fabricating metal structures that
could be deformed from two-dimensional to three-dimensional shapes in response to
hydrodynamic forces using photolithography and electroforming. The resulting structures
had an average film thickness of 12.9 μm, a hardness of 600 HV, and a slit width of 7.9 μm.

Maddu et al. [8] evaluated the use of a bronze electrode for depositing copper material
on titanium alloy using electrical discharge machining (EDM). The input parameters
of current, Ton, Toff, and preheating substrate temperature were optimized using the
Taguchi experimental design and the TOPSIS technique. The study found that input
parameters of current 8 Amp, Ton 440 μs, Toff 200 μs, temperature 300 ◦C, and a quenching
medium of castor oil provided the optimum response of an MDR of 0.00506 g/min, EWR
of 0.00462 g/min, CT of 40.2 μm, and SCD of 19.4 × 107 μm2.

Yakin et al. [9] aimed to optimize Fused Deposition Modeling (FDM) printing pa-
rameters for ABS and Nylon to improve fatigue resistance. The methodology involved
experimental study and finite element analysis. The results showed that Nylon performed
better than ABS, and the ‘tri-hexagon’ structure with a nozzle diameter of 0.2 mm resulted
in the highest fatigue life for both materials.

Finally, Zhou et al. [10] discussed the history and development of bonding wires in mi-
croelectronic packaging, specifically comparing the properties and applications of Au, Cu,
and Ag bonding wires. The paper highlighted the benefits and challenges of each material
and suggested future research focuses on understanding the bonding mechanism, develop-
ing environmentally friendly surface treatment technology, exploring multi-component
microalloy doping processes, and optimizing wire loop profiles for improved reliability.
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Abstract: Reflectivity and surface topography of tempered glass were modified without any thermal
damage to the surroundings by utilizing 1.7 ps ultrashort pulsed laser on its fundamental wavelength
of 1030 nm. To speed up the fabrication, a dynamic beam shaping unit combined with a galvanometer
scanning head was applied to divide the initial laser beam into a matrix of beamlets with adjustable
beamlets number and separation distance. By tuning the laser and processing parameters, reflected
intensity can be reduced up to 75% while maintaining 90% of transparency thus showing great
potential for display functionalization of mobile phones or laptops.

Keywords: multi-beam micromachning; functionalization; tempered glass; gloss reduction; anti-
reflection

1. Introduction

The value of common everyday products like mobile phones or laptops can be compro-
mised with a poor anti-reflection property of a covering display glass making it unreadable
under direct sun. Many methods have been used for the fabrication of antireflection or
gloss reduction surface structures including lithography [1], sol-gel [2], etching [3] and
multi-stage deposition methods [4]. However, these methods are usually complicated with
several steps, long processing times or require chemicals and thus are not environmentally
friendly. On the other hand, laser surface micro/nanostructuring offers a flexible, fast
and environmentally friendly approach for precise and efficient fabrication of desired
micro/nanogeometry in a single step [5].

Laser-made antireflection surface structures are often composed of periodic sub-
wavelength structures [6], laser-induced periodic surface structures (LIPSS) [7] or blind
microholes [8] which can alter the refractive index to capture the incoming light. High-
resolution of required structures results in longer fabrication times, as well as delicate
power-handling close to damage threshold to ensure high-quality processing without
thermal damage to the surroundings. To improve the fabrication time and use the laser
source more efficiently, multi-beam processing can be applied [9]. However, commonly
used diffractive beamsplitters may not provide sufficient freedom in adjusting the spacing
between beamlets during process optimization.

In this paper, an ultrashort pulsed laser is used to modify the surface reflectivity
by reliable production of sub-wavelength surface structures on tempered glass sample,
commonly used as a protective glass layer on displays of mobile phones, smartwatches
or laptops. The fabrication speed and process efficiency are improved by a dynamic
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beam shaping unit combined with a galvanometer scanner allowing to freely divide the
beam and adjust a diffraction pattern in real-time. Thus, demonstrating the production of
anti-reflection surfaces by dynamic multi-beam glass processing for the first time.

2. Materials and Methods

Tempered glass plates with dimensions of 120 × 60 mm and thickness of 500 μm were
cleaned in an ultrasonic bath with ethanol before the laser treatment with ultrashort pulsed
laser system Perla B (HiLASE Center) emitting 1.7 ps pulses at 1030 nm with the repetition
rate of 1 kHz. The output beam was guided into the dynamic beam shaping unit FBS
G3 (Pulsar Photonics GmbH) equipped with a spatial light modulator (SLM, Hamamatsu
Photonics) and galvanometer scanner (intelliSCAN III 14, Scanlab) with the maximum
marking speed of 2 m/s. The beam was focused on a sample with 100 mm telecentric
F-theta lens resulting in a spot diameter of 20 μm.

The input beam wavefront was modified by SLM resulting in desired diffractive
patterns which are generated in real-time by uploading the pre-calculated computer-
generated holograms (phase-masks) on SLM. The final patterns on a sample surface were
in a form of orthogonal dot matrixes with the highest possible number of beamlets to fit in
the LIDT limit of SLM which is 0.5 mJ for picosecond pulses.

The geometry of fabricated structures was investigated with a scanning electron mi-
croscope (SEM) Tescan FERA 3 and laser scanning confocal microscope Olympus OLS5000.
Specular reflection and transmission were measured using a spectrometer Green Wave VIS
and a tungsten krypton lamp, both coupled into an optical fiber. Precision home-made
holders were applied to hold these fibers with respect to the required angles of incidence.
The specular reflection and transmission were firstly measured on the plane untreated
sample for reference. In the second step, the reflection and transmission were measured on
laser patterned samples. By comparing these values, drop in reflection and transmission of
the patterned surface is measured in %.

3. Results and Discussion

In the first experimental step, the pulse energy and a number of pulses had to be
carefully adjusted to selectively modify glass surface in well-defined spot regions without
glass cracking and thermal damage. Glass cracking was not observed for pulse energies
below 200 μJ (64 J/cm2) for a single pulse exposition. However, with a slightly increased
pulse count, the glass surface starts to crack (not shown). The optimal pulse energy
was determined as 40 μJ (13 J/cm2), slightly above the single-pulse damage threshold of
10 J/cm2, as the single pulse can still modify the glass surface and no cracks are observed
up to 10 consecutive laser pulses.

Following these observations, the computer-generated hologram responsible for a
diffraction pattern dividing the initial beam into the matrix of 3 × 3 beamlets was uploaded
on the SLM plate (Figure 1a). The pulse energy of the initial beam was then increased up to
420 μJ providing ~40 μJ in each beamlet (85% SLM efficiency). The final pattern of 3 × 3
matrix fabricated on a glass surface in a single pulse is depicted in a microscope image in
Figure 1b.

6
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Figure 1. (a) Computer generated hologram composed of hologram dividing the initial beam into 3 × 3 matrix (i) and
correction file compensating SLM flatness (ii); (b) Final pattern on a glass sample after single pulse exposition with 40 μJ; (c)
Spot detail indicating sub-wavelength structures in the center part; (d) SEM image of a microhole formed after 5 consecutive
laser pulses with a pulse energy of 40 μJ, (e) detail on a ripple structure inside; (f) Microholes drilled with 10 consecutive
laser pulses, (g) microhole detail with nano-scale features formed on side walls.

As shown in Figure 1c, an indication of a subwavelength structure was observed in a
center of the spot. Therefore, a detail SEM analysis was carried out revealing the ripple
structure inside each spot (Figure 1d,e). The lateral spacing of ripple structures is ~900 nm
similar to low-frequency laser-induced periodic surface structures [10].

For a single pulse exposition, the ripple structure is formed only in the center part of
the spot covering ~60% of the spot diameter. With the increasing number of pulses, ripples
are extending to the edges of the spot covering the whole spot in the case of 5 consecutive
pulses (Figure 1d,e). With the higher number of pulses, holes can be drilled inside the
material (Figure 1f) showing a very high edge quality and nano-scale features on the side
walls (Figure 1g).

In the following experimental step, larger areas of 15 × 15 mm were patterned with
the optimal pulse energy level of 40 μJ (13 J/cm2) and by changing the spot separation
distance (HD) in the range of 17 μm to 25 μm and a number of pulses (N) in the range of 1
to 5 pulses. The pitch between beamlets in 3 × 3 matrix was always adjusted to fit with the
corresponding HD by uploading a new hologram on SLM.

As can be observed in Figure 2, different anti-reflection properties can be reached by
altering the spot distance and the number of pulses.
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Figure 2. (a) Example of reflected intensity curve for an angle of incidence (AOI) = 45◦ and a different number of applied
laser pulses (N); (b–d) Sample reflection in dependence on the applied number of pulses (N) and different spot separation
distance (HD) for the AIO = 10◦, 45◦, 60◦.

This phenomenon might be related to the complex micro and nano topography of
the surface which may result in light trapping or diffraction. As it was shown in earlier
studies [11], complex micro and nano topography can enhance the absorption of light by
multiple reflections and multiple absorptions compared to that of a perfectly flat surface.
Similarly, A.Y. Vorobyev et al. [12] observed the decrease in reflection on nanostructured
surface features in comparison to that of a polished surface and Korolkov et al. [13]
demonstrated the production of antireflective coatings by laser induced nanostructures
on metals.

With the increase in the number of pulses, thus with a higher percentage of ripples
covering each spot the higher percentage of the incoming light is diffracted or trapped in
between surface features. As a result, the reflected intensity can be decreased by more than
50% in the case of AIO = 10◦ and more than 90% in the case of AIO = 45◦ and 60◦.

The reflectivity can be also tuned by the spot separation distance. Generally, the
closer are the spots, the lower is the reflected intensity as the amount of untreated material
decreases. However, the transparency of the structured glass surface decreases as well with
the smaller spot distance and the higher number of applied pulses (Figure 3). Therefore,
there is a tradeoff between reflectivity and transparency. The detail results of transparency
are shown in Figure 3 with a real photograph of structured glass samples.
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Figure 3. (a) Example of transmitted intensity curves for 20HD and different number of applied laser pulses (N); (b)
Decrease in transparency in dependence on the applied number of pulses (N) and different spot separation distance (HD);
(c) Photograph of the glass sample on a white table desk and printed paper.

Following these findings in Figures 2 and 3, the best antireflection results with a high
level of transparency above 90%, can be achieved with 20 μm spot separation distance and
3 pulses as it provides the highest drop in reflected intensity, down to 63%, 30% and 25%
for AOI of 10◦, 45◦ and 60◦, respectively. Thus, showing great potential for display cover
glass applications.

4. Conclusions

The combination of ultrashort pulse laser and SLM allows fast and flexible fabrication
of sub-wavelength ripple structure on a tempered glass surface. The initial laser beam was
split into 3 × 3 matrix with adjustable pitch distance increasing the fabrication time nine
folds compared to the single beam approach. By adjusting the spot separation distance
and number of pulses, different anti-reflection properties can be reached. Up to 75%
drop in reflected intensity under AOI = 60◦ was demonstrated with more than 90% of
transparency, thus showing great potential as an alternative to mobile phone or laptop
display modification techniques.
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Abstract: Several Silicon on Insulator (SOI) wafer manufacturers are now offering products with
customer-defined cavities etched in the handle wafer, which significantly simplifies the fabrication of
MEMS devices such as pressure sensors. This paper presents a novel cavity buried oxide (BOX) SOI
substrate (cavity-BOX) that contains a patterned BOX layer. The patterned BOX can form a buried
microchannels network, or serve as a stop layer and a buried hard-etch mask, to accurately pattern
the device layer while etching it from the backside of the wafer using the cleanroom microfabrication
compatible tools and methods. The use of the cavity-BOX as a buried hard-etch mask is demonstrated
by applying it for the fabrication of a deep brain stimulation (DBS) demonstrator. The demonstrator
consists of a large flexible area and precisely defined 80 μm-thick silicon islands wrapped into a
1.4 mm diameter cylinder. With cavity-BOX, the process of thinning and separating the silicon islands
was largely simplified and became more robust. This test case illustrates how cavity-BOX wafers can
advance the fabrication of various MEMS devices, especially those with complex geometry and added
functionality, by enabling more design freedom and easing the optimization of the fabrication process.

Keywords: SOI substrate; cavity-SOI; cavity-BOX; patterned BOX; buried hard-etch mask; flex to
rigid (F2R); MEMS; miniaturization; DBS; foldable devices

1. Introduction

Standard SOI substrates were originally developed to enable perfect dielectric isolation
in electronic devices. Nowadays, SOI wafers have also become an important substrate
material for the fabrication of MEMS devices. SOI wafers consist of a handle wafer that
provides mechanical strength during the fabrication process, a device layer in/on which
the devices are fabricated, and a buried oxide (BOX) layer that separates the device layer
from the handle wafer (see Figure 1a). Apart from electrical isolation, the BOX layer also
allows for the fabrication of MEMS devices with a well-defined device layer thickness,
and it can serve as a release layer in floating structures. SOI wafers are used in a wide
range of applications, such as pressure sensors [1], resonators and inertial sensors [2],
microchannels [3], and miniaturization of microfabricated medical devices [4,5].

Cavity-SOI substrate is a substrate that has been derived from the silicon-on-insulator-
family [6]. It is a customized SOI substrate whereby the manufacturer of the SOI substrates
has integrated customer-defined buried cavities in the silicon handle wafer (see Figure 1b).
It has been demonstrated that customized SOI substrates with prefabricated cavities can sig-
nificantly simplify the fabrication process of complicated MEMS devices, such as pressure
or inertial sensors [2,7–10]. The cavity-SOI substrate allows for eliminating the cumber-
some step of etching cavities in the handle layer later in the process flow, and permits for
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pre-patterning of complex cavities systems. However, the range of the cavity dimensions
in the cavity-SOI wafers is limited. On the one hand, very large cavities that are not
supported with pillars would make the wafer fragile and could lead to wafer or device
layer deformation. On the other hand, very small buried structures are out of cavity-SOI
scope, due to the low alignment precision of the prefabricated cavities with the structures
fabricated later on the device layer.

Figure 1. A comparison of three substrate architectures: (a) Standard SOI substrate; (b) Cavity-SOI substrate with cavities
in handle wafer; (c) Cavity-BOX substrate with the pre-patterned buried oxide layer.

Cavity-BOX is an advanced substrate with custom-defined cavities etched in the
buried oxide (see Figure 1c). It is the newest member of the SOI substrate family. Its ex-
emplar preparation process and application are presented in this paper. The cavities can
be formed by etching through the complete thickness of the BOX or by partially etching
the BOX to create a hard-etch mask with a step. In cavity-BOX substrates, only the thin
layer of buried silicon oxide is patterned, which enables almost unlimited design of the
cavities without weakening the mechanical properties of the wafer. The high-precision
alignment (<500 nm) of the prefabricated cavities with the structures fabricated later, on the
device layer, is ensured by applying a newly developed marker transferring strategy.
The method uses a set of primary alignment markers, located on the SOI wafer terrace,
that are transferred onto the device layer using front-to-front alignment [11]. The patterned
BOX can serve as a stop layer during the device layer thinning, and it can be used as a
hard mask during the device layer patterning from the backside. The high resolution of
the deep reactive-ion etching (DRIE) process is maintained by bringing the hard mask,
formed by the patterned BOX layer, directly to the device layer. This allows for a precise
definition of micron-sized cavities in the device layer and, simultaneously, enables pat-
terning centimeter-sized structures in the device layer. This paper presents the novelty of
cavity-BOX substrates and illustrates how such a substrate can improve the fabrication of
various MEMS devices. The use of the cavity-BOX as a stop layer and a buried hard-etch
mask is demonstrated by applying it for the fabrication of a deep brain stimulation (DBS)
demonstrator. First, the design and standard fabrication process of such a DBS device
are presented and compared with the process that uses the cavity-BOX to show how the
cavity-BOX substrate can enable more design freedom and simplify the fabrication process.
Next, the preparation of the customized cavity-BOX substrate and the fabrication process
of the DBS demonstrator are described. The DBS demonstrator is a mechanical structure
composed of only silicon islands connected with a polymer-based flexible film. Finally,
the DBS demonstrator fabrication results are presented and discussed.

2. Deep Brain Stimulation (DBS) Probe-Process and Design

The advanced SOI substrate with cavities in the BOX can significantly simplify pro-
cesses, such as microfabrication of highly integrated foldable devices [4,5] or 3-dimensional
circuit integration using TSVs, in the device layer [12]. An example of the cavity-BOX
application is a monolithic fabrication process of a foldable deep brain stimulation (DBS)
device (see Figure 2 [5]).
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Figure 2. Simplified manufacturing process flow diagrams of semiflexible DBS device using the trench-based F2R technology
versus using cavity-BOX substrate. Left (a–d): The SOI based process with sealed trenches on the front side of the wafer and
a two-step backside etch process. Right (e–g): The cavity-BOX based process using patterned BOX as an etch-stop layer and
hard-etch mask. Bottom (h): Finished device.

Initially, standard SOI substrate and trench-based F2R technology were employed to
accomplish the monolithic fabrication of a device where small 80 μm-thick silicon islands,
separated with 40 μm-wide trenches, could coexist with a millimeter-sized flexible area
etched from the backside of the wafer [5,13]. Due to the resolution limitations of the
backside DRIE process, the precise separation of the small (210 × 2070 μm) silicon islands
cannot be achieved. Therefore, the HAR trenches were etched in the device layer from the
front side of the wafer to separate the silicon islands, and, subsequently, sealed with a silicon
dioxide membrane (Figure 2a) to enable further wafer processing (Figure 2b). However,
the trench etching and sealing processes require precise optimization, and they have very
tight process windows. Moreover, failures of the fragile SiO2 membrane can severely
hamper the follow-up processes. Employing the cavity-BOX substrate with patterned
buried oxide (Figure 2e) allows for a more robust process by maintaining the device layer
intact until the very end of the front side processing (Figure 2f). All the structures are later
released by DRIE etching from the backside using the cavity-BOX as a hard mask.

After the front side processing is finished, the DRIE etching is applied from the
backside of the wafer for thinning down and releasing the flexible structures. In the
standard SOI process, this is realized by multiple steps of alternating silicon dioxide etch
and silicon etch through a two-step hard-etch mask located on the backside of the handle
wafer (Figure 2c,d,h). The buried oxide layer of the standard SOI wafer serves as an etch
stop layer that defines the device thickness. This approach is cumbersome and heavily
relies on the uniformity of each dry etching step. The cavity-BOX can significantly simplify
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the process by bringing it down to just three steps. First, the device is thinned down
to 80 μm using a simple hard-etch mask patterned on the backside of the handle wafer,
and the BOX as an etch stop layer that balances the DRIE uniformity of the handle wafer
etching (Figure 2g). Secondly, the exposed cavity-BOX with a step mask is thinned down
to form the hard-etch mask. Finally, the hard-mask formed in the BOX is used to separate
the 80 μm-thick silicon islands with the 40 μm-wide trenches, and simultaneously release
the flexible film in the final DRIE step (Figure 2h). The high resolution of the DRIE process
and coexistence of the structures with a wide range of dimensions is ensured by bringing
the hard mask–patterned BOX directly to the device layer, rather than optimizing the DRIE
process to its extreme.

The application of the cavity-BOX substrate is demonstrated using a simplified fab-
rication process of an 18 mm long Deep Brain Stimulation (DBS) probe (see Figure 3).
The highly integrated DBS tip was designed to accommodate 40 circular electrodes on a
semi-film substrate. The small silicon islands can contain prefabricated decoupling capac-
itors, and the large silicon island permits for wire bonding and back-end integration of
application specific integrated circuits (ASICs) inside the probe (e.g., flip-chip). All the
structures are connected with flexible interconnects. This enables the activation of each
electrode individually, using only a couple of power and signal wires reaching out of
the probe. As a result of the semiflexible structure, consisting of multiple silicon islands
connected with a flexible film, the device can be folded to a 1.4 mm diameter cylinder
(Figure 4).

 

Figure 3. The 2D representation of the 40-electrode DBS design with integrated electronic components.
The large silicon island (18 mm × 1 mm) can contain flip-chipped ASICs. The small silicon islands
(210 μm × 2070 μm) are separated with 40 μm wide trenches and can accommodate prefabricated
decoupling capacitors. The flexible film contains 40 flexible electrodes.
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Figure 4. 3D model of the 40-electrode DBS probe (ø 1.4 mm diameter) with integrated capacitors
and ASICs inside the probe’s tip.

3. Fabrication

The DBS demonstrator was fabricated to illustrate the advances resulting from apply-
ing the cavity-BOX to the process. The DBS demonstrator presented here is a semiflexible
mechanical structure, composed of silicon island and polymer-based flexible film, without
interconnects or integrated electronic components.

The fabrication of the DBS demonstrator can be separated into two parts: the cavity-
BOX SOI substrate preparation and the DBS demonstrator fabrication. The main technical
challenge arises from the fact that the submicron (less than 1 μm) alignment accuracy
between the buried cavity-BOX mask and the structures on top of the device layer must
be guaranteed. To overcome that problem, the alignment marker transferring strategy,
proposed and developed by C. Mountain et al. [11], was applied to ensure high precision
alignment of the structures. Another goal was to demonstrate the functionality of the
pre-patterned BOX mask.

3.1. Cavity-BOX Preparation

A schematic process flow of cavity-BOX substrate preparation is presented in Figure 5.
A 380 μm-thick 6-inch double side polished (DSP) handle wafer was used as a starting
material. First, two 140 nm deep ASML markers were patterned into the silicon substrate,
1.2 mm away from the left and right edge of the wafer. Next, 1 μm of high-quality thermal
SiO2 layer for wafer bonding was grown on both sides of the wafer. The customized cavity-
BOX pattern was aligned with the markers, and dry etched into the SiO2 layer, landing
on the silicon (Figure 5a). The handle wafer was subsequently fusion bonded with the
device layer, which also had a 500 nm-thick layer of thermal oxide. The fusion bonding was
carried out under vacuum at room temperature. The two oxide layers were bonded and
merged into the cavity-BOX with the pre-patterned step oxide mask (Figure 5b). Finally,
the device layer was thinned down to 80 μm, and a terrace with a width of 4 mm was
created by a combination of edge trimming and wet etching (Figure 5c). The alignment
markers on the handle wafer were revealed during that process.

The 4 mm terrace width was chosen to keep the edge of the device layer as far as
possible from the alignment markers on the handle wafer, in case of any possible optical
interference during the marker transferring processes. The cavity-BOX substrate is ready
after the terracing process. It contained a patterned step buried oxide layer (1.5 μm at its
full thickness, 500 nm at its step thickness), an 80 μm-thick device layer, and 1 μm thermal
oxide on the backside of the wafer.
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Figure 5. Cross-section drawings of the cavity-BOX substrate preparation and DBS demonstrator
fabrication. (a) Positioning markers at 1.2 mm to wafer edge and etching patterns in the BOX on top of
the 380 μm handle wafer. (b) Fusion bonding of the device wafer to the handle wafer with patterned
BOX (in vacuum and room temperature. (c) Thinning of device layer to 80 μm and edge trimming to
create a 4 mm width terrace. (d) Transfer markers from the terrace to the device layer. (e) Patterning
backside etching mask and coating wafer with polyimide, using silicon oxide as an adhesive layer.
(f) Etching handle wafer from wafer backside and landing on the cavity-BOX. (g) Thinning down the
cavity-BOX and exposing the buried oxide mask for device layer etching. (h) Etching device layer
and silicon oxide adhesion layer, landing on polyimide.

3.2. DBS Demonstrator Fabrication

To continue with the demonstrator fabrication, the handle wafer markers were first
transferred to the device layer, placed 10 mm from the wafer edge, and etched 140 nm deep
into the silicon (Figure 5d). A 2 μm-thick PECVD SiO2 layer was then deposited on top
of the original 1 μm-thick thermal oxide layer on the backside of the wafer and patterned
into the silicon DRIE etching mask. Next, a 500 nm-thick PECVD SiO2 layer was deposited
on the front side of the wafer as an adhesion layer. Subsequently, a 3 μm-thick polyimide
layer (PI2610 Microsystems) was coated on top of the SiO2 adhesion layer (Figure 5e) and
cured. After that, the silicon DRIE etching step was applied from the backside of the
wafer to remove the silicon substrate underneath the cavity-BOX landing on the step oxide
mask (Figure 5f). The step oxide mask enabled the silicon over-etch to balance the etching
nonuniformity across the wafer. An overall SiO2 dry etching was subsequently applied
to thin down the step oxide mask in the cavity-BOX layer until the pre-patterned oxide
mask was opened through to the device layer (Figure 5g). Finally, the 80 μm device layer
and the 500 nm SiO2 layer used for polyimide adhesion were dry-etched, landing on the
polyimide layer (Figure 5h). After the etching of the device layer, all the silicon islands
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were separated, and they were connected with the flexible polyimide film. The finished
demonstrator was suspended in a silicon wafer frame through polyimide tabs.

4. Results and Discussion

Both the substrate preparation and the demonstrator fabrication were straightforward.
The alignment markers on the terrace edge were successfully detected and transferred to
the device layer (Figure 5d). However, there are several other critical steps in the process.
The bonding result of the cavity-BOX while preparing for the substrate directly affects its
functionality. The terrace width caused an unexpected compatibility problem. Moreover,
the backside DRIE etching defines the final device. Here we discuss the aforementioned
issues and present the fabricated and assembled DBS demonstrator.

4.1. Preparation of the Cavity-BOX

The cavity-BOX is formed by the bonding process of two oxide layers: 1 μm of pre-
patterned SiO2 layer from the handle wafer and a 500 nm-thick SiO2 layer from the device
layer, with the accuracy of 300 to 500 nm (Figure 5b). The potential concerns of the bonding
process include the following: (1) Bonding failures of the small oxide features from the
handle wafer; (2) undesired bonding between the silicon substrate of the handle wafer and
the SiO2 layer from the device layer in the large dimension cavities; and (3) sunken surface
of the device layer due to the cavities in the BOX.

After the cavity-BOX substrate preparation, no visible sunken surfaces were observed
in the device layer. A scanning acoustics microscopy (SAM) was applied to inspect the
bonding quality, as shown in Figure 6. The bonded area has a high transmission to
the acoustic waves, which are displayed as dark fields in the picture, while air gaps
have high reflections on the acoustic waves and are, therefore, displayed as bright fields.
The images indicate that the area without cavities was successfully bonded, while there was
no undesired bonding in the large cavity areas. No bonding defects have been observed
among the small oxide features in the SAM images. Later, after the backside etching of the
handle wafer landing on the cavity-BOX (Figure 5f), the two-step oxide mask was intact,
which also confirms the excellent bonding result.

 

Figure 6. Scanning acoustic microscopy (SAM) to inspect bonding quality. A particle appeared as a
black dot on the left side, and a zoomed-in SAM image of four dies.

4.2. Terrace Width

During the backside processing, it appeared that the 4 mm terrace width on the
front side of the SOI wafer caused compatibility issues with the PAS5500 ASML wafer
stepper and the SPTS Pegasus DRIE etching tool. During the backside lithography process,
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the wafer stepper needed to handle the wafer from the front side. The positionings of a few
vacuum pads on the wafer stepper robot arm were in the 4 mm terrace region, which led to
a loss of vacuum. The wide terrace additionally caused helium leakage errors on the chuck
of the dry etching tools. To continue processing the 4 mm terrace cavity-BOX SOI wafers,
the robot arm of the wafer stepper was explicitly tuned to accept the wafers, and special dry
etching recipes with low helium flow were developed for the silicon and SiO2 etch. As a
result of reducing the helium flow in the etching recipes, the wafer temperature could not
be well maintained during the process, hence, leading to an increased nonuniform etch rate
across the wafer. The etching slop was also enlarged due to the loss of temperature control.

Therefore, the terrace width is preferred to be as small as possible for cleanroom
compatibility. In contrast, the terrace edge should be as far as possible from the markers to
avoid its interference with the alignment process, requesting a large terrace width. A trade-
off test was performed to define the optimal terrace width. Wafers with different terrace
widths were tested in the standard 6-inch cleanroom processing line in the PAS5500 ASML
wafer stepper, an SPTS Pegasus, ICP, and APS etching tools. The test results indicate that
the terrace width of 1.8 to 2.5 mm should provide sufficient compatibility.

4.3. Backside Etching of the Demonstrator

To release the demonstrator and form the semiflexible device structure, several etching
steps were performed from the backside of the wafer. These etching steps include the
following: (1) The DRIE etching of the handle wafer substrate landing on the cavity-BOX;
(2) thinning down the cavity-BOX to form the pre-patterned oxide mask; (3) etching of the
device layer and the polyimide adhesion oxide layer using the oxide mask (Figure 5f,h).

Figure 7a depicts the wafer after the first step of the backside Si etching process
landing on cavity-BOX. The device layer was protected by the exposed step cavity-BOX.
The thickness of the remaining step cavity-BOX after silicon etching was measured using a
reflectometer (Nanospec). The thinner part of the step cavity-BOX ranged from 120 nm
to 350 nm (originally 500 nm), and the thicker part ranged from 1150 nm to 1380 nm
(originally 1500 nm). It can be concluded that the first silicon etching successfully landed
on the cavity-BOX, which functions as an etch-stop layer. Figure 7b presents the wafer with
the etched device layer after the third backside etching step. The large rectangular opening
was transparent, as the etching landed on the polyimide layer coated on the front side of
the wafer. All the silicon structures, including the 40 μm-wide trenches between the silicon
islands and the gaps that defined the silicon frame, were well fabricated.

  
(a) (b) 

Figure 7. (a) Backside etching result of a silicon substrate, landing on cavity-BOX. (b) Etching device layer while using the
patterned cavity-BOX as a mask, landing on polyimide.
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Figure 8 shows the SEM images of the silicon islands separated with the 40 μm
trenches. The top part of the trench between the small silicon islands is 41.4 μm wide,
while the bottom part is 54 μm wide. The measurement indicates an under etch of 6.3 μm
from each side during the device layer etching, which is not ideal considering the fact that
the etching depth is only 80 μm. The large under etching was mainly caused by temperature
control issues, which resulted from the lowered helium flow that was necessary to process
the wafer on the chuck of the silicon etcher. A better etching profile can be achieved for
wafers with compatible terrace width that can be etched using the standard DRIE process
without modifying the cooling gas flow.

  
(a) (b) 

Figure 8. (a) SEM image of the 40 μm gaps between the silicon islands. (b) Zoom-in image of the 80 μm-thick device layer
etching profile, with 6,3 μm under-etch from each side.

4.4. Demonstrator Assembly

After fabrication, the demonstrator was taken out of the silicon frame (see Figure 9).
The demonstrator consists of one large silicon island that can accommodate ASICs, 128 small
silicon islands with 40 μm gaps between them, a large flexible film, and a silicon island
for handling. In the final DBS device, the decoupling capacitors are located on each small
silicon island, and the electrodes are located on the flexible polyimide film. During the
assembly process, the silicon island for the ASICs was attached to a thin metal string with a
double-side adhesive Kapton tape. The metal string was slowly rotated, together with the
silicon piece, tightening up and wrapping the semiflexible device into a cylindrical probe.
In Figure 10, the assembled demonstrator has a length of 18 mm and a diameter of 1.2 mm,
which is in line with the DBS design.

Figure 9. DBS demonstrator released after the fabrication. All the 80 μm-thick silicon islands are
connected by the flexible film. The small silicon islands are isolated by 40 um-wide gaps.
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Figure 10. DBS demonstrator wrapped into a cylindrical probe with a length of 18 mm and a diameter
of 1.2 μm.

5. Conclusions

Advanced cavity-BOX SOI substrates with a buried oxide mask were developed,
prepared, and applied in the process of a semiflexible microfabricated device. The oxide
mask was first fabricated on the handle wafer and then bonded with the oxide on the
device layer to form the cavity-BOX. The alignment between the structures on the device
layer and the buried oxide mask was successfully realized by employing the front-to-front
markers transferring strategy. The advanced SOI substrate was implemented for a DBS
demonstrator fabrication. The cavity-BOX layer was used as an etch-stop layer and a
pre-patterned two-step DRIE mask to etch through the device layer from the backside of
the wafer. This two-step oxide layer was successfully used to compensate for etch rate dif-
ferences during the bulk of the silicon removal. The application of the cavity-BOX substrate
to the DBS demonstrator fabrication proved a more robust and significantly simplified
process and large design freedom, including the coexistence of high-precision micron-sized
features and a large millimeter-sized opening. The semiflexible DBS demonstrator with a
length of 18 mm and a diameter of 1.39 mm was successfully fabricated and assembled.

The cavity-BOX SOI has a great potential to simplify the fabrication of various MEMS
devices, where device thinning and precise silicon structure separation/definition is needed.
The cavity-BOX SOI substrate with a terrace width from 1.8 mm to 2.5 mm is compatible
with standard cleanroom equipment for both the front and backside processes. This terrace
width also permits applying the high precision (less than 500 nm) alignment strategy of the
BOX pattern and the device layer structures. Depending on design requests, the customized
cavity-BOX SOI can be provided by the commercial SOI suppliers in large volume, hence,
extensively enabling the scaling up of the production.
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Abstract: As a surface finishing technique for rapid remelting and re-solidification, laser polishing
can effectively eliminate the asperities so as to approach the feature size. Nevertheless, the polished
surface quality is significantly sensitive to the processing parameters, especially with respect to melt
hydrodynamics. In this paper, a transient two-dimensional model was developed to demonstrate the
molten flow behavior for different surface morphologies of the Ti6Al4V alloy. It is illustrated that
the complex evolution of the melt hydrodynamics involving heat conduction, thermal convection,
thermal radiation, melting and solidification during laser polishing. Results show that the uniformity
of the distribution of surface peaks and valleys can improve the molten flow stability and obtain
better smoothing effect. The high cooling rate of the molten pool resulting in a shortening of the
molten lifetime, which prevents the peaks from being removed by capillary and thermocapillary
forces. It is revealed that the mechanism of secondary roughness formation on polished surface.
Moreover, the double spiral nest Marangoni convection extrudes the molten to the outsides. It results
in the formation of expansion and depression, corresponding to nearby the starting position and at
the edges of the polished surface. It is further found that the difference between the simulation and
experimental depression depths is only about 2 μm. Correspondingly, the errors are approximately
8.3%, 14.3% and 13.3%, corresponding to Models 1, 2 and 3, respectively. The aforementioned results
illustrated that the predicted surface profiles agree reasonably well with the experimentally measured
surface height data.

Keywords: laser polishing; different surface morphologies; melt hydrodynamics; numerical simulation

1. Introduction

Ti6Al4V alloy has been widely used in aerospace [1], chemical industries [2] and med-
ical sector [3] due to its low density [4], high strength [5] and excellent biocompatibility [6].
Therefore, the surface quality, such as surface roughness, of the devices fabricated from
Ti64 is posed in a great challenge. At present, the polishing of Ti64 surface is mainly by
traditional methods such as mechanical polishing, electrochemical polishing and plasma
polishing. It is difficult to polish the complex surface. Laser polishing (LP) as a non-contact
processing surface treatment technology, with high polishing efficiency, non-pollution
and a high degree of processing flexibility. Additionally, LP not only can effectively sur-
face roughness, but also the polished surface can be secondary strengthening such as
hardness [7,8], wear and corrosion resistance [9,10]. Additionally, polishing on Ti6Al4V is
a real challenge, which can modify the surface and becoming fragile and Widmanstätten
patterns during PAM process [11,12]. This work can prevent the realization of such damage
or wrong patterns.
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Nonetheless, LP is a complex physical process. Owing to the extremely short in-
teraction duration of the laser with the material, it can reach the millisecond or even
microsecond scale. Thereby, it is difficult to observe the liquid metal flow and the evolution
of the polished surface topography. Hence, a large number of scholars have predicted
surface morphology and melt hydrodynamics by means of FEM models. The concept of
surface micro-melting was first introduced by Mai et al. [13]. A hybrid numerical model
was developed based on the advantages of variable and fixed domains to calculate the non-
linear problem of metal solid-liquid moving boundary. Based on the damped oscillatory
behavior generated by the molten surface, Perry et al. first introduced the one-dimensional
critical frequency fcr to predict the polishing effect of the polished surface within the spatial
frequency domains [14–16]. When the spatial frequency amplitude of the polished surface
is greater than the fcr, the surface roughness is significantly decreased. Vadali et al. ex-
tended the concept of one-dimensional critical frequency to the two-dimensional plane
based on a series of physical equations that can predict the spatial frequency content and
surface roughness after polishing [17]. The fcr was accurately obtained by solving the
heat conduction differential equation by Ukar et al. [18]. It also predicted the polished
surface morphology well. Further, Wang et al. developed a surface prediction model for
thermocapillary regime smoothing [19]. They applied the capillary force prediction model
proposed by Vadali et al. [17] to predict the spatial spectrum of polished surface by using
introduced feature slope and normalized average displacement.

The above simulation process is only a semi-empirical surface prediction model that
cannot simulate the evolution of the melt hydrodynamics. Sim et al. developed a numerical
model of the axisymmetric thermocapillary flow during laser melting and further analyzed
the evolution of the molten free surface with radiation duration [20]. Nevertheless, the
solidified surface morphology cannot be determined due to the cooling process is not
considered. Ma et al. proposed a two-dimensional (2D) axisymmetric transient model
dominated by Marangoni convection. Since the model assumed that the polished surface
is an ideal smooth surface [21]. Thus, only Marangoni flow was contained in the molten
pool and no capillary flow associated with surface curvature was introduced. In further,
Zhang et al. performed a model illustrates the molten flow behavior and the formation
of free surface during LP and the contribution of capillary and thermocapillary forces
to the melt hydrodynamics were analyzed [22]. The result indicates that capillary forces
dominate in the initial stage of melting, mainly eliminating the surface with large curvature.
Correspondingly, the thermocapillary force is dominant in the melt development stage and
further improves the quality of polished surface. However, there are numerous factors
affecting the polishing process. The influence of different initial surface morphologies on
the evolution of melt hydrodynamics has been few investigated.

In the present work, a transient 2D model based on a moving heat source is developed
by coupling the heat transfer field and the flow field to simulate the evolution of the liquid
metal surface from rough to smooth. The mapping law of the melt hydrodynamics with
different initial surface features was detailed examined from three aspects: temperature
field, velocity field and the evolution of different molten surface profiles. In particular,
the underlying cause of the bumps formation during polishing process was analyzed. To
verify the numerical model, laser polishing experiments were performed on three different
surfaces as well as polished surface were measured for comparison with the predicted
surface profile.

2. Numerical Simulation

2.1. Governing Equations

To ensure the accuracy while saving computational costs, the laser polishing model
was developed based on the following assumptions.

(a) The property of fluid phase fluid is treated as incompressible Newtonian laminar flow.
(b) The material distribution satisfies continuity and isotropy.
(c) The laser incident energy is considered as the surface heat flux.
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(d) Due to the ratio of the density of the liquid Ti6Al4V and the dynamic viscosity argon
gas of is large, the influence of gas flow on the free surface evolution can be neglected.

In this paper, the model is based on the energy equation (Equation (1)), momen-
tum equation (Equation (2)) and continuity equation (Equation (3)) as the theoretical
guidance [22–26].

ρC∗
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∂T
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+∇ · (→u T)]−∇ · (k∇T) = 0 (1)
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∇ · →u = 0 (3)

where ρ is the density, t is the laser radiation duration, T is the the variation of surface
temperature with t,

→
u is the melt velocity, k is the thermal conductivity,

→
u m is the mesh

velocity, p is the pressure, I is the identity matrix, μ is the dynamic viscosity, FV is the body
force of buoyancy and gravity of the molten pool [23].

FV = ρre f g
(

1 − β
(

T − Tre f

))
(4)

where Tref is the reference temperature, ρref is the reference density, β is the thermal expan-
sion coefficient and g is the gravity constant.

To balance the energy, the latent heat of melting term released during the solid to
liquid phase transition. It is added to the specific heat capacity function as an equivalent
heat capacity using a Gaussian function in the simulation [22].

C∗
p = Cp + Lm(

d fL
dt

) (5)

where Cp is the specific heat, Lm is the latent heat of melting, the definition of liquid fraction
fL as follow [22–26]

fL =

⎧⎪⎨
⎪⎩

0 T ≤ Ts
T−Ts
Tl−Ts

Ts ≤ T ≤ Tl

1 Tl ≤ T
(6)

where Ts is the solid phase temperature, Tl is the liquid phase temperature.
In addition, Table 1 illustrates the thermophysical properties of Ti6Al4V are used

during the modeling process.

Table 1. Thermophysical properties of Ti6Al4V [22–27].

Parameter Nomenclature Value

Solidus temperature (K) Ts 1877
Liquidus temperature (K) Tl 1923
Melting temperature (K) Tm 1900
Boiling temperature (K) Tb 3315

Ambient temperature (K) Ta 298.15
Solidus density (kg m−3) ρs 4420

Liquidus density (kg m−3) ρl 4000
Dynamic viscosity (Pa s) μ 0.005

Solidus thermal conductivity (Wm−1 K−1) ks 21
Liquidus thermal conductivity (Wm−1 K−1) kl 29

Solidus specific heat (Jkg−1 K−1) Cp-s 670

25



Micromachines 2021, 12, 581

Table 1. Cont.

Parameter Nomenclature Value

Liquidus specific heat (Jkg−1 K−1) Cp-l 831
Convective coefficient (Wm−2 K−1) h 10

Temperature derivative of surface tension (Nm−1 K−1) ∂γ/∂T −2.8 × 10−4

Latent heat of melting (Jkg−1) Lm 2.86 × 105

Emissivity ε 0.6
Absorptivity α0 0.3

2.2. Model Geometry

Ramos et al. assumed that the free surface of selective laser sintering part is composed
of closed hemispherical caps during study SSM mechanism of LP [28–31]. However, the
experimental polished surface is more asperities, consisting of various irregular peaks and
valleys. In order to establish an accurate geometric model, firstly, a 3D optical profilometer
based on white light interferometer technology was used for initial surface profile inspec-
tion and results as shown in Figure 1a. Then, due to high frequency noise of 3D optical
surface profile will cause the odd occurrence of surface during the geometric modeling
process. Thus, a rectangular window function is added to satisfy the Fourier filtering of
the surface high frequency features, so as to obtain smooth geometric features closer to the
experimental surface. The filtered surface morphology is shown in Figure 1b.

 

Figure 1. Geometry model of molten pool. (a) Optical morphology of initial surface; (b) Optical
morphology of initial surface after Fourier filtering; (c) Surface profile height of Model 1; (d) Geometry
of Model 1; (e) Surface profile height of Model 2; (f) Geometry of Model 2; (g) Surface profile height
of Model 3; (h) Geometry of Model 3.
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Furthermore, to investigate the effect of different initial surface morphologies on
the molten pool characteristics, three different linear surface profiles were extracted from
the filtered surface, as shown in Figure 1c,e,g. The black and red lines are, respectively,
representing the initial and the filtered linear profile. Then, the filtered surface data is
imported into COMSOL by means of the interpolation function to build the geometric
model, which is defined as Model 1 (see Figure 1d), Model 2 (see Figure 1f) and Model 3
(see Figure 1h). It is noted that the Model 1 surface is relatively uneven, with a large
difference in the height of the surface profile of the peaks and valleys. Especially in the
surface with negative curvature morphology near the right edge. The distribution of peaks
and valleys on the surface of Model 2 is relatively uniform. The height difference of the
surface profile is relatively stable without a large curvature profile. In comparison to
Models 1 and 2, the Model 3 has a larger distance between the peaks and valleys, namely,
a larger wavelength. Meanwhile, a larger profile height along with a reduced number of
peaks and valleys as well as a nonuniform distribution. In summary, different surface
topography characteristics will not only affect the absorption of laser heat, but also have an
impact on the molten pool flow and the distribution of driving force and further determine
the polished surface quality.

2.3. Boundary Conditions

(1) Heat transfer boundary condition

Equation (7) describes the laser beam radiation which induces the thermal convection
and surface to surface ambient radiation heat loss whiles the thermal insulation in boundary
4 is expressed in Equation (8) [22–26].

− k∇T = h(T − Ta) + εσ
(

T4 − T4
a

)
(7)

∇T = 0 (8)

where ε is the surface emissivity, σ is the Stefan-Boltzmann constant, Ta is the ambient
temperature, h is the convective coefficient.

(2) Momentum boundary condition

Equation (9) describes the velocity field at the boundary which is set as no slip wall in
boundary 4 whiles the flow velocity in the r direction which is limited to zero in boundaries
2 and 3 is expressed in Equation (10) [25].

ur = uz = 0 (9)

ur = 0,
∂uz

∂r
= 0 (10)

where ur and uz is the fluid flow velocity along the r and z directions.

(3) Free surface boundary condition

Equation (11) describes the total stress act on the free surface (boundary 1) of the
molten pool. Additionally, the normal and tangential components are expressed in
Equations (12) and (13) [22–26].
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where γ is the surface tension coefficient, κ is the surface curvature. ∂γ/∂T is the tem-

perature gradient of surface tension,
→
n and

→
t are represent the normal and tangential

vectors, respectively.

2.4. Laser Moving Heat Source

The model uses a top-hat laser heat source with uniform energy distribution.
Accordingly, the stationary and moving heat source are, respectively, expressed by
Equations (14)–(17) [32].

Qs =
P

πR2
0

(14)

f (r∗) =
{

1 |r∗| ≤ r0

0 |r∗| ≥ r0
(15)

r∗ = r − vt − 0.05 (16)

Qm = Qs × f (r∗) (17)

where P is the laser power, r0 is the spot radius, r is the independent variable in the
cylindrical coordinate system, v and t are the laser moving velocity and time, 0.05 (unit:
mm) is the starting position of the laser polished surface. Furthermore, the product of
piecewise function f (r*) and Qs describe the laser energy density acting within the laser
beam. In addition, the modeling process parameters and specific boundary conditions set
in physical fields are shown in Tables 2 and 3, respectively.

Table 2. Modeling process parameters in LP.

Polishing Parameter (Unit) Nomenclature Value

Laser beam radius (mm) R0 0.135
Laser power (W) P 150

Laser scanning speed (mm s−1) v 300
Laser heating duration (ms) th 3.5

Cooling duration (ms) tc 0.3

Table 3. Summary of physical field boundary conditions.

Boundary Condition Boundary (See Figure 1) Physical Condition

Boundary heat source 1 Laser radiation
Convection 1, 2, 3 Natural convection

Diffuse surface 1, 2, 3 Radiation
Thermal insulation 4 Insulation

Capillary force 1 Weak contribution
Themocapillary force 1 Marangoni effect

Wall 2, 3,4 No slip wall

2.5. Moving Mesh

The model tracks the deformation of the liquid/gas interface by means of moving
mesh. Moreover, coupling of Arbitrary Lagrangian-Eulerian (ALE) method with momen-
tum conservation equation expression is shown in Equation (18) [33].

um · →n = umat · →n (18)

where um is the moving velocity of the mesh, umat is the material velocity.

2.6. Mesh and Configurations

In order to calculate the displacement of the free surface accurately, the free surface
is hydrodynamically calibrated with a maximum cell size of 0.8 μm and a maximum cell
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growth rate set to 1.05. Owing to most of the solution area is a solid, a general physical
calibration is used in the solution domain with a maximum cell size of 20 μm so as to
save computational cost. The maximum cell size is 20 μm, and the maximum cell growth
rate is set to 1.1. Most importantly, the moving mesh needs to be Laplace smoothed. If
hyper-elasticity or Yeoh smoothing is used, it may lead to singularity and nonconvergence
of the top surface mesh [34,35]. The specific mesh parameter for the solution domain as
shown in Table 4. The mesh division results are shown in Figure 2. Owing to the different
initial morphologies, the number of free triangles in the solution domain varies. The
number of mesh cells for models 1, 2 and 3 are 56,496, 56,056 and 57,182, respectively. The
average cell quality is above 88% for each model. Meanwhile, the calculation for each
model requires about 12 h on a computer equipped with 16.0 GB RAM and four Intel(R)
Core (TM) i7-9700K processors at 3.60 GHz CPU speed.

 

Figure 2. Meshed geometry. (a) Model 1; (b) Model 2; (c) Model 3.

Table 4. Free triangular element size parameters.

Parameter (Unit) Top Layer The Rest

Maximum element size (μm) 0.8 20
Minimum element size (μm) 0.002 0.024

Maximum element growth rate 1.05 1.1
Curvature factor 0.2 0.2
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3. Experimental Setup and Methods

3.1. Polishing Experimental Setup

The purpose of the experimental study is to verify the established numerical model
of the LP melt pool dynamics of Ti6Al4V alloy. The schematic and physical diagrams of
the polishing experimental system, as shown in Figure 3. The system consists of laser
transmitter, beam expander, dynamic focusing system, 2-axis CNC rotary table and pro-
tective gas device [36]. The laser transmitter is a single-mode continuous wave fiber laser
(Model: MFSC-1000 W, from Shenzhen Chuangxin Laser Co., Ltd., Shenzhen, China) with
adjustable power from 150 W to 1000 W [37]. Furthermore, the laser beam passes through
the beam expander (Model: 2-8-355-200 m, from Nanjing Wavelength Opto Electronic Pte.,
Ltd., Nanjing, China) with a top-hat energy distribution, corresponding to a maximum
beam quality M2 of less than 1.3 [37]. The dynamic focusing system (Model: SDL-F20PRO-
3, from Suzhou FEELTEK Laser Technology Co., Ltd., Suzhou, China) with a maximum
polishing area of 600 × 600 mm2 can obtain a laser beam with a maximum scanning speed
of 4000 mm/s, with the focal point of the laser beam generated at 720 mm from the polished
surface [36]. Additionally, argon gas, with a purity of 99.99%, is used as a shielding gas to
fill the processing chamber to prevent surface oxidation during the polishing process.

 

Figure 3. Experimental setup and device of the polishing on Ti6Al4V. (a) Experiment device; (b) Prin-
ciple of experiment device.

3.2. Experimental Methods

The material used for the polishing experiments was Ti6Al4V alloy, whose main
chemical element compositions are shown in Table 5 [22]. Prior to polishing experiment,
the initial surface is cleaned with anhydrous ethanol to prevent dust and other impurities
from reducing the polishing quality. Furthermore, in order to ensure that the simulation
model is consistent with the experiment, the polishing was performed at the laser focus
when the power of 150 W, the scanning speed is 300 mm/s. Finally, the surface morphology
of the single-line polished tracks for Models 1, 2 and 3 (see Figure 12a,c,e) was obtained by
the 3D optical profilometer (Model: ContourGT-X, from Bruker Nano, Inc., Tucson, AR,
USA) based on white light interferometer technology.

Table 5. Main chemical composition of Ti6Al4V (wt %).

Ti Al V C Fe O N

Balance 5.50–6.75 3.50–4.50 0.08 0.30 0.20 0.05
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4. Results and Discussion

4.1. Molten Flow Behavior of Model 1

Figure 4 demonstrates evolution of molten pool morphology and the distribution of
temperature and velocity fields for Model 1. The polishing was performed at the laser
focus when the power of 150 W, the scanning speed is 300 mm/s. The black line is the
isotherm of the radiation region, the upper isotherm is the liquidus temperature, the lower
is the solidus temperature. The region between the two isotherms is defined as mushy
zone [38–40]. From the simulation results, it can be seen that the polished surface starts to
melt and forms a shallow molten pool of 9 μm on the surface at about 0.3 ms. After which
the depth of the molten pool expands continuously with the increase of laser radiation
duration until it reaches about 60 μm at 3.5 ms. Furthermore, it is worth noting that the
overall molten pool width is also gradually increasing, but at 2.5 ms, it can be found that
the extent of the paste zone is smaller compared to 0.5~0.2 ms. It is due to the high cooling
rate of the molten pool resulting in a larger area of molten pool solidification at the tail of
the spot than the expansion area of the melt front. Moreover, the depth and width of the
molten pool continued to increase gradually in the heating duration range from 2.5 ms to
3.5 ms. It reaches a maximum of 58 μm and 435 μm at 3.5 ms. When the laser radiation
shut off, the depth and width of the molten pool rapidly decreased to 55 μm and 330 μm
after a cooling time of 0.05 ms. The molten pool was completely solidified until 3.8 ms.

4.2. Analysis of Temperature Field

From the temperature field distribution, it can be seen that the highest temperature of
the polished surface always appears the position near the trailing edge of the laser beam.
When the surface temperature above the melting temperature at 0.3 ms, the spot position
moves from left to right with the heating duration. Owing to the heat conduction, the
surface accumulates much heat, the temperature of the area radiated by the spot gradually
increases at 0.3~1.5 ms. Then it reaches the maximum value of about 2760 K. In further,
as the laser radiation duration from 1.5 ms to 3.5 ms, surface temperature decreases and
is accompanied by small fluctuations. It is due to the expansion of the molten pool area
and the increase of the melt flow rate generating larger heat convection and radiation. It
results in losing some of the heat, thereby affecting the surface temperature distribution.
Simultaneously, it can be observed that the heat affected area of the polished region
expands with increasing radiation duration. During the cooling period, the molten pool
can no longer obtain heat flux from the laser radiation. With the transfer of heat from the
high temperature region of the molten pool to the low temperature region, the surface
temperature plummets below the solidus temperature within 0.3 ms after the laser heating
is stopped.

4.3. Analysis of Velocity Field

Furthermore, it can be seen from the velocity field distribution that the maximum flow
velocity always occurs near the solid and liquid phase regions on both sides of the pool.
At 0.3 ms, the temperature of the surface peaks reaches above the melting temperature
(1900 K) and begins to melt. At this time, the material dynamic viscosity decreases, the
capillary force and thermocapillary overcomes the viscous stress and drives the melt to
flow from the peaks to the valleys (see Figure 5). It is worth noting that the thermocapillary
forces dominate the molten pool in the region of 12 < r < 93 μm as tangential flow along the
surface. Correspondingly, in the region of 93 < r < 150 μm, the capillary forces dominate
the melt with large curvature normal to the surface along the peaks towards the valleys.
In addition, due to the negative surface tension temperature coefficient of Ti6Al4V alloy,
the higher the temperature of the polished surface, the lower the surface tension in the
area. Thus, the thermocapillary forces cause the melt to flow from the center of the beam
(low surface tension) to the edge of the molten pool (high surface tension). Meanwhile, the
temperature gradient near the edge of the trailing molten pool is greater than that at the
center of the beam and at the melt front. Therefore, the maximum velocity of the molten

31



Micromachines 2021, 12, 581

pool always occurs at the edge of the molten pool as well as the maximum velocity of the
molten pool is 0.35 m/s. At the beginning of LP, namely in the heating range of 0.3 ms
to 1.5 ms, the temperature gradient at the trailing edge of the molten pool increases as
the surface temperature rises. It results in more pronounced Marangoni convection or
thermocapillary forces. Accordingly, the molten pool velocity increases from 0.35 m/s
to 1.97 m/s. From 1.5 ms to 3.5 ms, the molten pool flow velocity does not vary much,
reaching a maximum flow velocity of about 2.25 m/s at the 3 ms moment. When the laser
radiation stops, the temperature gradient in the molten pool area decreases due to the sharp
drop in surface temperature. Moreover, the dynamic viscosity of the liquid metal gradually
transitions to high viscosity, namely, the viscosity within the molten pool is enhanced. It
causes the melt flow rate to drop to 0.44 m/s until the molten pool is completely solidified
at 3.8 ms. At this point, the very high dynamic viscosity limits the molten pool velocity to
close to zero.

 
Figure 4. Evolution of molten pool morphology and the distribution of temperature field (color
surface contour, unit: K) and velocity field (colored arrow plots, unit: m/s) of Model 1.
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Figure 5. The dominant of capillary and thermocapillary forces as well as viscosity distribution at
0.3 ms heating duration.

4.4. Analysis of Free Surface Evolution

The evolution of the free surface morphology of the molten pool indicates that the
shallow part of the surface starts to melt at a polishing duration of 0.3 ms. Due to the small
melting area, the molten pool morphology did not change significantly. At 0.5 ms, the
trailing melt of the molten pool flows from right to left by Marangoni convection and form
half peaks. As the laser beam continues to move to the right, the peaks begin to melt and
the melt flows from the peaks to the valleys under the combined effect of normal capillary
force, tangential thermocapillary force and body force. At 3 ms, it can be found that the
height of the surface profile of the polished peaks is significantly reduced compared to the
initial moment and the number of peaks is reduced. It is worth noting that at a polishing
time of 3.5 ms, the molten pool surface forms depressions larger than the spot diameter
at the edges. It is due to the Marangoni convection formed by the temperature gradient
between the center and the edge of the beam causing the melt to flow from the center to
the outside. Additionally, the high cooling rate of the molten pool prevented the capillary
force from having time to smooth the depressions normally, and a valley with a depression
depth of 26 μm was formed on the surface at 3.8 ms.

4.5. Analysis of Secondary Surface Bumps Formed

In addition, it can be found that the contour height of the surface peaks has been
reduced, but it has not yet reached a smooth effect. In order to analyze the causes of this
phenomenon, the evolution duration of the molten pool morphology was further refined.
Figure 6 represents the evolution of the molten pool morphology for a polishing time of
0.7~1 ms for Model 1. At 0.7~0.8 ms, a double swirl Marangoni convection can be found
on both sides of the molten pool. At the same time, the center of the molten pool is swollen
by the buoyancy force, causing a local bump on the surface. At 0.91~0.92 ms, it can be
observed that the left side of the molten pool is dominated by capillary forces that make
the molten projections flow along the surface normal to the melt. Thus, it results in the
melt to be extruded on both sides. Further, a Marangoni convection acting tangentially
along the surface was formed at 0.95 ms in the trailing molten pool again. Simultaneously,
due to the surface temperature approaching the solid phase temperature, the melt dynamic
viscosity increases as well as the capillary force is no longer able to normalize the bulge
profile. Thus, the surface is formed a bulge profile at 1 ms. Furthermore, to eliminate or
reduce the surface roughness caused by peaks, the laser power can be increased, or the
scanning speed can be reduced to increase the survival life of the molten pool. It allows for
adequate smoothing of the polished surface by capillary and thermocapillary forces.
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Figure 6. Evolution of local molten pool morphology and the distribution of temperature field (color
surface contour, unit: K) and velocity field (colored arrow plots, unit: m/s) of Model 1.

4.6. Molten Flow Behavior of Models 2 and 3

The evolution of local molten pool morphology and the distribution of temperature
field and velocity field for Models 2 and 3 are shown in Figures 7 and 8, respectively. Since
this model uses a fixed absorption rate, Models 2 and 3 have similar general patterns in the
temperature field compared to Model 1. Namely, the temperature of the polishing area is
increased with the increase of radiation time, the highest temperature are in the trailing
edge of the beam and stable at about 2700 K. The results show that different initial surface
morphologies have a little effect on the temperature field. In addition, for the same input
laser energy density, the molten pool temperature field distribution depends mainly on
the absorption rate of the laser by the material surface. In terms of velocity field, the flow
direction of the molten pool is from the center of the spot to the edge, and the maximum
velocity occurs near the melt front.

Figure 7. Evolution of molten pool morphology and the distribution of temperature field (color
surface contour, unit: K) and velocity field (colored arrow plots, unit: m/s) of Model 2.
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Figure 8. Evolution of molten pool morphology and the distribution of temperature field (color
surface contour, unit: K) and velocity field (colored arrow plots, unit: m/s) of Model 3.

4.7. Evolution of Melt Hydrodynamics for Models 1, 2 and 3

Figure 9 illustrates the variation of the maximum flow velocity of liquid metal in the
molten pool region with laser heating and cooling duration during the polishing process.
With different initial surface characteristics, the polished surface starts to partially melt at
a moment of about 0.3 ms. Thereafter, at 0.3~0.5 ms, the molten pool velocity gradually
increases with heating time. It can be noticed that Model 1 has the smallest velocity
(2.11 m/s) compared to Model 2 and Model 3 at 0.5 ms. The maximum velocity in the
melting region (3.13 m/s) was then reached at 1 ms. Model 2 has the second highest velocity
(2.76 m/s) at 0.5 ms compared to Models 1 and 3, followed by a maximum melt velocity
(3.15 m/s) at 3.5 ms. Model 3 has the maximum velocity (3.13 m/s) and the maximum
melt flow velocity (3.15 m/s) at 1 ms. In the cooling phase, the high cooling rate of the
molten pool temperature is accompanied by a sharp increase in the melt dynamic viscosity,
which results in a cliff-like decrease in the melt flow rate. Models 1 and 3 have a high
dynamic viscosity close to 0 at 3.59 ms. They have a molten pool survival lifetime of about
0.09 ms. Model 2 has a flow rate close to 0 at 3.62 ms and a molten pool survival lifetime of
about 0.12 ms. The results show that the overall molten pool velocity under different initial
profiles is inverted “U” profile and quasi-stable when the melt reaches a certain velocity. In
addition, different surface features influence the moment and location of the maximum
velocity of the molten pool. It also has an effect on the survival life of the molten pool,
which further affects the final polished morphology.

The variation of the molten pool depth and width in the polished area with the laser
radiation duration for different initial morphological features, as shown in Figure 10. It can
be found that the molten pool depths of Model 2 at radiation times of 0.5~1.4 ms are slightly
greater than those of Models 1 and 3. At 2~3 ms, the melting depths of Models 1 and 3
showed a decreasing trend. In contrast, the Model 2 melt depth increases with time but
more slowly. Finally, Models 1 and 3 start to rise at 3.5 ms and the melting depth increases
to 58 μm and 47 μm, respectively. But the Model 2 melting depth slightly decreased to
49 μm. The results show an overall increasing trend of molten pool depth with time during
the polishing process. However, the different surface morphological features affect the
mass flow of the melt in the z-direction, thus, affecting the heat transfer inside the molten
pool. It further causes the melt depth to fluctuate with the laser radiation time. Additionally,
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the general pattern of the molten pool width parallel to the polishing direction with time
expressed in Figure 10b is similar to that of the melt depth. Furthermore, as the cooling
rate of the molten pool tail temperature is greater than the rate of expansion displacement
of the melt front. It can be found that the melt widths of Models 1, 2 and 3 all drop locally
during the polishing process.

 

Figure 9. Variation of the maximum velocity of liquid metal in the polished area with
radiation duration.

 

Figure 10. Variation of molten pool depth and width in the polished area with radiation duration:
(a) melting depth; (b) melting width.

Figure 11 demonstrates the profile height of the polished surface in different initial
morphologies. It can be seen from the figure that the height of the half-wave profile at
the starting position of the surface after LP is the largest (24 μm) for Model 1, the second
(13.5 μm) for Model 3 and the smallest (1.6 μm) for Model 2. It maps the melt to the
strongest Marangoni convection at this location. In addition, it can be found that the
surface curvature at the starting position of the unpolished morphology of Model 2 is the
largest (see Figure 1). It illustrates the normal smoothing effect of the capillary force is
the most obvious, which basically eliminates the surface bulge. It can be further observed
that the polished surface is not eliminated by the normal and tangential thermocapillary
forces despite the reduction in the number of peaks and the height of the profile. At the
same time, the local surface height is higher than the initial surface, which is due to the
short time that the molten pool is in the molten state and the capillary force is too late to
normalize the large curvature surface. Meanwhile, the Marangoni convection at the tail
of the molten pool causes the melt to flow along the center of the beam towards the edge.
As a result, the peaks are not effectively smoothed, and the surface formed local bulge
after polishing. In addition, the different surface curvature due to the difference in initial
morphology affects the dominant role of capillary forces on the molten pool flow as well as
the dominant role of thermocapillary forces after the molten pool is fully developed.
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Finally, it can be noted that due to the Marangoni convection of the double spiral
nest, the polished end position forms a depression larger than the diameter of the beam.
The depression width and depth of Model 2 are the smallest, about 312 μm and 12 μm.
Model 3 is the second, about 380 μm and 13 μm. In addition, Model 1 is the largest, about
520 μm and 26 μm. It can also be seen from the above data that the velocity and direction
of the flow to the valleys during peaks melting is relatively stable due to the relatively
uniform distribution of the surface morphology at the initial surface end of Model 2. The
fluctuations generated on the surface of the molten pool are smaller, and a better effect of
melt peak filling can be achieved. Thus, the formed depressions are uniform in profile and
small in extent. In contrast, the peaks distribution at the end position of the initial surface
of Model 1 has an overall negative curvature distribution. This is coupled with the effect of
Marangoni convection tangential along the surface. It results in a large depression depth
and width. The above results indicate that the initial surface features with the uniform
distribution can enhance the smoothing effect.

 

Figure 11. Profile height of the polished surface.

4.8. Experimental Validation

The surface morphology of the single-line polished tracks and comparison between
simulated surface height profile and experimental laser polished profiles for Models 1, 2
and 3, as shown in Figure 12. Fourier filter is performed on the 3D morphology of the
polished surface so that ensuring the accuracy of the experimental surface profiles. The
processing method is the same as described in Section 2.2. The red lines in the wire frame
are the single-line polished tracks morphology for Models 1, 2 and 3. The yellow lines
indicate the surface line profiles along the center of polished track area (see Figure 12a,c,e).
Correspondingly, the red lines indicate the polished surface profiles predicted by numerical
simulation, the blue lines represent polished surface profiles by experiments as well as the
black represent the initial surface morphology. From the overall profiles of the polished
surfaces, the surface asperities were not completely eliminated by means of CW fiber laser
polishing. Simultaneously, the positive and the negative curvature profiles were formed
nearby the starting position and at the edges of the polished surface. Additionally, it can
be observed that the experimental depth of the depressions for Models 1, 2 and 3 are about
24 μm, 14 μm and 15 μm at 1 mm of the polished surface. Correspondingly, the numerical
prediction with the depth of about 26 μm, 12 μm and 13 μm. The results indicate that the
models surface profile agree reasonably well with the experimental data.
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Figure 12. The surface morphology of the single-line polished tracks and comparison between
simulated surface height profile and experimental laser polished profiles for Models 1, 2 and 3.
(a) Polished optical morphology of Model 1; (b) Surface profile height of Model 1; (c) Polished optical
morphology of Model 2; (d) Surface profile height of Model 2; (e) Polished optical morphology of
Model 3; (f) Surface profile height of Model 3.

5. Conclusions

In this work, we developed a transient 2D model coupled of heat transfer and fluid
fields based on moving heat source. It is illustrated that the effect of different initial
morphologies on the evolution of the melt hydrodynamics during LP. The following
conclusions can be made:

(1) The model demonstrated that the complex evolution of the melt hydrodynamics
involving heat conduction, thermal convection, thermal radiation, melting and solidi-
fication during laser polishing.

(2) The uniformity of the initial surface peaks and valleys distribution is positively
correlated with the smoothing quality of the polished surface, but has less effect on
temperature field, velocity field, as well as melt depth and width of the molten pool.

(3) The surface rough profiles are not completely eliminated by capillary and thermocap-
illary forces due to the high cooling rate of the molten pool, resulting in the formation
of secondary surface roughness. It was revealed that the short lifetime of the molten
pool is the main reason why the surface bumps are not completely eliminated.

(4) The numerical prediction of the depressions for Models 1, 2 and 3 are approximate
26 μm, 12 μm and 13 μm at about 1 mm on the polished surface. Accordingly, the
experimental molten pool depths are about 24 μm, 14 μm and 15 μm as well as the
errors are approximately 8.3%, 14.3% and 13.3%, respectively.

(5) The model not only predicts the morphological evolution of different surfaces from
rough to smooth in laser polishing, but also can be suitable for guiding the optimiza-
tion of polishing parameters such as laser power and scanning speed. Additionally,
this model can be applied to most metallic materials in laser polishing.
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Nomenclature

LP Laser polishing
PAM Plasma assisted milling
FEM Finite element method
ALE Arbitrary Lagrangian-Eulerian
SSM Surface shallow melting
2D Two dimensional
fcr Critical frequency (Hz)
ρ Density (kg m−3)
t Laser radiation duration (ms)
T Temperature (K)
→
u Velocity (m s−1)
K Thermal conductivity (Wm−1 K−1)
→
u m Mesh velocity
umat Material velocity (m s−1)
p Pressure (Pa)
I Identity matrix
M Dynamic viscosity (Pa s)
FV Body force (N m−3)
Tref Reference temperature (K)
ρref Reference density (kg m−3)
β Thermal expansion coefficient (K−1)
g Gravity constant (N kg−1)
Cp Specific heat (Jkg−1 K−1)
fL Liquid fraction
Ts Solidus temperature (K)
Tl Liquidus temperature (K)
Tm Melting temperature (K)
Tb Boiling temperature (K)
Ta Ambient temperature (K)
ρs Solidus density (kg m−3)
ρl Liquidus density (kg m−3)
ks Solidus thermal conductivity (Wm−1 K−1)
kl Liquidus thermal conductivity (Wm−1 K−1)
Cp-s Solidus specific heat (Jkg−1 K−1)
Cp-l Liquidus specific heat (Jkg−1 K−1)
H Convective coefficient (Wm−2 K−1)
∂γ/∂T Temperature derivative of surface tension (Nm−1 K−1)
Lm Latent heat of melting (Jkg−1)
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E Emissivity
α0 Absorptivity
σ Stefan-Boltzmann constant
ur Fluid flow velocity along the r direction
uz Fluid flow velocity along the z direction
γ Surface tension coefficient (N m−1)
κ Surface curvature (m−1)
→
n Normal vector
→
t Tangential vector
P Laser power (W)
r0 Laser beam radius (m)
M2 Laser beam quality
R The r-component in the cylindrical coordinate system
V Laser moving velocity (mm s−1)
f (r*) Laser radiation area
Qs Stationary laser energy density (J cm−2)
Qm Moving laser energy density (J cm−2)
th Laser heating duration (ms)
tc Cooling duration (ms)
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Abstract: The performance of Ag-8.5Au-3.5Pd alloy wire after cold deformation and annealing were
analyzed by SEM (scanning electron microscope), strength tester and resistivity tester. The processing
process and performance change characteristics of Ag-8.5Au-3.5Pd alloy wire were studied. The
results show that alloy wire grains gradually form a fibrous structure along with the increase in
deformation. The strength of the wire increases with the increase in deformation rate, but the
increase trend becomes flat once the deformation rate is higher than 92.78%; the resistivity of Ag-
8.5Au-3.5Pd alloy wire decreases with the increase in annealing temperature, reaching minimum
(2.395 × 10−8 Ω·m) when the annealing temperature is 500 ◦C; the strength of Ag-8.5Au-3.5Pd alloy
wire decreases with the increase in annealing temperature. When the annealing temperature is
500 ◦C, the strength and elongation of the ϕ0.2070 mm Ag-8.5Au-3.5Pd alloy wire are 287 MPa and
25.7%, respectively; the fracture force and elongation of ϕ0.020 mm Ag-8.5Au-3.5Pd alloy wire are
0.0876 N and 14.8%, respectively. When the annealing temperature is 550 ◦C, the metal grains begin
to grow and the mechanical performance decrease; the ϕ0.020 mm Ag-8.5Au-3.5Pd alloy wire have
good surface quality when the tension range is 2.5–3.0 g.

Keywords: alloy wire; processing rate; annealing; strength; elongation; resistivity; tension

1. Introduction

With the development of semiconductor devices and integrated circuits toward mul-
tilead packaging, high integration and miniaturization, more attention has been paid to
ultra-fine, low-cost, high-temperature-resistant wires [1–3]. Bonding gold wires are af-
fected by the shortcomings of high-cost, low strength and brittle intermetallics and are
gradually to be replaced by other materials [4,5]. The cost of copper wire is low, but it still
has some drawbacks such as easy oxidation and high hardness [6–8]. Aluminum wires
have weaker tensile strength and heat resistance than gold wires, so they are prone to
collapse and droop [9]. Nowadays, there are many kinds of bonding materials, among
which the silver base alloy bonding wires exhibit excellent mechanical properties, good
oxidation resistance and high reliability, and are cost effective. As a result, they can limit
light attenuation and improve the conversion rate in light-emitting diode (LED) packaging.
Because of these advantages, these wires are employed widely in integrated circuit and
LED packaging [10–17]. However, for pure Ag wire, due to high thermal conductivity and
low strength of high temperature, the parameter range is small during the bonding process,
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and has high failure probability of ball bonding points under high temperature conditions,
thus reducing production efficiency and service life of high-power LED devices [18–23].
High-performance silver-based alloy wires obtained by alloying is an effective method
to improve the performance of silver wire. Au (gold) and Pd (palladium) elements have
similar performance to Ag and can be infinitely soluble with each other. The addition of Au
and Pd elements can improve the strength and high temperature stability of silver wire [24],
and increase the parameter window range and interface bonding strength during bonding
process [25], and inhibit the growth of intermetallics at interface (especially under high
temperature and humidity conditions), which is conducive to further increasing interface
reliability [26] and enhancing device life. The research and development of silver-based
alloy wire with Au and Pd solves many problems in the application of single-element
wire such as gold wire, copper wire and silver wire, and have broad application prospects
in chip packaging such as high-density, large-scale integrated circuits and high-power
LED. In recent years, many scholars have carried out a lot of research on Ag/Au/Pd alloy
wires. Feng, D. et al. [27] studied the thermodynamic performance of Ag-Au-Pd alloy by
electrochemical methods and concluded that the thermodynamic stability of Ag-Au-Pd is
significantly higher than Ag. Guo, R. et al. [28] studied the intermetallics at the interface of
Ag-8Au-3Pd alloy wire and concluded that AuAl2+ (Au, Ag) 4Al and Ag2Al intermetallics
were generated at the interface of Ag-8Au-3Pd/Al, and the Ag2Al intermetallics layer could
effectively prevent the diffusion of Au atoms to the interface of Al. Cao, J. et al. [29,30]
studied the cold deformation and annealing process of Ag-4Pd alloy wire and summarized
the influence of the performance and structure of Ag-4Pd alloy on strength. It is concluded
that twin crystal structure appears during the annealing of the Ag-4Pd alloy wire, and twin
nucleation and subcrystalline annexation to large nucleation is the main nucleation mode,
and the length of the heat-affected zone is shorter than Ag wire. Most of them involve the
research on the reliability of Ag/Au/Pd alloy wire and the Ag/Al interface, while there is
little discussion on wire performance and processing technology of Ag/Au/Pd alloys. In
this paper, the influence of the deformation rate and annealing on the performance of the
Ag-8.5Au-3.5Pd alloy wire during processing is studied, and the processing technology of
the Ag-8.5Au-3.5Pd alloy wire is further explored, which provides a theoretical basis for
the manufacture of Ag-8.5Au-3.5Pd alloy wire.

2. Test Materials and Methods

2.1. Test Materials

ϕ8 mm diameter Ag-8.5Au-3.5Pd alloy rod and drawing dies with a diameter range
of 8.00–0.020 mm.

2.2. Test Method

The ϕ8 mm Ag-8.5Au-3.5Pd melting cast alloy rod was cold deformed by large draw-
ing, medium drawing, fine drawing and ultra-fine drawing. The structure, outline size and
hole size of drawing dies are shown in Figure 1, Tables 1 and 2, respectively. Firstly, the alloy
wire is machined to ϕ1.1008 mm on the single-die drawing machine, and the compression
rate and drawing speed of the alloy wire are 10% and 20%, 10 m/min and 30 m/min in the
range of dies with a hole diameter of 8.00–5.2488 mm and 4.6947–1.1008 mm, respectively.
The drawing solution is 396V2 water-soluble solution and the concentration is 20% (the
composition of the drawing solution is 50% polyethylene glycol, 30% dehydrated sorbitol
monooleate polyoxyethylene ether and 20% water). A 10-times magnifying glass is used
to inspect the surface of the wire at any time during rough drawing, and the surface is
required to be smooth. Then, the ϕ1.1008 mm alloy wire is machined to ϕ0.2070 mm on
the LH160 Mid-Drawing wire drawing machine, and the compression rate and drawing
speed of the alloy wire is 13% and 200 m/min. In this process, the drawing solution is
water-soluble, and the concentration is 5% and the temperature is 40 ◦C. The ϕ0.2070 mm
alloy wire is heat treated according to the temperature and time shown in Table 3, and the
fluctuation range of the annealing temperature is ±2 ◦C. The annealing tube is made of
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quartz glass and the length is 2000 mm. The tension of the wire is controlled by angular
displacement sensor in the annealing equipment and the tension range is 1.0–10.0 g. High
purity N2 protection is used in the annealing process. In the process of rough drawing, both
the alloy wires of different diameters (ϕ8.0 mm, ϕ5.2488 mm, ϕ3.3592 mm, ϕ2.1499 mm,
ϕ1.1008 mm, ϕ0.2070 mm) after cold deformation and the ϕ0.2070 mm alloy wire after
annealing are sampled. The alloy samples were corroded for 3~5 s by the solution (30%
mass fraction hydrogen peroxide and 20% mass fraction ammonia mixed in the same
proportion). The solution should be used immediately once prepared. The microstructure
morphology and grain size of the alloy wire under different deformation variables were
observed by JEOL JSM-6700F SEM and ZEISS SEM. Finally, mechanical and electrical
performance of Ag-8.5Au-3.5Pd alloy wires that annealed at different temperatures were
tested on the KDDII-0.01 tension machine and ZX01 double-arm electric bridge, respec-
tively, and the effects of different deformation amounts and annealing temperatures on
the wire performance were studied. The tensile test samples are 100 mm in length and
10 mm/min in tension speed. The electrical performance test sample length is 1000 mm;
the resistance value is measured by 4 probe method with the ZDCY-80 intelligent resistance
tester and then according to the formula ρ = R × S/L calculates the resistivity of the alloy
wire (ρ is resistivity, L is wire length, S is section area).

Figure 1. Drawing die structure.

Table 1. Wire drawing die dimensions.

Step Range of Dies Hole Size (mm)
Dies Sleeve Size (mm)

External Diameter Thickness Tolerance

Rough drawing 5.210~7.628 42 27 +0, −0.1
1.513~4.798 42 27 +0, −0.1

Medium drawing 0.5480~1.4138 25 8 +0, −0.1
0.1985~0.5121 25 8 +0, −0.1

Fine drawing 1 0.11380–0.19170 25 6 +0, −0.02
Fine drawing 2 0.06525–0.010991 25 6 +0, −0.02
Fine drawing 3 0.03874–0.06032 25 6 +0, −0.02

Ultra-fine drawing 1 0.03035~0.03780 25 6 +0, −0.02
Ultra-fine drawing 2 bellow 0.03 25 6 +0, −0.02
Ultra-fine drawing 3 bellow 0.03 25 6 +0, −0.02
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Table 2. Wire drawing die dimensions.

Step
Range of Dies

Hole Size (mm)
Aperture

Tolerance (mm)
Roundness

(mm)
Entry Angle

(◦)
Bearing

Length (%D)
Exit Zone
Angle (◦)

Rough drawing 5.210~7.628 +0, −0.004 0.004 15◦ ± 2◦ 30 ± 10 15◦ ± 5◦
1.513~4.798 +0, −0.003 0.003 15◦ ± 2◦ 30 ± 10 15◦ ± 5◦

Medium drawing 0.5480~1.4138 +0, −0.002 0.001 15◦ ± 2◦ 20~30 15◦ ± 5◦
0.1985~0.5121 +0, −0.001 0.001 15◦ ± 2◦ 20~40 15◦ ± 5◦

Fine drawing 1 0.11380~0.19170 +0, −0.0005 0.0005 13◦ ± 2◦ 50 ± 10 15◦ ± 5◦
Fine drawing 2 0.06525~0.010991 +0, −0.0003 0.0003 13◦ ± 2◦ 50 ± 10 15◦ ± 5◦
Fine drawing 3 0.03874~0.06032 +0, −0.0002 0.0002 13◦ ± 2◦ 50 ± 10 15◦ ± 5◦

Ultra-fine drawing 1 0.03035~0.03780 +0, −0.0002 0.0002 13◦ ± 2◦ 50 ± 10 15◦ ± 5◦
Ultra-fine drawing 2 bellow 0.03 +0, −0.0002 0.0002 13◦ ± 2◦ 50 ± 10 15◦ ± 5◦
Ultra-fine drawing 3 bellow 0.03 +0, −0.0002 0.0002 13◦ ± 2◦ 50 ± 10 15◦ ± 5◦

Table 3. Annealing process parameters of Ag-8.5Au-3.5Pd alloy wire.

Number Temperature (◦C) Time (s) Remarks

1 200 2.4
The annealing tube

length is 2.0 m and the
annealing speed is

50 m/min.

2 300 2.4
3 400 2.4
4 450 2.4
5 500 2.4
6 550 2.4

The ϕ0.2070 mm Ag-8.5Au-3.5Pd alloy wire treated by optimized annealing con-
ditions was cold-worked on the SPS-100 drawing machine. The drawing process in-
cludes two passes, and the diameter ranges of the dies are ϕ0.2070–ϕ0.1158 mm and
ϕ0.11169–ϕ0.0648 mm in the first and second pass, respectively; the compression rate is
7%, and the drawing speed is 500–600 m/min. The drawing solution is water-soluble,
which concentration is 2.0% and the temperature is 40 ◦C. Then, the ϕ0.06481 mm alloy
wire is drawn by the MK-30 no-sliding wire drawing machine. The drawing process also in-
cludes two passes. In the first pass, the rang of the die diameter is ϕ0.06250–ϕ0.03761 mm
and the compression rate is 7%. In the second pass, the range of the die diameter is
ϕ0.03636–ϕ0.02513 mm and the compression rate is 6.5%. The drawing speed is 500–600 m/min.
The drawing solution is 396V2 water-soluble solution which concentration is 0.5% and the
temperature is 40 ◦C. Finally, the ϕ0.02513 mm alloy wire is processed to ϕ0.01962 mm on
the WSS-11 Micro wire drawing machine; the compression rate is 6.0% and the drawing
speed is 300–400 m/min. The drawing solution concentration is 0.5% and the temperature
is 40 ◦C.

3. Results

3.1. Analysis of the Influence of Cold Deformation on the Microstructure of Ag-8.5Au-3.5Pd
Alloy Wire

Figure 2 shows the microstructures in different deformation (ϕ8.0 mm, ϕ5.2488 mm,
ϕ3.3592 mm, ϕ2.1499 mm, ϕ1.1008 mm and ϕ0.2070 mm) of the Ag-8.5Au-3.5Pd alloy
wire after multi-pass drawing. It can be seen that during plastic deformation, the grains
are gradually straightened and refined, and finally the microstructures present fibrous (as
shown in the microstructure of ϕ0.02070 mm size) with the increase in deformation of
the wire. In addition, the number of grains and the degree of microstructure distortion
also increase.
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(a) Initial coarse grains in longitudinal section. ( 8.0 mm)  (b) Large diameter grains in cross section. ( 8.0 mm)  

  
(c) The coarse and large grains are refined and lengthened in lon-

gitudinal section. ( 3.3592 mm) 
(d) The diameter of coarse grains decreased in cross section. 

( 3.3592 mm) 

  
(e) The grains become finer and longer in longitudinal section. 

( 1.1008 mm) 
(f) The grains diameter becomes smaller in cross section.  

( 1.1008 mm) 

Figure 2. Cont.
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(g) The grains are fibrous in longitudinal section. ( 0.2070 mm) 
(h) The number of grains increases and the diameter decreases in 

unit area in cross section. ( 0.2070 mm) 

Figure 2. Microstructure and morphology of Ag-8.5Au-3.5Pd alloy wires with different deformation variables.

3.2. Effect of Cold Deformation on Performance of Ag-8.5Au-3.5Pd Alloy Wire

The curve of mechanical performance of Ag-8.5Au-3.5Pd alloy wires with different
deformation values (ϕ8.0 mm, ϕ5.2488 mm, ϕ3.3592 mm, ϕ2.1499 mm, ϕ1.1008 mm,
ϕ0.2070 mm) after multi-pass drew are shown in Figure 3 (deformation rates are 0%, 56.95%,
82.37%, 92.78%, 98.11% and 99.93%, respectively). It can be seen that the fracture strength
of the wire increases rapidly with the increase in the deformation rate. That is because the
alloy wires are processed by cold deformation; the internal grains become finer and smaller
and the number of grains increases, as well as the dislocation increasing. However, when
cold deformation is processed to a certain extent, the effect of cold deformation on grain
refinement is weakened, so when the deformation rate is higher than 92.78%, the increase
trend of the strength of the Ag-8.5Au-3.5Pd alloy wire becomes smooth and steady.

Figure 3. Fracture strength of Ag-8.5Au-3.5Pd alloy wires with different deformation rates.

3.3. Effect of Different Annealing Temperatures on Electrical Performance of Ag-8.5Au-3.5Pd
Alloy Wire

The curve of the influence at different annealing temperatures on the wire resistivity
of ϕ0.2070 mm Ag-8.5Au-3.5Pd alloy wire is shown in Figure 4. The annealing time is 2.4 s.
In this figure, the resistivity decreases from 2.781 × 10−8 Ω·m down to 2.395 × 10−8 Ω·m
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with the increase in annealing temperature, and the minimum is 2.395 × 10−8 Ω·m when
the annealing temperature is 500 ◦C. The resistivity of the alloy wire almost remains
unchanged even if the temperature continues to increase.

⁄ Ω

Figure 4. Changes of resistivity of Ag-8.5Au-3.5Pd alloy wire with different annealing temperatures.

The resistivity of metal is mainly caused by phonon, dislocation, point defects (sol-
uble atoms, impurities and vacancies, etc.) and the scattering effect of the interface on
electrons [31]. As the increase in the annealing temperature of alloy wires which have
been cold worked, the resistivity components change and the corresponding conductivity
changes as well. During annealing, some solute atoms gradually precipitate from the
matrix under a little free energy released, resulting in a decrease in concentration. Lattice
distortion caused by atomic radius difference becomes effectively mitigated and tends
towards orderly and periodic arrangement [32,33]. At the same time, the diameter and
spacing of the fibers are reduced due to the refinement of the microstructure. The fine fiber
structure cannot contain more dislocation substructures, which results in the absorption of
dislocations by the grains interface so that the dislocation density decreases. The scattering
effect of free electrons during their movement decreased, thus reducing the resistivity of
Ag-8.5Au-3.5Pd alloy wires.

3.4. Effect of Different Annealing Temperatures on the Mechanical Performance of Ag-8.5Au-3.5Pd
Alloy Wire

The influence of different annealing temperatures on the mechanical performance
of ϕ0.2070 mm Ag-8.5Au-3.5Pd alloy wire is shown in Figure 5. It can be seen that the
alloy wire begins to recover when the annealing temperature is 300 ◦C, which eliminates
the working-hardening caused by cold working. Its strength decreased significantly from
428 MPa (200 ◦C) to 307 MPa, and the decrease rate was 28.3%. The elongation increased
from 2.2 to 18.5% and the increase rate was 88.1%, and the deformed structure almost all
disappeared. When the annealing temperature was 500 ◦C, the alloy wire fully recovered
and began to recrystallize; the grain fiber structure of the alloy wire changed, and the
strength decreased to 287 MPa and the elongation increased to 25.7%. As the annealing
temperature increased to 550 ◦C, the grains began to grow, while the strength and elonga-
tion decreased to 256 MPa and 20.6%, respectively. It can be seen that the alloy wire has
good mechanical performance when the annealing temperature is 500 ◦C.

49



Micromachines 2021, 12, 938

Figure 5. Changes of strength and elongation of Ag-8.5Au-3.5Pd alloy wire with different
annealing temperatures.

3.5. Effect of Different Annealing Parameters on Microstructure and Morphology of
Ag-8.5Au-3.5Pd Alloy Wire

The microstructure morphology changes of ϕ0.2070 mm Ag-8.5Au-3.5Pd alloy wire
after cold working deformation at different annealing temperatures are shown in Figure 6.
When the annealing temperature is 200 ◦C, only point defects and line defect movements
exist in the structure, the lateral displacement of the boundaries of the fiber grain is easy
and the interface of the grain’s fiber is slightly clear; there is no obvious change in the
microstructure in Figure 6a. The point defect and dislocation migrate violently during
annealing at 300 ◦C and 400 ◦C; the grain’s fiber is further separated and coarsened and
the deformation structure basically disappears, but most of the dislocation migration is
confined to the fiber scale. The fiber shapes observed by SEM are shown in Figure 6b,c.
When the annealing temperature is 450 ◦C, the release tendency of deformation storage
energy is increased and significant changes in grain shape are caused by the substantial
reduction of crystal defects. A few new large angle grain boundaries are gradually formed,
and a few recrystallized grains are produced in the grain’s fiber structure. The new
nuclei are generally located in the dislocation substructure with a high density, and the
deformation structure completely disappeared at this time. The alloy wire is at the initial
stage of recrystallization, as shown in Figure 6d. The alloy wire begins to recrystallize when
the annealing temperature is 500 ◦C, as shown in Figure 6e. The grain’s fiber is further
coarsened locally and evolved into short bar or equiaxed fine grains distributed along the
direction of the original fiber. The grains’ interface migration is thoroughly activated due
to the increase in recrystallized grains and the increase of grain size. In order to reduce
the total interfacial energy, the grain boundary migration starts to break through the limit
of original grains boundary, which caused obvious distortion and local shrinkage of the
grains interface; the fibers are even partially broken and separated, which leads to the
gradual disappearance of composite fibers. In Figure 6f, when the annealing temperature
was 550 ◦C, the grains began to grow bigger.
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(a) The annealing temperature is 200 °C, microstructure change is 

not obvious. 
(b) The annealing temperature is 300 °C, the grains fiber begins to 

separate. 

  
(c) The annealing temperature is 400 °C, the deformed tissue al-

most disappeared. 
(d) The annealing temperature is 450 °C, a few new grain bound-

aries are formed. 

  
(e) The annealing temperature is 500 °C, the alloy wire begins to 

recrystallize. 
(f) The annealing temperature is 550 °C, the grain size becomes 

coarse. 

Figure 6. Microstructure and morphology of Ag-8.5Au-3.5Pd alloy wire at different annealing temperatures.

3.6. Effect of Wire Drawing on Fine Ag-8.5Au-3.5Pd Alloy Wire

The guide wheel quality has a great influence on the surface of the Ag-8.5Au-3.5Pd
alloy wire in the fine drawing process. The surface damage can be caused by the inflexible
rotation of the guide wheel or surface defect of the guide wheel during wire drawing, as
shown in Figure 7. During the drawing process, stress will be concentrated on the damage
or scratch on the surface of the alloy wire, which can easily cause serious distortion or
fracture, while the contamination on the surface increases the pulling tension during the
drawing process, resulting in uneven size of the alloy wire diameter.
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Figure 7. Scratches on the surface of Ag-8.5Au-3.5Pd alloy wire due to dirty guide wheel (0.020 mm).

The concentration of lubricant has a serious influence on the wire drawing process
during the fine machining of the Ag-8.5Au-3.5Pd alloy wire. Low concentration solution
will lead to poor lubrication, increase wear of the die and cause scratches, grooves and
other defects on the surface of the alloy wire, while high concentration solution will block
the hole and increase the drawing force. When the lubricant concentration is too high, the
lubricant will stay in the lubrication zone of the die, which prevents the lubricant from
entering the sizing and compression zones, so that the lubricant cannot play a lubricating
role in processing. This causes the pulling force to increase and the wire to become finer,
even causing defects and lubricant residue on the wire surface. Residual lubricant on the
wire surface will cause serious contamination and accelerated wear of the dies. Water-
soluble lubricant is used in the drawing process of alloy wire and the concentration of
lubricant is 0.5%. The dilution of lubricant uses deionized water, because common tap
water contains a lot of calcium ions, which are easy to alkalize and difficult to clean. This
will have a negative impact on the surface of the alloy wire.

The surface quality of the Ag-8.5Au-3.5Pd alloy wire is highly required. If contam-
ination exists on the wire surface (as shown in Figure 8), the bonding strength will be
reduced, especially during the second bonding point process. Therefore, the surface of Ag-
8.5Au-3.5Pd alloy wire needs to be cleaned after fine wire drawing. The cleaning method
is on-line ultrasonic cleaning. Figure 9 shows the high-quality surface of Ag-8.5Au-3.5Pd
alloy wire after cleaning.

 
Figure 8. Surface contamination of Ag-8.5Au-3.5Pd alloy wire due to dirty guide wheel (0.020 mm).
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Figure 9. Perfect Surface of Ag-8.5Au-3.5Pd alloy wire (ϕ0.025 mm).

3.7. Effect of Annealing Temperature on Mechanical Performance of Fine Ag-8.5Au-3.5Pd
Alloy Wire

The ϕ0.020 mm Ag-8.5Au-3.5Pd alloy wire was heat treated at different temperatures
(the annealing time and speed were 0.8 s and 90 m/min, respectively). The influence of
different annealing temperatures on the fracture force and elongation of the alloy wire was
studied, and the results are shown in Figure 10.

Figure 10. Relationship between annealing temperature and fracture strength and elongation of
Ag-8.5Au-3.5Pd alloy wires.

It can be seen that recovery occurred in the Ag-8.5Au-3.5Pd alloy wire with the
increase in the annealing temperature, and eliminated the work hardening caused by
the cold working; its tensile fracture force reduced while elongation increased. When the
annealing temperature increased to 300 ◦C, the degree of recovery was further strengthened,
the fracture force decreased smoothly to 0.1097 N and the elongation increased to 11.6%.
The fracture force of the alloy wire decreased rapidly to 0.0971 N while the elongation
increased to 13.5%, with the annealing temperature increasing to 400 ◦C. The recovery
process is completed at this stage. When the annealing temperature was 450 ◦C, the
fracture force of the Ag-8.5Au-3.5Pd alloy wire decreased to 0.0902 N; at the same time,
the elongation increased to 14.3%. When the annealing temperature was 500 ◦C, the
fracture force was 0.0877 N and the elongation was 14.8%; the alloy wire has excellent
mechanical performance in this case. The Ag-8.5Au-3.5Pd alloy wire begins to recrystallize
and produces coarse grains with further increase in the annealing temperature (550 ◦C), as
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shown in Figure 11. Coarse grains reduce the hindrance to dislocation movement, so that
the alloy wire is more prone to stress concentration when subjected to tension, which results
in a decrease in mechanical performance. The tensile force decreased to 0.0839 N and the
elongation decreased to 12.4%. It can be seen from Figure 10 that the Ag-8.5Au-3.5Pd alloy
wire has excellent mechanical performance when the annealing temperature is 500 ◦C.

 
Figure 11. Coarse grains structural of Ag-8.5Au-3.5Pd alloy wire at 550 ◦C annealing temperature.

3.8. Effect of Annealing Tension on Surface Quality of Ag-8.5Au-3.5Pd Alloy Wire

The ϕ0.020 mm Ag-8.5Au-3.5Pd alloy wire was heat treated in different tension values
(1.5 g, 2.0 g, 2.5 g, 3.0 g, 3.5 g). The annealing time, speed and temperature are 0.8 s,
90 m/min and 500 ◦C, respectively.

When the annealing tension is small (1.5 g, 2.0 g), the alloy wire will vibrate seriously
in the annealing tube, which results in contact with the annealing tube wall. The surface
of the alloy wire is burned (as shown in Figure 12) because the wall temperature of the
annealing tube is higher than the center temperature. When the annealing tension is 2.5 g
or 3.0 g, the surface of the alloy wire is smooth and has no damage, as shown in Figure 13.
The dynamic recovery and recrystallizing of the Ag-8.5Au-3.5Pd alloy wire will occur at
a high annealing temperature. When the annealing tension is 3.5 g, because the tension
acting on the wire is large at this time, the grains will slip under the tension and form
corrugated defects on the surface of the wire, as shown in Figure 14. This defect will reduce
the strength of the second bonded point, and thus reduce the reliability of the device.

 
Figure 12. Surface mechanical damage of Ag-8.5Au-3.5Pd alloy wire caused by small tension (1.5 g)
after anneal.
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Figure 13. Good surface morphology of Ag-8.5Au-3.5Pd alloy wire after annealing (tension 2.0 g or
3.0 g).

 
Figure 14. Surface corrugation defects of Ag-8.5Au-3.5Pd alloy wires due to excessive tension (3.5 g)
during annealing.

In addition, the Ag-8.5Au-3.5Pd alloy wire will drawn finer in the annealing tube due
to excessive tension (3.5 g). After annealing, the diameter of the ϕ 0.020 mm Ag-8.5Au-
3.5Pd alloy wire becomes ϕ 0.0188 mm and the wire diameter is reduced by 6%, which
cannot meet the requirements of industrialization. Therefore, the tension should be in the
range of 2.5–3.0 g when the ϕ0.020 mm Ag-8.5Au-3.5Pd alloy wire is annealing.

4. Conclusions

(1) When Ag-8.5Au-3.5Pd alloy wire is plastic-deformed, metallic grains are gradually
straightened and refined and finally show the fibrous structure. With the increase in
deformation rate, the strength of the alloy wire increases, and the increase tends to be
flat when the deformation rate is higher than 92.78%.

(2) The resistance value of Ag-8.5Au-3.5Pd alloy wire decreases from 2.781 × 10−8 Ω·m
to the minimum 2.395 × 10−8 Ω·m (500 ◦C) with increasing annealing temperature,
and it remains constant even if the temperature continues to rise.

(3) With the increase of annealing temperature, the Ag-8.5Au-3.5Pd alloy wire recovers
and eliminates the hardening which was caused by cold working, and its strength is
significantly reduced. When the annealing temperature is 500 ◦C, the alloy wire has
good mechanical performance, while the grain size begins to grow and its mechanical
performance decreases once the annealing temperature is increased to 550 ◦C.

(4) The ϕ0.020 mm Ag-8.5Au-3.5Pd alloy wire will shake seriously in the annealing tube
if the tension is small (1.5–2.0 g), which would cause burns on the wire surface. When
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the tension is large (3.5 g), corrugated defects would appear on the surface of the alloy
wire. The alloy wire has a high-quality surface when the tension range is 2.5–3.0 g.
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Abstract: In this work, a modified Bosch etching process is developed to create silicon nanowires.
Au nanoparticles (NPs) formed by magnetron sputtering film deposition and thermal annealing
were employed as the hard mask to achieve controllable density and high aspect ratios. Such silicon
nanowire exhibits the excellent anti-reflection ability of a reflectance value of below 2% within a
broad light wave range between 220 and 1100 nm. In addition, Au NPs-induced surface plasmons
significantly enhance the near-unity anti-reflection characteristics, achieving a reflectance below
3% within the wavelength range of 220 to 2600 nm. Furthermore, the nanowire array exhibits
super-hydrophobic behavior with a contact angle over ~165.6◦ without enforcing any hydrophobic
chemical treatment. Such behavior yields in water droplets bouncing off the surface many times.
These properties render this silicon nanowire attractive for applications such as photothermal,
photocatalysis, supercapacitor, and microfluidics.

Keywords: silicon nanowires; nanoparticles; Bosch process; anti-reflection; hydrophobicity

1. Introduction

Silicon nanowires have been widely used over the past years in many emerging fields,
including photodetection [1,2], photocatalysis [3,4], thermoelectric [5,6], and quantum
information processing [7,8]. Nanowires are one-dimensional materials that present the
shape of needles, rods, or pillars [9,10]. Their diameter lies in the range of nanometers to a
few hundred nanometers [11], while their height can be as large as several micrometers [12].
Apart from the bottom-growth approaches, various patterning and dry etching processes
have also been developed to realize nanowire fabrication with semiconductors [13–15].
Interestingly, most of the reported nanowire arrays are patterned by using electron-beam
and holographic lithography techniques [16], which are attractive in generating a periodic
pattern with a high degree of uniformity. However, the approaches mentioned above
are time-consuming for large area nanowire fabrication and exhibit low throughput for
mass production. As far as dry etching is concerned, it generally involves mask materials
such as photoresist, silicon dioxide, and Teflon microspheres to fabricate structures with
high aspect ratio profiles [16]. For instance, the employment of metal masks requires the
enforcement of an additional lift-off treatment that decreases the pattern resolution and
increases the process complexity. As a result, a specific eliminating step is needed that can
cause irreducible contamination and damage. Recently, a self-assembled mask approach
has emerged that is expected to address the issues mentioned above [17,18]. The method
refers to forming a layer of gold NPs, which is formed by depositing a thin gold film. The
subsequent application of a thermal annealing treatment to aggregate to be a particle-like
hard mask without enforcing any other lithography procedures.
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The frequently used etching treatments include laser ablation [19], metal-catalytic
chemical etching [20,21], and reactive ion etching (RIE) [12,22]. Laser ablation is a random
etching that can cause undercutting of the mask. The silicon wafer’s crystal orientation
binds the catalyst-assisted etching. In contrast, deep reactive ion etching (DRIE) is the
highly anisotropic etching method used to create holes and trenches with high aspect ratios
and close-to-vertical sidewalls on various silicon substrates [17]. The Bosch process [23–25]
is named after the invention of two employees of the German Robert Bosch company and
its name originates from the company name. This process is also known as pulsed- or
time-multiplexed-etching and includes the cycle between SF6 etching and C4F8 passivation,
each phase lasting a few milliseconds. The passivation layer protects the hole/trench
sidewalls from excessive bombardment. At the same time, the directional fluorine/sulfur
ions bombard and remove the bottom passivation layer faster than that along the sidewalls.
Such etch/protect steps alternate in sequence resulting in minimal isotropic etch taking
place only at the bottom of the etched patterns, which makes the Bosch process become a
tremendous potential method in nanostructure fabrication.

A novel one-step Bosch process is presented in this work to fabricate silicon nanowires
with controllable surface density and a high aspect ratio. Our approach contains three main
processing steps: NPs deposition as a mask material, modified Bosch etching, and removal
of the mask. It is also attainable to change the nanowire’s structural profile by tuning the
mask size and total etching duration. The modified Bosch process can transfer the NPs-
based mask pattern into the silicon substrate and remove the particles in the etching process.
In addition, the NPs-based mask is created by employing the magnetron sputtering for the
deposition of a thin gold film (thickness from 4 to 10 nm) and subsequent thermal annealing
at 500 ◦C for 1 h. The annealing temperature, holding time, and film thickness are crucial
parameters to control the particle surface density and size. As a result, the enforcement of
a higher annealing temperature, elevated holding times, and the employment of a thicker
film led to a low surface density of the NPs and decreased filling density of the nanowires
at last. In addition, our unique silicon nanowire arrays exhibit extremely superhydrophobic
behavior with a contact angle over ~165.6◦ without any hydrophobic chemical treatment.
Such behavior permits the water droplets to bounce off the surface many times, making it
extremely difficult to conduct pendant-drop measurements. Besides, the fabricated silicon
nanowire structure displays lower than 2% near-unity reflectance properties within an
optical wave range of 220 to 1100 nm. It is interesting to notice that after incorporating the
Au NPs and inducing the surface plasmons effect on their surface, a near-unity reflectance
factor below 3% in the broadband range of 220 to 2600 nm is achieved.

2. Materials and Methods

2.1. Fabrication Process

The involved fabrication processes are schematically illustrated in Figure 1. Firstly,
polished (100)-oriented p-type silicon wafers with a resistivity of 1–20 Ω·cm and thickness
of 500 ± 10 μm were selected to fabricate the silicon nanowires. Next, all wafers were
cleaned using a buffered oxide etch (BOE) solution at room temperature, followed by
acetone, isopropanol, and deionized water (DI water) rinsing to remove the native oxide,
residuals, and organic contamination. Next, gold thin films with various thicknesses of
4, 6, 8, and 10 nm were deposited on the wafer surface by employing the magnetron sput-
tering technique at room temperature (DC sputtering system, AJA International, Scituate,
MA, USA). Next, the Au NPs-based masks were created by applying a rapid thermal
annealing step at 500 ◦C for one hour. The Au NPs size presents a strong dependence on
the film thickness. Subsequently, the silicon wafer was DRIE-etched with a modified Bosch
process to create the nanowires. The etching process was conducted within an RIE cluster
reactor (Plasma Pro100 Cluster, Oxford Instruments, Abingdon, UK).
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Figure 1. The schematic diagram of the nanowire fabrication process. The gold thin film is deposited on the P-type silicon
wafer. Thermal annealing is employed to create gold particle mask. The followed etching treatment consists of initial Bosch
etching, forward etching for more undercut, and the continue etching to remove Au nanoparticles.

2.2. Etching Conditions

The Bosch process is carried out through the fast alternative between two modes,
namely the bombardment reaction by SF6 plasma and the protection by polymer C4F8 to
obtain structures with nearly vertical sidewalls. Table 1 illustrates the modified etching
recipe based on the Bosch process. The execution of such etching experiments requires
the utilization of a helicon antenna-coupled plasma reactor that operates in the inductive
mode. With the assistance of turbine vacuum pumps, we can rapidly and precisely adjust
various experimental parameters such as gas flux, pressure, and plasma density. The
employed single etching loop mainly consists of the three following steps: protection
polymer deposition, bottom polymer breakthrough, and depth direction etching. Initially,
the protection deposition step is conducted by introducing repeatable flows of C4F8 up to
the values of 60 SCCM to form a thick polymer layer on both the metal NPs and the pore
sidewall. Such thick polymer is wrapped on the metal NPs, which is beneficial to avoid
the mask undercut and achieve a high selection ratio between the particle mask and the
silicon. For the subsequent deposition step, a C4F8 flow rate of 5 SCCM is selected to form
a thin protection polymer at the bottom of the pore. In the meantime, the SF6 flow rate
of 160 SCCM is set to avoid fast C4F8 deposition to block the nanowires’ interval spacing.
Such balance between the deposit and the etching procedures is adjustable according to
the structure pitch size. Next, the bottom breakthrough step aims to dissolve the protective
polymer and expose the silicon substrate at the pore bottom. Finally, the depth-directional
etching occurs, where the posterior region of the silicon reacts with SF6 faster than that
on the sidewall, thus realizing a highly anisotropic etching. Besides, a silicon wafer with
Au film deposited on its top surface is also selected as the platform to support the silicon
pieces to be etched. The platform temperature is retained constant at the value of 5 Celsius
by flowing helium gas. We also used the highly thermal conductivity silicone grease to
bond the etching pieces on the table silicon wafer. The goal was to accurately control
the uniform piece temperature distribution and to be consistent with the set value of the
platform temperature.
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Table 1. Nanoparticles-assisted Bosch process.

Main Steps in 1
Etching Loop

SF6 Gas
Flow (sccm)

C4F8 Gas
Flow (sccm)

ICP Power
(W)

HF Power
(W)

O2 Gas Flow
(sccm)

Table
Temperature

(◦C)

Pressure
(mTorr)

Helium
Backing

(Torr)

Step Time
(ms)

Pre-deposition 10 200 1500 5 0 5 0 10 25
Deposition 5 60 1250 5 0 5 20 10 550
Deposition

Sub 1 20 60 1250 5 0 5 20 10 50

Deposition
Sub 2 160 60 1250 5 0 5 30 10 100

Deposition
Sub 3 160 5 2000 5 0 5 30 10 50

Deposition
Sub 4 160 5 2000 60 0 5 30 10 50

Breakthrough 200 5 2000 60 0 5 30 10 325
Breakthrough sub 1 200 5 2000 60 0 5 30 10 100

Breakthrough
Sub 2 200 5 2500 60 0 5 80 10 50

Breakthrough
Sub 3 200 5 2500 0 0 5 80 10 50

Etch 500 5 2500 0 0 5 80 10 600
Etch
Sub 1 1 120 2500 0 0 5 80 10 150

Etch
Sub 2 5 120 1250 0 0 5 20 10 100

2.3. Surface Characterization

The surface texture morphology was investigated using a scanning electron micro-
scope (SEM, Hitachi UHR FE-SEM SU8230, Hitachi, Tokyo, Japan). The reflectance and
transmittance spectra were measured using a UV-Vis-NIR spectrophotometer (Shimadzu
UV 3600 plus, Shimadzu, Kyoto, Japan). The BaSO4 compound was used as the reflectance
spectrum reference from the nanowire surface, while the aluminum mirror was the ref-
erence for reflectance spectra of the polished silicon wafer. The total reflection, diffuse,
and mirror reflection were measured in the integrating sphere. Furthermore, the contact
angle of the nanowire texture was characterized by using the contact angle meter, which is
equipped with a rotatable substrate holder and automated dispenser (CAM-01A, GLOBAL
ANALYTICAL, Ankara, Turkey). The mechanical stability experiment was performed by
using an automatic dripping device. Five thousand water droplets of twenty microliters
were dripped continuously from a distance of 30 cm to strike the silicon surface. The
bouncing effect of the water droplet on such a surface was captured and recorded by
employing a high-speed video camera (5KF10, Fuhuang Agile Device, Hefei, China).

3. Results and Discussion

Figure 2a divulges the digital photo of the samples with nanowires formed by applying
120 Bosch etching loops. The NPs were created by enforcing an annealing step on a 4 nm
Au thick film and served the role of the etching mask. The sample surface exhibits a black
visual due to the nanowires’ “light trapping” ability [26,27]. This ability originates from the
energy decay in the surface light reflections and the optical path length extension through
the internal refraction and transmission processes [26,28]. The surface reflection loss stems
from both the mirror reflection effect at the smooth substrate and diffusion reflection
caused by structures with small aspect ratios. As a result, the employment of surface
textures with a configuration of the pore, tip, and deep holes can effectively suppress such
reflection losses by permitting more incident light to enter the structure and multi-reflect
along the depth direction. As far as the optical path length is concerned, it is significantly
larger than the actual substrate thickness. More specifically, it is defined as the distance
that an unabsorbed photon could travel within the silicon bulk before it escapes, which
implies that light waves will have more opportunities to achieve a coupling decay with
silicon [29]. The employment of a structure that induces multiple internal reflections, light
refraction, and transmission effects can facilitate such a coupling decay process [30]. As a
result, surface structures with a smaller smooth area on top and larger aspect ratios can
trap an enhanced incident light, leading to constant attenuation through the consecutive
interactions of light and silicon within the structure. Figure 2b illustrates the tilted SEM
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image of the fabricated nanowire array, showing that the Au NPs are distributed uniformly
at the top of the nanowires. It is also indicated that the etching step’s depth direction has a
high selection ratio between silicon and mask. In addition, the employed etching process
is highly anisotropic, which is desired to avoid mask undercut and create structures with
elevated aspect ratios. As depicted in Figure 2c, the fabricated nanowires with a height
of ~3 μm exhibit a needle-like configuration and have average aspect ratios of about 10:1.
Figure 2d divulges the top view image of the silicon nanowires, which indicates a large
pore proportion that allows a relatively considerable amount of light to enter and a tiny
flat surface proportion on the top to avoid the specular reflection loss of the incident light.
In addition, Figure S1 illustrated the digital photographs of a 4 inch wafer of the silicon
nanowires formed through 120 etching loops, indicating a good uniformity across the
wafer. Table S1 illustrates the etch rate, scallop height, and profile control ability in detail.
Figure S2 shows the SEM image at high magnification, which indicates that the sidewalls
are smooth and the Bosch scallops have an average height of ~25 nm.

Figure 2. Photograph and SEM images of the silicon nanowires. (a) Photograph; (b) nanowires with
Au nanoparticles on tip top; (c) tilted image of the nanowires formed through 120 loops of Bosch
process; (d) top view of the nanowires formed through 120 loops of Bosch process.

To investigate the impact of the mask size and the duration of the etching process
on the silicon nanowire formation, we closely examined the modifications induced by
adjusting one etching loop or by employing three different particle sizes. First, Figure S3
illustrates the SEM images of the nanoparticle mask formation before the etching treatment.
The Au film with deposition thickness of 4 nm was used, and it presents as continuous
islands with spacings. Then, two temperatures of thermal annealing treatment were
applied to compare the particle mask formation. It is indicated that the nanowire pitch size
mainly depends on the spacing between the isolated particles caused by film thickness
and annealing temperature. The nanowires’ diameters rely on the randomly formed
particles’ sizes. Figure 3 illustrates the SEM images of the silicon nanowires formed,
enforcing longer etching durations and varying the Au nanoparticle sizes. More specifically,
Figure 3a reveals the tilted view and top view images of the nanowire structure formed
by applying 160 etching loops and the deposition of a 4 nm thick Au film to create the
particle mask. The acquired nanowires exhibited an average height of about 5.62 um,
indicating that a longer etching duration produces nanowires with higher heights. Besides,
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Figure 3b–d illustrates the tilted and top views images of the silicon nanowires that are
etched through the incorporation of particle masks formed by employing 6, 8, and 10 nm
thick Au films, respectively. The obtained average nanowire heights are 6.71, 8.83, and
7.78 μm, respectively. The surface density decreases by increasing the particle size, whereas
the silicon nanowire formed by 4 nm thick Au film exhibits the highest density. Since a
thicker film is more likely to lead to larger NPs, the inter-particle intervals become larger
as well. This effect is nicely captured in Figure 3d. Figure S4 illustrates the SEM images
at high magnification of the nanowires formed through 160 etching loops; the particle
masks are formed by 4, 6, 8, and 10 nm Au film, respectively. It is indicated that the silicon
nanowire formed by 4 nm Au film has the highest structure density. The digital images
of the nanowire-based samples are presented by employing four different particle masks
formed by the deposition of 4, 6, 8, and 10 nm thick Au film. The nanowire surface induced
by the presence of 4 nm thick Au film exhibits the darkest appearance, which is obvious
through the digital photograph comparison illustrated in Figure S5. Thus, these silicon
nanowires were selected for the following test of the optical character.

Figure 3. Photograph and SEM images of the silicon nanowires formed through longer etching duration and the varying
Au nanoparticle sizes and etching loops. (a) Tilted view and top view of the nanowire formed through 160 etching loops,
the particle mask is formed by 4 nm Au film; (b–d) tilted view and top view of the nanowires formed through 160 etching
loops; the particle masks are formed by 6, 8, and 10 nm Au film, respectively.

The optical measurements were carried out to investigate the nanowires’ ability to
suppress the light reflection. Firstly, a polished silicon wafer was selected as a reference
sample for the reflectance and transmittance spectra. Figure 4a demonstrates that the
reflectance of the nanowire surface is significantly lower than that of the polished silicon
wafer in the wavelength range of 220 to 1100 nm. In addition, the reflectance efficiency of
the nanowire sample below the wavelength value of 1000 nm is less than 2%. Figure 4b
discloses the comparative spectra, as far as the transmittance property is concerned, indi-
cating that nanowires-based surface exhibits a lower value than the polished one at the
wavelength range above 1000 nm. Such a discrepancy could be originated by the change
in the material’s surface induced by the residuals of the etching reaction. Besides, we
also conducted the light reflection comparison of two silicon nanowire samples formed
by 4 nm film and two different etching durations. As shown in Figure S6, the silicon
nanowire surface formed through 120 etch loops exhibited higher reflection values in the
wavelength range of above 1200 nm than that formed through 160 etch loops. In addition,
the well-known localized surface plasmon resonance (LSPR) effect [31–33] was applied
to decrease the reflectance coupling of the near-infrared light on such nanowires-based
surfaces. Au NPs were employed to generate the LSPR. The used LSPR NPs were also
loaded via a DC magnetron sputtering deposition of Au, followed by a thermal annealing
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treatment. As divulged in Figure 4c, the nanowires decorated with Au NPs showed a lower
than 3% reflectance at the wavelength range from 220 to 2600 nm.

Figure 4. (a) The reflectance spectra of the polished silicon surface and the nanowire one; (b) the transmittance spectra of
the polished silicon surface and the nanowire one; (c) the reflectance spectra of the nanowire silicon surface decorated with
the Au nanoparticles that are formed by 4 nm Au film.

It is well established that the nanowires are under intensive research for photoelec-
tronic and energy storage-related applications due to their enhanced properties in terms
of increased anti-reflectivity, high surface-to-volume ratio, and quantum confinement ef-
fects. Besides, silicon nanowires also exhibit unique structural properties that render them
quietly different from the bulk silicon. More specifically, they can remarkably enhance the
hydrophobicity property of the substrate surface [34,35]. The hydrophobic characteristics
are of great importance since they can be utilized in the self-cleaning process, anti-bacterial
surfaces, and other biomedical applications. In addition, the octadecyl trichlorosilane (OTS)
is frequently applied on nanowire surface as a chemical treatment method to enhance
structure-based hydrophobicity. However, such types of treatment tend to increase the
contamination levels, requires high cost, and presents poor long-term reliability. It is inter-
esting that our fabricated silicon nanowire arrays exhibited extremely superhydrophobic
behavior with a contact angle over the value of ~165.6◦ and without implementing any
hydrophobic chemical treatment, as is revealed in Figure 5a. Such a property permits the
water droplet to bounce off the surface and does not allow the pendant-drop measurement
to be conducted. Besides, Figure S7 shows the contact angle of the silicon nanowire surface
formed by 4 nm Au film and 180 etch loops. Therefore, a hydrophobic-treated micropipette
was utilized to enable the execution of the contact angle measurement by releasing a water
droplet on such a surface. As illustrated in Figure 5b, the acquired screenshots from a
high-speed video (the video frame rate was set to 4000 per second) demonstrate that a
water droplet of 1.5 μL drops onto the nanowire surface at the height of 70 mm. Initially,
it fully bounces off and consequently continues nine times to rebound along with the
vertex’s height gradually decreased. The whole process has been recorded by the provided
Videos S1 and S2, where the bouncing effect of a water droplet with 1.5 μL on horizontal
and inclined nanowire surfaces is presented, respectively. Besides, five thousand water
droplets of 20 μL drip continuously struck the silicon nanowires from 30 cm, as depicted in
Figure S8, where no apparent damage of the nanowires’ surface was detected.
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Figure 5. (a) Contact angle of the silicon nanowire surface; (b) screenshots of a water droplet of 1.5 μL drop onto the surface
and bounce ten times, the video frame rate was 4000 per second.

4. Conclusions

A novel DRIE method was demonstrated in this work to create silicon nanowires with
controllable surface densities and high aspect ratios. Such a process involves employing an
Au NPs-based deposition mask, a modified Bosch etching process, and a mask removal
step. As a result, the fabricated silicon nanowire array exhibited an excellent anti-reflection
below 2% within a broad light wave range from 220 to 1100 nm. Furthermore, by lever-
aging the formation of surface plasmons, induced by the creation of Au NPs through the
dewetting process of 4 nm thick gold film, a near-unity reflectance of below 3% in the
broadband of 220 to 2600 nm was obtained. Besides, our prototypes exhibited extremely
super-hydrophobic properties with a contact angle over ~165.6◦ without applying any
hydrophobic chemical treatment, resulting in bouncing off the surface properties of the
water droplets. These results render the fabricated silicon nanowire a pretty promising
solution for various applications, including developing novel photothermal [5,6,36,37]
and photocatalysis processes [38,39], supercapacitor electrodes [40–42], and microfluidic
devices [43–45].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mi12091009/s1, Figure S1: Digital photographs of the 4-inch wafer of the silicon nanowires
formed through 120 etching loops; Figure S2: The SEM image at high magnification, indicating the
smooth sidewalls and the Bosch scallops with the height of ~25 nm; Figure S3: The SEM images of
the nanoparticle masks before etching treatment; Figure S4: SEM images at high magnification of the
nanowires formed through 160 etching loops, the particle masks are formed by 4, 6, 8, and 10 nm
Au film, respectively; Figure S5: Digital photographs of the nanowires formed through 160 etching
loops, the particle masks are formed by 4, 6, 8, and 10 nm Au film, respectively; Figure S6: The
reflectance spectra of the polished silicon surface and the nanowire ones formed by 4 nm film. The
nanowires are formed through 120 and 160 etch loops, respectively, while the planar silicon is used
as the reflectance. reference; Figure S7: Contact angle of the silicon nanowire surface formed by 4 nm
Au film and 180 etching loops; Figure S8: SEM image of the tilted view of the silicon nanowire array
after striking by five thousand water droplets continuously; Table S1: Nanoparticles-assisted Bosch
process; Video S1: the whole process of the water droplet with 1.5 μL bouncing on the horizontal
nanowire surface; Video S2: the whole process of the water droplet with 1.5 μL bouncing on the
inclined nanowire surface.
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Abstract: Low-hydrogen-containing amorphous silicon (a-Si) was deposited at a low temperature of
80 ◦C using a very high frequency (VHF at 162 MHz) plasma system with multi-split electrodes. Using
the 162 MHz VHF plasma system, a high deposition rate of a-Si with a relatively high deposition
uniformity of 6.7% could be obtained due to the formation of high-ion-density (>1011 cm−3) plasma
with SiH4 and a lack of standing waves by using small multi-split electrodes. The increase in the
radio frequency (RF) power decreased the hydrogen content in the deposited silicon film and, at a
high RF power of 2000 W, a-Si with a low hydrogen content of 3.78% could be deposited without the
need for a dehydrogenation process. The crystallization of the a-Si by ultraviolet (UV) irradiation
showed that the a-Si can be crystallized with a crystallinity of 0.8 and a UV energy of 80 J without
dehydrogenation. High-resolution transmission electron microscopy showed that the a-Si deposited
by the VHF plasma was a very small nanocrystalline-like a-Si and the crystalline size significantly
grew with the UV irradiation. We believe that the VHF (162 MHz) multi-split plasma system can be
used for a low-cost low-temperature polysilicon (LTPS) process.

Keywords: very high frequency (VHF); multi-split electrode; low-temperature polysilicon (LTPS)

1. Introduction

Among thin-film transistors (TFTs), low-temperature polysilicon (LTPS) TFTs have
significant advantages in device characteristics, such as a low threshold voltage, steep
subthreshold swing, high voltage/current reliability, and high yield [1]. They are widely
applied in high-resolution liquid crystal displays (LCDs), image sensors, photovoltaics,
active-matrix organic light emitting diodes (AMOLEDs), and to flexible displays, because
their mobility is about 100 times faster than that of a-Si thin-film transistors (TFTs) [2,3].

The process steps used for fabricating LTPS TFTs consist of (1st step) a-Si deposition;
(2nd step) dehydrogenation; and (3rd step) crystallization using various methods, such
as rapid thermal annealing (RTA) [4], metal-induced lateral crystallization (MILC) [5,6],
plasma surface treatment [7,8], and lamp heating [9–12], as well as excimer laser annealing
(ELA) [2,13–15]. Among these, a-Si is generally deposited by plasma-enhanced chemical
vapor deposition (PECVD). The a-Si deposited by PECVD generally contains hydrogen
at ~10% or more [2]. When the crystallization process is carried out using high hydrogen
containing a-Si for polysilicon formation, hydrogen diffuses quickly, which makes the
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surface rough and porous [16]. Therefore, a dehydrogenation process is required and the
process is performed during a lengthy heat treatment at ~450 ◦C before the crystallization
process, which results in high equipment investment costs.

In this study, for the simplification of the LTPS process requiring no dehydration, a-Si
was deposited at a low temperature of 80 ◦C using a very high frequency (VHF, 162 MHz)
plasma system with multi-split electrodes. By using a VHF (162 MHz) plasma system, it is
possible to form a high-quality thin film by increasing the gas dissociation rate compared
to that of conventional 13.56 MHz plasma. The advantages of the use of VHF plasma
compared to conventional 13.56 MHz in thin-film deposition and surface treatment have
been clearly demonstrated by our previous studies [17–19], and the reasons for this are the
low electron temperature and high vibrational temperature of VHF (162 MHz) plasma [19].
Since the VHF plasma generated with multi-split electrodes can sufficiently decompose the
silane (SiH4) gas without showing a standing wave effect [20–22] and, therefore, can deposit
a-Si with a very low hydrogen content uniformly, highly crystallized polysilicon could
be fabricated through a crystallization process using an ultraviolet (UV) lamp without a
dehydrogenation process.

2. Materials and Methods

Figure 1 is a schematic diagram of the VHF (162 MHz) plasma system with multi-
split electrodes used in this experiment. The 162 MHz RF power was equally supplied
to each multi-split electrode through the matcher and a power splitter system. A de-
tailed description of the VHF (162 MHz) plasma system with multi-split electrodes can
be found elsewhere [15,16,22–25]. Each electrode was made of a rectangular tile-shaped
(11 cm × 12 cm) anodized aluminum with holes for the showerhead to distribute SiH4 gas
uniformly in the process chamber. The electrodes were located ~1 cm apart regularly in
pairs, and the split RF power was applied to two adjacent tile pair electrodes (shown as
blue and white tiles in Figure 2).

Figure 1. Schematic diagram of the VHF (162 MHz) plasma system with multi-split electrodes.

The a-Si was deposited on Corning glass substrates at the operating pressure of
200 mTorr SiH4 and a low temperature of 80 ◦C for 2 min while the 162 MHz RF power was
varied from 500 to 2000 W. The deposited a-Si films were crystallized by ultraviolet (UV)
irradiation using a UV lamp with a wavelength of 254 nm. The energy of the UV lamp was
varied from 50 to 80 J.

The surface morphology of the deposited a-Si was observed by field emission scan-
ning electron microscopy (FE-SEM, S4700, Hitachi, Tokyo, Japan). Secondary ion mass
spectroscopy (D-SIMS, IMS 4FE7, Cameca, Gennevilliers, France) was carried out to extract
the hydrogen contents in the deposited a-Si films using Cs+ ions with an impact energy
of 14.5 kV. X-ray photoelectron spectroscopy (XPS, MultiLab 2000, Thermo VG, Waltham,
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MA USA, Mg Kα source) was performed to evaluate the chemical properties of deposited
a-Si. The crystallinity of the UV-irradiated a-Si was measured by Raman spectroscopy (α
300 M +, WITEC, Eglfinger weg2, Germany) and transmittance electron microscopy (TEM,
JEM-2100F, JEOL, Tokyo, Japan). A Langmuir probe (ALP-150, Impedans, Dublin, Ireland)
was used to measure the ion density in the SiH4 plasmas.

Figure 2. Ion density measured using a Langmuir probe (a) at different RF powers (500~2000 W)
and (b) different SiH4 pressures (100~400 mTorr) in a VHF (162 MHz) plasma source with multi-split
electrodes. (c) The schematic diagram of multi-split electrodes, with the thickness/non-uniformity
measured at 1 mm intervals in a 200 mm region of an a-Si thin film deposited using the VHF (162 MHz)
plasma source at 2000 W, 200 mTorr, and 80 ◦C substrate temperature.

3. Results and Discussion

Figure 2a,b show the ion density of SiH4 plasmas measured as a function of RF power
at a fixed SiH4 pressure of 200 mTorr and as a function of SiH4 pressure at a fixed RF power
of 2000 W, respectively. The ion density was measured using a Langmuir probe at the
center of the process chamber near the substrate location. As shown in Figure 2a, the ion
density was gradually increased by increasing the RF power from 500 to 2000, and a high
plasma density of ≥1011 cm−3 could be obtained at 2000 W. The growth rates of a-Si at 1500
and 2000 W with a fixed SiH4 pressure of 200 mTorr were measured as 95 and 117 nm/min,
respectively. Additionally, as shown in Figure 2b, as the SiH4 pressure was increased from
100 to 400 mTorr at a fixed RF power of 2000 W, the ion density was increased and a high
ion density (> 1011 cm−3) was obtained at a pressure over 200 mTorr. On the other hand,
conventional 13.56 MHz CCP showed a low plasma density at around 1010 cm−3 [26]. As
the pressure increased from 200 to 400 mTorr, the growth rate also increased from 117 to
154 nm/min.

Figure 2c shows the thickness uniformity of a-Si film deposited at a fixed condition
of 2000 W of RF power and 200 mTorr of SiH4. The deposition process was performed at
the substrate temperature of 80 ◦C for 2 min using the rectangular multi-split electrodes
shown in Figure 2c. The thickness of the deposited a-Si was measured along the black
dash line (200 mm) with 1 mm intervals to evaluate the thickness uniformity across the
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electrode. The points of measurement include the positions of repeating electrode tile
faces/boundaries. As shown in Figure 2c, the measured thickness non-uniformity was
6.69% and the average thickness of a-Si was 234 nm. In general, when a VHF is used, due
to the short wavelength of the VHF compared to the size of the electrode, a standing wave
effect causing non-uniformity along the electrode centerline can be observed. By using
the multi-split electrodes with a size much smaller than the wavelength of the VHF, the
standing wave effect was suppressed and resulting film was relatively uniform. Moreover,
a high deposition rate of 117 nm/min was achieved due to the high dissociation rate of
SiH4, even at a low deposition temperature. In our previous studies, we have demonstrated
that 162 MHz plasma has significantly higher dissociation rates than 60 and 13.56 MHz
plasmas, which can minimize hydrogen bonding in the thin film while improving the
deposition rate [15,16].

To investigate the influence of RF power on the hydrogen contents of a-Si, a-Si was
deposited with different RF powers of 1000~2000 W. Figure 3a,b show SIMS data (left) on
H, O, and Si for a-Si deposited with the RF powers of 1500 and 2000 W and the hydrogen
concentration in the deposited a-Si calculated from the SIMS results (right). Using the
relation of CH = (NH/Nsi) × 100, where NH is from SIMS results in Figure 3b and NSi
is 5 × 1022/cm3 from the literature [27,28], the hydrogen contents in the deposited a-Si
films were calculated and the results are shown in Figure 3c. As shown in Figure 3c, the
calculated hydrogen content in the a-Si film was decreased from 5.3 to 3.78% with the
increasing RF power, which shows that the RF power can influence the hydrogen content
in the films. During the deposition process, hydrogen atoms weakly bonded with Si atoms
can be easily eliminated by ion bombardment. High RF power not only increases the
dissociation rate of SiH4 but also increases the ion densities as shown in Figure 2a, causing
more ion bombardment on the depositing a-Si surface in addition to increased atomic
hydrogen flux [27–30]. Therefore, at the higher RF power conditions, H atoms adsorbed on
the a-Si surface could be easily desorbed from a-Si surface, because the rate of H desorption
is influenced by ion bombardment [31–33]. Figure 3d–f show the XPS narrow scan data of
Si 2p of a-Si deposited with RF powers of 1000~2000 W. The XPS narrow scan data of the
Si 2p were deconvoluted into Si 2p and Si compounds, which are composed of Si-C, Si-O,
and Si-OH near the binding energy of 101~104 eV [34]. In the VHF (162 MHz) multi-split
plasma system, the increase in RF power increased the dissociation rate of the SiH4 and
decreased the content of Si compounds, indicating the growth of high-quality a-Si films at
higher RF powers. Figure 3g,h show the top-view SEM images of a-Si corresponding to
Figure 3a,b), respectively. Clearly, more nanocrystalline-like a-Si was observed at a higher
RF power.

Based on the results obtained for the a-Si with a lower hydrogen content deposited at
the higher RF power, the UV crystallization process was performed on the deposited a-Si
film under the condition of an RF power of 2000 W, SiH4 flow rate of 450 sccm, working
pressure of 200 mTorr, and substrate temperature of 80 ◦C. For the crystallization of the low-
hydrogen-containing a-Si, a UV lamp with a wavelength of 254 nm was used to crystallize
a-Si and the UV lamp was exposed for 1 min at a distance of 1 cm from the a-Si. Figure 4a
shows the Raman spectra of the a-Si films before and after irradiation at different UV lamp
energies to confirm the crystalline property of the irradiated a-Si. Untreated pristine a-Si
shows a broad and low intensity of peaks centered at 492.78 cm−1. In contrast, the a-Si
irradiated by the UV lamp with the energy of 50~80 J showed a relatively sharp peak
blue-shifted with respect to the pristine a-Si, and the peak positions were closer to the
crystalline Si Raman peak of 520 cm−1 at increasing UV energies. At the UV energy of 80 J,
a sharp peak at 516.81 cm−1 was observed, indicating the high crystallinity of UV irradiated
a-Si. Raman crystallinity can be estimated from the Raman shift of the UV irradiated a-Si
by applying Equation (1) [35–38]:

Xc = (I500 + I520)/(aI480 + I500 + I520) (1)
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where I480, I500, and I520 correspond to the amorphous, intermediate, and crystalline com-
ponents, respectively. From the above equation, the crystallinities of a-Si irradiated with
different UV energies are plotted in Figure 4b. As shown in Figure 4b, the Raman crys-
tallinity was gradually improved from 0.45 to 0.8 as the UV energy was increased from 50
to 80 J.

Figure 3. SIMS depth profile of a-Si films with different RF powers of (a) 1500 W and (b) 2000 W. (c) Hy-
drogen contents and (d–f) XPS Si 2p spectra of deposited a-Si at different RF powers (1000~2000 W).
SEM images of a-Si deposited at (g) 1500 W and (h) 2000 W.

Figure 4. (a) Raman spectra and (b) Raman crystallinity (Xc) of a-Si after the crystallization with
different UV energies (50~80 J).

An HR-TEM analysis was performed to confirm the morphology of the silicon thin
films crystallized after the irradiation using the UV lamp. Figure 5 shows the HR-TEM
images and FFT patterns of the a-Si films before and after the crystallization by the UV
lamp (60 and 80 J). Figure 5a shows the small nanocrystalline-like grains of the a-Si before
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the UV exposure deposited using 2000 W of VHF (162 MHz) SiH4 plasma. In order to more
easily distinguish the grain size, noticeable grain boundaries are shown as a red line in
Figure 5d. Figure 5g is the FFT pattern measured for Figure 5d, and an amorphous ring
pattern was confirmed due to the nanocrystalline-like grains. On the other hand, as shown
in the HR-TEM images of Figure 5e,f, the grain size was gradually increased as the UV
lamp energy was increased to 60 and 80 J, respectively, and strong polycrystalline phases
were also observed in the FFT patterns, as shown in Figure 5h,i. These results demonstrate
that low-hydrogen-containing a-Si deposited using a VHF (162 MHz) multi-split plasma
source can be crystallized without a dehydrogenation process.

Figure 5. (a–c) HR-TEM image, (d–f) grain boundary indicated (red line) in the HR-TEM image, and
(g–i) fast Fourier transform (FFT) pattern of as-deposited a-Si irradiated by UV lamp at 60 and 80 J.

4. Conclusions

VHF (162 MHz) SiH4 plasmas with multi-split electrodes were investigated regarding
the deposition of low-hydrogen-containing a-Si required for the crystallization of silicon
without the use of a dehydrogenation process at a low substrate temperature of 80 ◦C
uniformly without showing the standing wave effect. Increasing the VHF RF power
to the SiH4 plasma not only increased the hydrogen dissociation but also increased the
ion density in the plasma. By increasing the RF power in the deposited a-Si film, the
hydrogen percentage was decreased to 3.78% at 2000 W of RF power, while a decrease in
the impurities in the film, such as carbon/oxygen, was also achieved. The low content of
impurities such as hydrogen, carbon, and oxygen in the a-Si deposited at the higher RF
power was related to the high ion density (>1011 cm−3), which led to the removal of the
hydrogen adsorbed during the growth of a-Si in addition to the removal of other impurities
such as carbon/oxygen by the enhanced ion bombardment of the substrate. When the a-Si
was crystallized with a UV lamp with the low-hydrogen-containing a-Si, the improved
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crystallinity was confirmed by Raman spectroscopy and HR-TEM, and the crystallinity of
0.8 could be obtained by Raman crystallinity.
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Abstract: It is difficult to fabricate three-dimensional structures using semiconductor-process technol-
ogy, because it is based on two-dimensional layered structure fabrication and the etching of thin films.
In this study, we fabricated metal structures that can be dynamically deformed from two-dimensional
to three-dimensional shapes by combining patterning using photolithography with electroforming
technology. First, a resist structure was formed on a Cu substrate. Then, using a Ni sulfamate
electroforming bath, a Ni structure was formed by electroforming the fabricated resist structure.
Finally, the resist structure was removed to release the Ni structure fabricated on the substrate, and
electroforming was used to Au-plate the entire surface. Scanning-electron microscopy revealed that
the structure presented a high aspect ratio (thickness/resist width = 3.5), and metal structures could
be fabricated without defects across the entire surface, including a high aspect ratio. The metallic
structures had an average film thickness of 12.9 μm with σ = 0.49 μm, hardness of 600 HV, and slit
width of 7.9 μm with σ = 0.25 μm. This microfabrication enables the fabrication of metal structures
that deform dynamically in response to hydrodynamic forces in liquid and can be applied to fields
such as environmental science, agriculture, and medicine.

Keywords: precision processing; electroforming; MEMS; metal structures; deformation

1. Introduction

In fields such as electronic-equipment manufacturing, biotechnology, and medicine,
miniaturization and large-scale integration of systems are advancing, and process technol-
ogy is being used to upgrade the functions of materials, substrates, and microdevices [1–6].
This development includes the demand for various structures with complex shapes, such
as three-dimensional structures for realizing effective microregional chemical reactions,
mixing, and analyses in various fields, including biological microelectromechanical systems
(bioMEMSs) and micro total analysis systems (μTASs) [7–11]. Studies on the fabrication of
simple 2.5-dimensional structures with metals have been conducted, by devising methods
for laminating and tapering to achieve these structures. However, these metal structures are
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static. Dynamic devices include structures in which polymers such as polydimethylsiloxane
deform upon the application of pressure [12] and movable structures such as propellers that
employ photopolymerization reactions [13]. However, although resin materials deform dy-
namically, it is impossible to perform various chemical modifications on structural surfaces.
Single-crystal silicon can be combined with multiple materials to form a three-dimensional
structure, but it is brittle. Although three-dimensionally deformable materials include
comb actuators used in silicon material, chemical modification of the surfaces cannot be
performed. In contrast, precision processing, such as cutting and grinding, may be used to
produce free three-dimensional shapes for metal materials. However, such processing can
cause variations by as much as 10 μm [14–16], which is unsuitable when the required preci-
sion is on the order of microns. One option for processing that can be realized with high
precision and a high aspect ratio is deep reactive ion etching (DRIE) of silicon [17–20], used
in anisotropic processing. DRIE is widely employed for producing dynamic random-access
memories (DRAMs) and other devices. However, the cost of fabrication is a problem, as
expensive equipment and time are required to achieve the necessary degree of vacuum. In
comparison, high aspect ratios can be fabricated easily, as the combined photolithographic
patterning and electroforming technique does not require a high vacuum or expensive
equipment. However, the use of electroforming technology requires a seed-layer-forming
process, which poses problems for productivity. The Lithographie, Galvanoformung,
and Abformung (LIGA) process [21,22] is utilized when microelectromechanical system
(MEMS)-level microfabrication techniques are required. However, X-ray equipment is
expensive, posing problems for productivity and simplicity [23]. Precision electroforming
technology, which combines photolithography and electroforming technology, has the
advantages of better dimensional accuracy and higher productivity, compared with ma-
chining approaches such as cutting and grinding, and enables high-speed replication of the
parent mold [24]. However, most extant studies on robust structures for miniaturization
and precision improvement are concerned with fabricated structures [25–28], whereas
those on structures with three-dimensional deformability are lacking. The microstructure
accuracy has been reported to be limited to a 10% variation in a 50 μm design [29]. If
a method with a higher aspect ratio and accuracy could be developed, microfabrication
technology could be improved, and precision components could be produced. There are
some examples of using precision electroforming technology to fabricate electric-shaver
blades, but the structures are robust, require a hand-pushing force, and do not exhibit
chemical modification. If a structure that deforms from a two-dimensional shape into
a three-dimensional shape due to the hydrodynamic force could be produced via precision
electroforming, the scope of the microdevice application (adaptation) would be expanded
in a useful manner. μTAS has the advantage of reducing the amount of liquid required and
shortening the analysis time by using a small amount of liquid. In microfluidic systems, the
flow rate is approximately 1 μL/min−1 mL/min [30–32]. The device must be agitated be-
cause it is difficult to mix the liquid when the width and depth of the flow channel decrease,
the Reynolds number decreases, and the flow becomes laminar. For example, it would be
advantageous to create a structure that dynamically agitates the inside of a microchannel to
enable effective mixing. Furthermore, if it can dynamically deform into a three-dimensional
structure or agitate, it can be applied to cases in which the liquid is fed in fixed quantities
or filtered according to the flow rate. Therefore, in this study, we focused on the use of
precision electroforming technology to investigate a method of fabricating an original metal
structure capable of three-dimensional elastic deformation in response to a hydrodynamic
force. Although flat-shaped structures can be fabricated using semiconductor processes,
this method can produce structures that deform three-dimensionally by a hydrodynamic
force. Furthermore, we evaluated its physical properties and basic operations.
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2. Experimental Method

2.1. Design of a Three-Dimensional Elastically Deformable Metal Structure

Figure 1 presents the designs of the eight types of fabricated metallic structures. Types
A and E consist of multiple slits arranged in comb-like shapes. The total length of the
slits is approximately 6 mm, and the slit widths in Types A and E are 10 μm and 20 μm,
respectively. In these structures, the root portion of the comb teeth is deformed at its origin
by hydrodynamic forces, and plate-like structures mutually intersect. Types B and C are
structures in which multiple slits are arranged in an arc shape, the slit width is 10 μm,
and the pitches are 250 μm and 500 μm, respectively. Types F and G are similar structures
wherein multiple slits are arranged in an arc shape, the slit width is 20 μm, and the pitches
are 250 μm and 500 μm, respectively. In structures with these arc-shaped slits, the slit
portions are deflected by the fluid force received and deform into shapes similar to that of
an insect net. Metallic structures that deform into three-dimensional shapes of Types A–C
and E–G have elastic structures and are designed to return to their original shapes when
the hydrodynamic force is unloaded, even when deformed in response to hydrodynamic
forces. Types D and H are structures with fine pores on flat plates, having diameters of
10 μm and 20 μm and pitches of 20 μm and 40 μm, respectively. These structures were
fabricated to demonstrate that the three-dimensional deformation of a metal structure
requires machining and design ingenuity.

Figure 1. Overview of metal structure designs. The metal structures were designed with diameters
of 15 mm and slit widths of 10 μm and 20 μm. Types A and E are comb-shaped, and Types B, C, F,
and G are structures with multiple slits arranged in an arc shape. Types A–C and E–G have elastic
structures and are designed to deform into three-dimensional shapes due to hydrodynamic force.
The reason for utilizing different slit widths of 10 μm and 20 μm was to confirm that the thin film
could be fabricated as the designed structure. The structures with fine pores on flat plates in Types D
and H were fabricated to demonstrate the designs that needed to be devised.

2.2. Methods for Evaluating Physical Properties of Metal Structures

The stiffness of the fabricated material must be adjusted to fabricate a three-dimensionally
deformable metal structure. It is important to consider the stiffness of the Ni structure
for device design and performance, as it changes the shape maintenance and deformation
capacities of the Ni structure. In addition, the film thickness, hardness, and slit width must
be homogeneous. In Ni electroforming, the current is concentrated at the edge and outer
peripheral portion of the substrate, owing to the current distribution problem, resulting in
a thicker film [33]. Therefore, the film-thickness variation within the substrate plane was
evaluated with four different distances, d = 24, 48, 60, and 84 mm, between the cathode and
anode. The film thickness was measured at 89 locations within the substrate surface using
a fluorescent X-ray film-thickness meter (SFT-9400, SII Nanotechnology Co., Ltd., Chiba,
Japan). Furthermore, to evaluate the stiffness of the metal structures, the hardness of four
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types of metal structures was measured by adjusting the material with a film thickness
of 40 μm. For the hardness measurements, a microhardness tester (HM-221, Mitutoyo
Corporation, Kawasaki, Japan) was used to obtain measurements at nine points under
a load of 0.49 N and a loading time of 10 s for determining the mean value. Furthermore,
for the dimensions of the slit width of the fabricated metallic structure, a digital microscope
(VHX-6000, KEYENCE Co., Ltd., Osaka, Japan) was used to measure the 12 in-plane
locations for evaluating the variations.

2.3. Metal Structure Fabrication Method

Figure 2 shows the electroforming apparatus used to fabricate the metal structures.
A Cu plate for a 4-inch silicon wafer (Yamamoto Plating Tester Co., Ltd., Tokyo, Japan) was
employed as the cathode, and a Ni anode plate containing sulfur (Yamamoto Plating Tester
Co., Ltd.) was utilized as the anode. A YPP-15,031 (Yamamoto Plating Tester Co., Ltd.)
was used as the rectifier for the electroforming. Table 1 lists the basic configuration of the
electroforming bath used in this study; the concentration of nickel sulfamate tetrahydrate in
the bath (nickel sulfamate 900, JX Metal Shoji Co., Ltd., Tokyo, Japan) was 600 g/dm3. The
boric acid in the bath (Nacalai Tesque Inc., Kyoto, Japan) was prepared at a concentration of
30 g/dm3. The pH of the electroforming bath was 4.0 ± 0.1, and the temperature of the elec-
troforming bath was 40 ± 2 ◦C. The temperature was controlled by a temperature-control
unit. The anode and cathode areas were 165 cm2 and 136 cm2, respectively. Ni dissolves
on the anode side and Ni is deposited on the substrate on the cathode side. Moreover, Ni
metal is deposited, and a Ni electroformed structure is formed. The chemical equations for
the anode and cathode sides are shown in Equations (1)–(4) and (5)–(6), respectively.

Ni → Ni2+ + 2e− (1)

Ni + H2O → NiO + 2H+ + 2e− (2)

3Ni + 4H2O → Ni3O4 + 8H+ + 8e− (3)

2H2O → O2 + 4H+ + 4e− (4)

Ni2+ + 2e− → Ni (5)

2H+ + 2e− → H2 (6)

Figure 2. (a) is Experimental setup for electroforming. A Cu plate was used for the cathode, and a Ni
anode plate containing sulfur was used for the anode, while d is the distance between the cathode
and anode. (b) is Plating jig and the auxiliary cathode was installed at the periphery of the facility to
ensure uniform film thickness.
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Table 1. Bath composition for Ni electroforming.

Ni(NH2SO3)2·4H2O 600 g/dm3

H3BO3 30 g/dm3

pH 4 ± 0.1
Temperature 40 ± 2 ◦C

Current density 5 A/dm2

Paddle agitation Stroke 100 mm, 60 rpm

3. Results and Discussion

3.1. Evaluation of Fabricated Substrate in-Plane Film Thickness

To evaluate the in-plane film thickness variation of the substrate produced by Ni
electroforming, we measured the film thickness by setting a target film thickness of 10 μm
and processing it for 10 min. Subsequently, the inter-electrode distance was set to the
four aforementioned distances, d = 24, 48, 60, and 84 mm. Figure 3 shows the relationship
between the inter-electrode distance and the electron-coating thickness. The longer the
inter-electrode distance, the thinner is the film produced by Ni electroforming, and the
average film thickness is the smallest at 6.7 μm with d = 84 mm. The variations are at
their smallest with d = 48 mm, with an average film thickness of 12.9 μm and a standard
deviation σ of 0.49 μm. Figure 4 shows the film-thickness distribution at each interelectrode
distance. Negligible differences are observed in substrate in-plane film thickness, and
the film-thickness variation is the smallest when d = 48 mm. With electroforming, the
current is concentrated in the outer peripheral portion of the substrate when the distance
between electrodes is large, and the current concentration in the central portion is high
when the inter-electrode distance is small [34]. This suggests that d = 48 mm is suitable
for achieving uniform film thickness. For d = 24, 48, and 60 mm, film thickness was
more than 10 μm because only a small amount of electroforming was deposited on the
auxiliary cathode installed at the periphery of the facility to ensure uniform film thickness,
and the inside of the substrate became thick. Furthermore, because the electroforming is
proportional to the electroforming time [35,36], if the throwing power is good, the desired
film thickness may be expected. Based on these results, to suppress film-thickness variation
in the various metal structures arranged on the substrate, we applied d = 48 mm in the
subsequent evaluation. This is because the resulting coating thickness at the outermost
peripheral portion being thin shows the interpolated numerical values of the unplated area
and adjacent portion at the electroforming contact point, so can be ignored.

Figure 3. Evaluation of variations in Ni-coating thickness. The inter-electrode distance during Ni
electroforming was set to four values, and the film thickness was measured by performing processing
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for 10 min at a target film thickness of 10 μm. The average film thickness of 12.9 μm and σ = 0.49 μm
minimized the variation at an interelectrode distance of 48 mm. As the coating thickness is propor-
tional to the electroforming time, if the variation is small, the desired film thickness can be obtained
via time adjustment.

Figure 4. Substrate in-plane-coating thickness distribution. The average film thickness is 12.3 μm and
σ = 0.72 μm, with a 60 mm inter-electrode distance, and at 48 mm, the variation is minimized, with
an average film thickness of 12.9 μm and σ = 0.49 μm. There is almost no difference in the substrate
in-plane film thickness with a 48 mm inter-electrode distance, and the variation is the smallest in
this case.

3.2. Evaluation of Stiffness of Metal Structures

Figure 5 shows the hardness measurement results for the four types of samples, to
evaluate the stiffness of the Ni structure. Sample (a) is a Ni coating obtained from the basic
bath in Table 1, (b) is a coating adjusted with a high-hardness additive, (c) is a Ni–P alloy
coating, and (d) is a sample of Ni–P coating heat-treated at 350 ◦C for 1 h. Compared to
the Ni films in samples (a) and (b), the Ni–P alloy films in samples (c) and (d) are harder,
especially in the sample (d), which was heat-treated and had a high Vickers hardness of
950 HV. This high hardness is thought to be due to crystallization [37,38] of the Ni–P alloy by
heat treatment. However, we found that the samples (c) and (d) were much more difficult to
deform than the other samples [39], and the coating cracked from simple bending, making
them unsuitable as three-dimensional elastically deformable structures (Supplementary
Materials Figure S1). Further, while sample (a) was easily deformed at approximately
300 HV, good stiffness with 600 HV hardness and elastic deformation were achieved when
the plated coating was adjusted with a high curing additive in the sample (b); hence, we
used this sample in subsequent evaluations. The Young’s modulus of the sample (b) was
200 GPa. Figure 6 shows a schematic of the deformation expected when a metallic structure
is subjected to hydrodynamic forces. When a solution is poured into a metal structure at
a constant rate, hydrodynamic forces cause the metal structure to deform elastically into
a certain shape. When the hydrodynamic force increases, the deformation of the metal
structure increases and returns to normal when the hydrodynamic force is removed.
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Figure 5. Ni-coating-hardness measurement results. Sample (a) is a Ni coating obtained from a basic
bath, (b) is a coating adjusted by adding 5 mL/L [40] of sulfurous additive to the basic bath, (c) is a
coating adjusted by adding 20 g/L of phosphorus acid to the basic bath, and (d) is a coating of the
sample (c) heat-treated at 350 ◦C for 1 h. Sample (b) has a hardness of 600 HV and achieves stiffness
allowing elastic deformation.

Figure 6. Schematic of deformation of metal structures due to hydrodynamic forces. (a) Initial state
of the metal structure. (b) When the hydrodynamic forces are small, the deformation of the metal
structure is small. (c,d) The greater the hydrodynamic forces is, the greater the deformation of the
metal structure.
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3.3. Fabrication of Three-Dimensionally Deformable Structures by Precision Electroforming

Ni structures are intended to be applied to filters. It is possible to perform various
chemical modifications on the surface of the Ni structure by adding Au plating, which
can add functions to the structural surface. Typical examples include the modification
of self-assembled monolayers (SAMs), frequently used in analytical chemistry and bio-
chemistry, and antibody modifications for antigen-antibody interactions. Figure 7 shows
the fabrication process of a metal structure with a fine pattern. In the photolithography
process, a 30 μm positive liquid resist (AZ P4903, Merck Performance Materials Co., Ltd.,
Tokyo, Japan) was applied to a Cu substrate by a spin coater (MS-A150, Mikasa Co., Ltd.)
(Figure 7a) and was exposed to light at 1.75 J/cm2 using a mask aligner (MA-20, Mikasa
Co., Ltd.) (Figure 7b). A resist structure to serve as a mold was developed using an AZ
400 K Developer (Merck Performance Materials Co., Ltd.) (Figure 7c). To release the Ni
structure from the Cu substrate, chromate treatment (2 g/dm3, 2 min, 30 ◦C) with potassium
dichromate solution was applied on the Cu substrate before Ni electroforming. Next, using
an electroforming bath, we fixed a Ni plate containing sulfur to the anode and a fabricated
resist structure to the cathode to form a Ni structure by electroforming (Figure 7d). The
resist structure was released using stripping solution (AZ Remover 700, Merck Performance
Materials Co., Ltd.). By removing the resist structure, we obtained a metal structure of the
desired shape by releasing the Ni structure from the Cu substrate with tweezers (Figure 7e).
Figure 8 shows the improvements in contact exposure in photolithography. As the liquid
resist used has a high viscosity of 1550 mm2/s, the resist was approximately 60 μm thick in
the outer peripheral portion of the substrate post resist coating. The resist was physically
removed using a 5 mm wide and 1 mm thick stainless-steel stick within 3 mm of the sub-
strate edge, and the resist thickness was uniform at 30 μm. The removal of the excessively
thick resist eliminated the gap between the mask and substrate, and the variation of the
slit width decreased. Figure 9 shows photographs of the Ni structure fabricated by this
process. We found eight types of structures, Types A–H, could be fabricated without defects,
even in the slit portion or overall surface. Figure 10 shows the dimensional measurement
results for the slit width of the Ni structure. By optimizing the photolithography conditions,
the variation of the slit width improved from σ = 3.74 to σ = 0.25 μm. The slit width
of Types A–D was 7.9 μm on average, with a design value of 10 μm, and the slit width
of Types E–H was 18.3 μm on average, with a design value of 20 μm. In addition, the
variation for all eight types was σ = 0.25–0.37 μm, and the fabrication was found to be
precise. Although the slit width was approximately 2 μm smaller than the target value, it
was expected that the desired slit width could be obtained by adjusting the design value.
When fabricating a microstructure, the fact that the slit width becomes smaller than the
target value is an advantage that may be adopted for various applications. The metal
structure was fixed in the device shown in Figure 11, and hydrodynamic force was applied
to demonstrate that the structure can deform from a two- to three-dimensional shape.
Pressure was applied to the metal structure in a 9 mm diameter area around the center.
Figure 12 presents a photograph of when a hydrodynamic force is applied to structures
with a Type A comb shape and a Type B arc shape with multiple slits. The deformation
amount of the Ni structures fabricated by this process changes according to the magnitude
of the hydrodynamic force, and the structures return to their original shapes when the
applied force is removed. Furthermore, if there is continuous flow at a constant rate, it is
possible to maintain a constant deformation and the shape of the fluid. Incidentally, Types
D and H, which have micropores formed in-plane, are self-supporting structures similar to
the other structures. However, they do not deform into three-dimensional shapes under
hydrodynamic forces.
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Figure 7. Schematic of the precision electroforming process. (a) A photoresist is applied on a Cu
substrate. (b) Curing of photoresist by ultraviolet irradiation. (c) Mold creation by developing the
photoresist. (d) Fabrication of Ni metal structures on Cu substrates by Ni electroforming. (e) Removal
of the Ni structure to obtain a metal structure of the desired shape.

Figure 8. Improvement of the photolithography process. (a) After resist coating, the resist at the edge
of the substrate is thick at approximately 60 μm. (b) Resist at the edges is physically removed after
improvement. The thickness of the resist is uniform at 30 μm. There is no gap between the mask and
substrate in the contact exposure.
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Figure 9. Photographs of the fabricated Ni structures. Eight types of Ni structures were fabricated
precisely. Metal structures that deform three-dimensionally of Types (A–C) and (E–G) return to the
original state even when deformed by hydrodynamic force. Metal structures of Types (D) and (H) are
formed using the same processes and materials as metal structures that deform three-dimensionally
and do not deform into three-dimensional shapes. All types appear warped under the light from the
digital microscope, but the Ni structures are not warped after electroforming.

Figure 10. Metal-structure slit-width dimensions before and after improvement of the photolithog-
raphy process. The dimensional variation decreases from σ = 3.74 to σ = 0.25 μm as a result of
optimizing the photolithography conditions. The desired slit width is expected if the design value
is adjusted.
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Figure 11. Overview of the device for the experiment. (a) The metal structure was fixed inside the
device, and the hydrodynamic force was applied. The metal structure was fixed to an acrylic tube
with an inner diameter of 9 mm. (b) Pressure was applied to the metal structure in a 9-mm-diameter
area around the center.

Figure 12. Photographs of three-dimensionally deformable metal structures. Type A is comb-
shaped, and Type B is a metal structure with multiple arc-shaped slits. The deformation quantity l
changes with the magnitude of the hydrodynamic force. When the hydrodynamic force is unloaded,
the structure returns to its original state. The deformation of the Type A structure at a flow rate
of 300 mL/h was approximately 110 μm, and that at a flow rate of 2400 mL/h was approximately
820 μm. The deformation of the Type B structure at a flow rate of 300 mL/h was approximately
40 μm, and that at a flow rate of 2400 mL/h was approximately 90 μm. The deformations of both
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structures increased linearly with increasing flow rate. In addition, a comparison of the simulated and
measured deformation of the two metal structures under a flow rate of 300 mL/h revealed that Type
A showed deformation of approximately 120 μm (simulation value), and the measurement result
was 110 μm, while Type B showed deformation of approximately 40 μm (simulation value), and the
measurement result was 40 μm. Under low flow-rate conditions, the simulated and measured results
showed good agreement (Supplementary Materials Figure S2). There was no plastic deformation,
even under conditions with a flow rate of 2400 mL/h. As there were no realistic conditions for
exceeding 2400 mL/h, it was not possible to verify until plastic deformation occurred. In this
study, as a limitation to elastic deformation, results were shown for conditions with a flow rate of
300–2400 mL/h.

Figure 13 shows a cross-sectional scanning-electron microscopy (SEM) image of a Type
B metal structure fabricated using 10 μm and 2 μm as the target film thicknesses for Ni
electroforming and Au plating, respectively. Type B is obtained with Au coating from the
basic baths in Table 2. The digital microscopy and cross-sectional SEM images show that
there are no pinholes or cracks on the surface of the metal structure, demonstrating the
absence of structural defects. The Ni electroforming thickness is 10.1 μm, the Au-plating
thickness is 2 μm, and the film thickness can be formed as designed. In addition, a structure
with a high aspect ratio (film thickness/slit width = 3.9) could be fabricated with good
precision using this process. Incidentally, the yield of the fabricated structure is 90%. The
three-dimensionally deformable microstructure fabricated using the process developed in
this study can be applied to bioMEMSs, analysis chips, and μTASs from the perspective of
size. Therefore, these structures may be expected to be applied in the biomedical field.

Figure 13. Cross-sectional photograph of a Type B three-dimensionally deformable metal structure
(slit width: 10 μm) fabricated with a Ni electroforming thickness of 10 μm and Au-plating thickness
of 2 μm. The tapered shape is due to the effect of diffraction of light during exposure.

Table 2. Bath composition for Au plating.

Na3Au(SO3)2 21.6 g/dm3

Na2SO3 75.6 g/dm3

pH 8 ± 0.1
Temperature 45 ± 2 ◦C

Current density 0.2 A/dm2

Agitation Stirring 300 rpm

4. Conclusions

The objectives of this study were to fabricate a metal structure that can be elastically
deformed into a three-dimensional shape in response to hydrodynamic forces and to
propose a fine pattern fabrication approach using precision electroforming. Physical
properties, such as the film thickness, hardness, and slit width, were evaluated to fabricate
the fine metal structures using this technique. Based on the results, we achieved σ = 0.49 μm
with an average film thickness of 12.9 μm and σ = 0.25 μm with a hardness of 600 HV and
slit width of 7.9 μm. The conditions for fabricating precision metal structures were also
evaluated. When the intended metal structure was fabricated using the derived conditions,
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we successfully fabricated metal structures capable of dynamically deforming into three-
dimensional shapes according to the hydrodynamic force. In this study, structures with
hardness ranging 300–950 HV and flow velocities of 300–2400 mL/h were investigated,
but they were within the elastic deformation range and did not deform plastically. As the
type of metal and physical properties of metal structures fabricated using this technique
can be varied, these structures can be applied to various fields and applications such as
bioMEMSs and μTASs in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13071046/s1. Figure S1: Simplified flexural evaluation of
four types of Ni film samples (a)–(d). The Ni films in (a) and (b) were found to deform elastically
and return to their original shapes without damage. The samples with Ni-P alloys in (c) and
(d) cracked and broke while bending. In addition, they did not return to their original shapes.
Figure S2: Simulation analysis results for the deformation of the Type A and B metal structures.
The conditions used in this analysis are summarized in Table S1. The measured deformation and
simulation results were compared. Under a flow rate of 300 mL/h, Type A showed a deformation
(simulation value) of approximately 120 μm, and the measurement result was 110 μm, whereas
Type B showed a deformation (simulation value) of approximately 40 μm, and the measurement
result was 40 μm. Under a flow rate of 2400 mL/h, Type A showed a deformation (simulation
value) of approximately 1080 μm, and the measurement result was 820 μm, whereas Type B showed
a deformation (simulation value) of approximately 280 μm, and the measurement result was 90 μm.
Thus, the simulation and measurement results agree well under the condition of a low flow rate.
Table S1: Deformation analysis conditions.
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Abstract: One of the widely used non-traditional machines for machining of hard materials into
complex shapes and different sizes is the electrical discharge machine (EDM). Recently, the EDM has
been used for deposition by controlling the input parameters (current and duty cycle). This work was
carried out to evaluate the readily available bronze (88% Cu + 12% Sn) electrode for deposition of
copper material on titanium alloy. Experiments were conducted according to Taguchi experimental
design considering the input parameters of current, Ton, Toff and preheating temperature of sub-
strates. Titanium alloy was further hardened by preheating at temperatures of 100 ◦C, 300 ◦C and
500 ◦C and quenching in brine, castor oil and vegetable oil in order to avoid workpiece erosion. After
this treatment, hardness, grain area, grain diameter and number of grains were characterized to
compare with pretreated substrates. Then, the treated substrates were taken for copper deposition
with the EDM. Output parameters such as material deposition rate (MDR), electrode wear rate (EWR),
coating thickness (CT), elemental composition and surface crack density (SCD) were found. Material
characterization was carried out using a scanning electron microscope (SEM) with energy dispersive
X-ray spectroscopy (EDX) and optical microscopy. Output parameters were optimized with technique
for order of preference by similarity to ideal solution (TOPSIS) to find optimum parameters. A sixth
experiment with parameter values of Ton of 440 μs, Toff of 200 μs, preheating temperature of 300 ◦C
and quenching medium of castor oil was optimum with MDR of 0.00506 g/m, EWR of 0.00462 g/m,
CT of 40.2 μm and SCD 19.4 × 107 μm2.

Keywords: electrical discharge coating; microhardness; material deposition rate; TOPSIS

1. Introduction

The EDM is a non-traditional machine that supports the fabrication of complex and
intrinsic shapes with an excellent surface finish in materials [1]. This is a well-established
technique in the fields of biomedical, automotive, chemical, aerospace, tool and die indus-
tries [2]. Usually, the EDM removes material by repeated sparks between the workpiece and
tool electrode immersed in dielectric medium [3]. The thermal energy between electrode
and workpiece creates high temperature plasma, which erodes, melts and evaporates the
workpiece material [4]. Meanwhile, the EDC process requires a low current and high duty
cycle which reverses the process of the EDM [5]. In EDC, electrode material is deposited on
the workpiece with a difference in parameters [6]. Even in EDC, high frequency electrical
discharges or sparks cause the workpiece material to melt and vaporize. Extreme temper-
atures in the range of 8000–12,000 ◦C lead to erosion and vaporization of workpiece and
electrode [7]. Then, material transfer occurs from the electrode to the workpiece under the
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suitable process conditions and parameter setup. On the surface of the workpiece, a recast
layer of redeposited melt materials from the electrode is deposited on the workpiece which
is immersed in dielectric medium [8,9]. The deposited material solidifies and forms a coat-
ing in dielectric medium. This process modifies the workpiece surface by generating new
compositions which can be further processed by quenching and hardening processes [10].

In this work, superalloy Ti6Al4V is exploited as a workpiece due to its essential char-
acteristics, viz., fracture toughness, biocompatibility, improved ductility, wear resistance,
yield strength and corrosion resistance [11]. This alloy has proven its applicability in vari-
ous fields such as medical implants, marine appliances, airframes, automotive industry,
etc. Among them, usage of this alloy in some applications, such as medical implants,
wastewater treatment plants, etc., requires antibacterial coating [12]. Copper material has
proven antibacterial activity since it helps to increase human immunity [13]. So, in this
work, copper material was proposed as coating material.

In our previous research, attempts were made to coat copper on titanium alloy using
copper electrodes. Firstly, an attempt was made using copper electrodes and it was sparsely
coated on the workpiece [14]. Instead, workpiece material was removed and microhole
formation was observed. Secondly, brass, which is an alloy of copper (67%) and zinc (33%),
was selected to coat copper and a regular, crack free and stable coating of thickness of
22 μm was obtained. In this work, one more attempt is made with a bronze electrode which
is also an alloy of copper containing from 0.5 to 11% tin and 0.01 to 0.35% phosphorus.

Bronzes or tin bronzes are alloys containing copper, tin and phosphorus. The addition
of tin increases the corrosion resistance and strength of the alloy whereas phosphorus in-
creases the wear resistance and stiffness of the alloy [6]. Phosphor bronzes have high fatigue
resistance, solderability, excellent formability and high corrosion resistance. Phosphorus
bronze has established applicability in sleeve bearings, cam followers, thrust washers and
electrical products such as diaphragms, corrosion resistant bellows and spring washers [14].
This material has proven strength, high wear resistance, fatigue resistance with good
machinability and corrosion resistance [15].

Researchers around the world are working to stabilize and standardize the procedure
of electrical discharge coatings. Some of the examples are as follows: Algodi et al. [16]
have examined the hardness variation of TiC-Fe nanostructured coating by varying the
input parameters such as current and Ton and concluded in their study that the latter is
the most influencing factor. Mussada et al. [17] have investigated the possibility of PM
electrodes for EDM-based surface modification. The investigation was performed in a
stepwise manner, though it takes more time, and a good surface finish was obtained. Hsu
et al. [18] varied input parameters of the EDM, viz., material removal rate (MRR), surface
roughness (Ra) and electrode wear rate (EWR), to improve the surface finishing. Here,
oxygen plasma etching treatment was performed to decrease the surface roughness [19]. In
order to further increase the surface characteristics, physical vapor deposition (PVD) was
performed to coat TiN. Algodi et al. [20] investigated antibacterial coating on titanium alloy
by mixing silver nanopowder with dielectric medium and compared it without mixing
powder. It was concluded that electrode material deposition is comparatively less when
dielectric medium is mixed with silver nanopowder. Tyagi et al. [21] conducted a study to
coat a mild steel (MS) workpiece surface with WS2 and copper green compact electrodes in
different composition mixing ratios. It was observed that WS2 increases coating thickness
whereas current and duty factors influence wear and hardness. Murray et al. [22] reported
their work varying the input parameters of EDC to coat different materials of copper,
zirconium and tungsten carbide on stainless steel. Bui et al. [23] studied the elemental
composition of the modified workpiece surface, tool electrode and dielectric fluid with
immersed powder particles. Due to the application of titanium material (Ti6Al4V) in
various fields, many studies are ongoing around the world. For instance, Wuyi Ming
et al. [24] studied microporosity and microtrench machining, Kahlin et al. [25] studied
fatigue behavior of materials, Zhen Zheng et al. [26] worked on laser-induced plasma
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micromachining and Schnell et al. [27] studied surface topography using femtosecond
laser-induced periodic surface structures (FLIPSSs) and micrometric ripples (MRs).

In this work, a bronze electrode was selected to coat copper on titanium alloy (Ti6Al4V)
to compare with our previous attempts. Prior to coating, workpiece substrates were
preheated at different temperatures of 100 ◦C, 300 ◦C and 500 ◦C and quenched in brine,
castor oil and vegetable oil in order to avoid workpiece erosion [28]. After this treatment,
hardness, grain area, grain diameter and number of grains were characterized to compare
with pretreated substrates. EDC input parameters selected to be optimized were current,
Ton, Toff and preheating temperature. TOPSIS techniques were used to optimize the
input parameters and material characterization was conducted using SEM with EDX.
Explanations about the electrode and workpiece material are provided in Section 2. The
experimental procedure is described in Section 3 with a process flowchart. Section 4 explains
the results obtained from TOPSIS and material characterization. Section 5 concludes the
paper with short conclusions on this work.

2. Materials and Methods

2.1. Workpiece and Electrode Materials

In this work, titanium alloy was selected as a workpiece due to its applications in
various fields, mainly as medical implants, and a bronze electrode was selected as electrode
material in order to evaluate it for copper coating [29]. Initially, a plate of titanium was
obtained from Ramesh Steels Corporation Pvt. Ltd., Mumbai, India and then substrates of
20 mm × 20 mm × 8 mm were made using a wire-cut EDM, whereas bronze electrodes
of 100 mm in length and 10 mm in diameter were made by power-hacksaw. EDM 30 was
used as dielectric fluid in this experiment.

The chemical composition, density (kg/m2), melting point (◦C), specific heat capacity
(J/g ◦C) and hardness of the electrode and substrate are shown in Table 1 [11].

Table 1. Physical and Chemical Composition of Electrode and Substrate.

Properties Electrode Substrate

Chemical composition Cu 88% Sn 10% Zn 2% C 0.08, Fe 0.25, Al 6, V 4, Ti balance
Density (kg/m3) 8770 4.42

Melting point (◦C) 1035 1878
Specific heat capacity (J/g ◦C) 370 553

Hardness 170 300

The three levels of EDM machining process parameters selected are shown in Table 2.
Output parameters such as surface quality, surface topography and homogeneity of the
coatings rely on the input process parameters, viz., current, Ton, Toff and temperature,
as shown in Table 2 [19]. Taguchi L9 design was followed to prepare the combination of
parameters [30,31] as shown in Table 2.

Table 2. EDM Input process parameters.

S. No. Input Process Parameters Level

1 Current (Amps) 4 8 12
2 Ton (μs) 280 360 440
3 Toff (μs) 200 300 400
4 Temperature (◦C) 100 300 500
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2.2. Output Process Parameters

In this work, output process parameters considered for optimization are material
deposition rate (MDR) [32], electrode wear rate (EWR) [33,34] and surface crack density
(SCD) [25]. MDR can be represented as

MDR =
WBM − WAM

Time
(gram/min) (1)

where WAM = weight after machining and WBM = weight before machining.
EWR can be represented as

EWR =
EBM − EAM

Time
(gram/min) (2)

where EAM = weight of electrode after machining and EBM = weight of electrode before
machining.

Finally, surface crack density was considered which can represented as follows:

SCD =
Tl
Ai

(
μm/μm2

)
(3)

where Tl is total crack length in μm and Ai is image area in μm2.
Every researcher is interested in this parameter to provide crack free coating since it

is the proper measure of cracks. This parameter depends upon the coefficient of thermal
expansion of coating and workpiece material.

2.3. Methods
TOPSIS

The procedure for TOPSIS optimization is as follows:
Step 1: The first step is to create a decision matrix. This method consists of alternatives

in the rows and attributes in the columns. The matrix format can be expressed as follows [19–35].

D = a1 . m
[

X11 · · · X1n
...

. . .
... Xm1 · · · Xmn

]
(4)

Here, a (i = 1,2,3, . . . ,m) = all possible alternatives, x (j = 1,2,3, . . . ,n) = the attributes
related to performance of alternatives, j = 1,2,3, . . . ,n and xij represents the performance of
i with respect to attribute j.

Step 2: In this step, normalization of the above decision matrix is carried out and we
obtain a normalized decision matrix γij. The formula for rij is given below:

γij =
−xij√
∑m

i=1 x2
ij

(5)

Step 3: Here, weights are assigned according to the importance and the weighted
normalized decision matrix can be calculated by using the formula V = wjγij w · r.

V =
[
viJ

]
(6)

n

∑
j=1

wj = 1 (7)
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Step 4: Positive and negative ideal solutions are calculatedtion is calculated by us-
ing the follow in this step. The solutions can be represented as the positive ideal (best)
solution [36].

a+ =
{(

vij , j ∈ J
)(

vij
.
J ∈ J

)
J
}

(8)

v =
{

v1+, v2+, v3+ . . . . . . .vj+ . . . . . . vn+
}

a− =
{(

vij , j ∈ J
)(

vij
.
J ∈ J

)
J
}

(9)

v =
{

v1−, v2−, v3− . . . . . . .vj− . . . . . . vn−}
Here, J = {j = 1, 2, 3, . . . . . . .n}, J′ = {j = 1, 2, 3, . . . n}.
J and J’ are associated with the beneficial and non-beneficial attributes.
Step 5: Here, the Euclidean distance of each alternative from the positive and negative

ideal solution is calculated by using the following equations:

D+
i =

n

∑
i=1

(
vij − v+i

)2, i = 1, 2, 3, . . . , m (10)

D−
i =

n

∑
i=1

(
vij − v−i

)2, i = 1, 2, 3, . . . , m (11)

Step 6: Here, relative closeness to the ideal solution for each alternative is calculated
by using the equation is given below:

C+
i =

D−
i

D+
i + D−

i
, i = 1, 2, 3, . . . , m; 0 ≤ C+

i ≤ 1 (12)

Step 7: In the final step, ranking according to the preference order is given. The
alternative with maximum relative closeness should be the best choice. +Ci is multi-
performance characteristic index (MPCI) in TOPSIS.

3. Experimental Procedure

The EDM at the Production Engineering Lab, Osmania University was used for coating.
This machine is of CREATER make and numerical control (CNC) is shown in the process
flow diagram. Firstly, titanium substrates were ground and polished with emery papers
of 50, 100 and 200 micrometers. Then, the substrates were taken for preheat treatment at
temperatures of 100 ◦C, 300 ◦C and 500 ◦C and quenched in brine, castor oil and vegetable
oil in order to avoid workpiece erosion. Taguchi L9 was followed for heating temperatures
as shown in Table 3. Preheat treatment was performed to increase the hardness that
prevents workpiece erosion when coating. Before and after the heat treatment, hardness,
grain size and grain area of each substrate were measured. Then, the substrates were taken
for deposition following the input parameters shown in Table 3. Figure 1 depicts the steps
followed in this work for coating copper on titanium alloy. Table 3 shows the MDR and
EWR and Tables 4 and 5 shows the average hardness, average diameter, average grain area,
average grain number and grain structure.
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Table 3. Substrate Heating and Quenching and Experimental Data.

Exp. No.
Current
(Amp)

Ton (μs) Toff (μs) Temp (◦C)
Quenching

Medium
MDR

(Gram/Min)
EWR

(Gram/Min)

1 4 280 200 100 Sunflower 0.00442 0.000442
2 4 360 300 300 Brine 0.00214 0.000852
3 4 440 400 500 Castor oil 0.005205 0.000682
4 8 280 300 500 Sunflower 0.002253 0.002775
5 8 360 400 100 Brine 0.003148 0.003565
6 8 440 200 300 Castor oil 0.00506 0.00462
7 12 280 400 300 Sunflower 0.012278 0.012423
8 12 360 200 500 Brine 0.001868 0.013923
9 12 440 300 100 Castor oil 0.000155 0.011508

Figure 1. EDC Process Flowchart.
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Table 4. Before Heating Hardness and Grain size.

Exp. No. Avg. HV
Avg. Diameter

(Micron)
Avg. Grain Area

(Micron Sqr)
Avg. Grain

No.
50X Grain Structure

1 392.66 61.95 4865 4

2 399.3 26.85 861.5 7

3 350.46 26.85 861.5 7

4 355.83 30.95 1220 6

5 408.3 26.85 861.5 7

6 389.5 30.95 1220 6

7 393.56 30.95 1220 6

8 379.1 26.85 861.5 7

9 378.96 36.8 1725 6
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Table 5. After Heating Hardness and Grain size.

Exp. No. Avg. HV
Avg. Diameter

(Micron)
Avg. Grain Area

(Micron Sqr)
Avg. Grain

No.
50X Grain Structure

1 348.13 26.85 861.5 7

 

2 398.83 26.85 861.5 7

3 360.7 30.95 1220 6

4 358.13 36.8 1725 6

5 396.166 26.85 861.5 7

6 398.76 26.85 861.5 7

7 387.73 52.1 3440 5

8 359.46 36.8 1725 6

9 383.16 104.1 13750 3

4. Results

This section covers the results obtained from the experiments and discussions on
analysis of output parameters, surface integrity, surface characterization, surface crack
density, coating interface analysis, elemental analysis and optimization by TOPSIS.
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Analysis of Output Parameters

MDR, EWR, CT, elemental analysis and SCD are the output parameters considered in
this study [37]. In EDC, output parameters are required to be studied since they depend
on the input parameters and finding desired values for input parameters with respect to
output parameters is difficult. Conditions to be followed for these parameters are: the
higher the better for MDR, the lower the better for EWR and the lower the better for
SCD [38]. From the literature, it was observed that lower values of EWR and SCD can be
obtained by lower current, pulse-on time, pulse-off time and temperature [39]. According
to the design of experiments, it is not possible to select the desired parameter values so
there is a requirement of optimization techniques for this problem.

Table 6 shows the MDR, EWR, CT, SCD and elemental analysis obtained for all the
experiments in which the maximum MDR and CT are 0.0122775 gram/min and 39.9 μm,
respectively, whereas minimum values are 0.00044249 gram/min and 0.0000992775 μm2,
respectively. Figure 2 shows the graph of output parameters created with the table. Varia-
tion in output parameters with respect to variation in input parameters can be observed
from Figure 2.

Table 6. Output response parameters.

Exp. No.
Units

MDR
(Gram/Min)

EWR
(Gram/Min)

CT
(μm)

SCD
(μm2)

Ti
%

Al
%

Cu
%

1 0.00442 0.00044 38.3333 0.0000992775 86.45 1.45 7.65
2 0.00214 0.00085 28.8333 120971533.3 85.93 0.85 6.6
3 0.0052 0.00068 33.5667 156621668.1 90.21 1.39 4.72
4 0.00225 0.00278 27.5333 44156787.82 91.14 1.23 3.82
5 0.00315 0.00357 39.9 261218750.4 90.41 0.38 4.82
6 0.00506 0.00462 40.2 194348924 91.71 1.79 5.82
7 0.01228 0.01242 30.4333 188926795.8 91.57 1.41 5.24
8 0.00187 0.01392 39.8 117702032.4 92.42 1 2.11
9 0.00015 0.01151 31.7 121594295.4 91.18 1.23 3.84

Figure 2. Experimental Graph.
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5. Discussion

5.1. Analysis of Surface Integrity before and after Heat Treatment

For the study of surface integrity, all the substrates were measured for hardness
individually and showed variation in average hardness ranging from 348 HV to 398 HV
taken at six points. For the similar substrates, hardnesses were again measured after heat
treatment. From Figure 3, it can be seen that experiments 3, 4, 6 and 9 have shown an
increase in hardness after heat treatment at 100 ◦C, 300 ◦C, 300 ◦C and 500 ◦C, respectively,
and quenched in castor oil, vegetable oil, castor oil and castor oil, respectively. An important
observation among these was that all substrates quenched in brine solution have shown a
decrease in hardness [40]. An increase of around 10 HV after heat treatment at 100 ◦C with
quenching in castor oil was seen, so these parameters were selected.

Figure 3. Hardness Before and After heat treatment of substrates.

5.2. Surface Morphology

Figure 4 shows the SEM images of EDCs developed using different combinations
of input parameters with the L9 orthogonal array. While designing the experiments, the
process of heating treatment and quenching medium were also considered. It is observed
from Figure 4 that all the coatings have a cauliflower structure and uniform coating.
Figure 4b,d,g show uneven coating surfaces and machining spatters can be observed.
Figure 7c shows uniform coating on the substrate at 100 ◦C with quenching in castor oil.
Input parameters for experiment 3 are current of 4 Amp, Ton of 440 μs and Toff of 400 μs.
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Figure 4. EDC coating Surface observations: (a) EX 1, (b) EX 2, (c) EXP 3, (d) EX 4, (e) EX 5 and (f) EX
6, (g) EX 7, (h) EX 8 and (i) EX 9 (all SEM images are 100X).

5.3. Surface Crack Density

Figure 5 shows the surfaces of coatings captured using the scanning electron micro-
scope. Coatings were thoroughly examined using SEM and if a crack was found, it was
zoomed into with a magnification of 500X. Crack length was measured with SEM and SCD
was calculated for all the coatings as per Equation (3) [41]. Cracks were observed in almost
all the coatings and a minimum crack density of 0.000099277 μm/μm2 was ob-tained for
Figure 5a.
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Figure 5. EDC coating Surface with observed microcracks: (a) EX 1, (b) EX 2, (c) EXP 3, (d) EX 4,
(e) EX 5 and (f) EX 6, (g) EX 7, (h) EX 8 and (i) EX 9 (all SEM images are 500X).

5.4. Coating and Base Material Interfacing Analysis

Figure 6 depicts the interfacing and bonding of coating on the base material. The
investigation of copper coatings obtained on preheated substrates showed major variations
in the CT which is also a function of process conditions. SEM images of the cross section of
coatings deposited under different conditions are shown in Figure 6. It was observed that
with an increase in current, heat is generated and damages the base material, as shown in
Figure 6e,g,i. For these experiments, the deposition rate was high due to the current and
duty cycle. The highest CT of 40.2 μm can be observed from Figure 6f but it seems to be
highly discontinuous with the parameter combination of current of 8 Amp, Ton of 440 μs,
Toff of 200 μs, preheated temperature of 300 ◦C and quenching in castor oil. Figure 7 shows
the graph with CTs along with MDR and EWR. From this figure, it can be observed that
higher CT does not necessarily mean high MDR and EWR.
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Figure 6. Comparison of MDR, EWR and CT.

Figure 7. EDC interaction between the base material and coating: (a) EX 1, (b) EX 2, (c) EXP 3, (d) EX
4, (e) EX 5 and (f) EX 6, (g) EX 7, (h) EX 8 and (i) EX 9 (all SEM images are 500X).
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5.5. Elemental Analysis

SEM was used to inspect the composition of obtained coatings with energy dispersive
X-ray spectroscopy (EDX). It was understood from Figure 8 that a higher Ti and Cu
percentage was obtained in the coating deposited with the parameters of experiment
8 (Figure 8h), being Ti 92.42%, current 12 Amp, Ton 360 μs, Toff 200 μs and temperature
500 ◦C and with quenching in brine solution. Meanwhile, the substrate that had the highest
copper percentage (7.65%) was coated with the input parameters of current 4 Amp, Ton
280 μs, Toff 200 μs, temperature 100 ◦C and quenching in sunflower oil.

Figure 8. EDC Coating Surface EDX: (a) EX 1, (b) EX 2, (c) EXP 3, (d) EX 4, (e) EX 5 and (f) EX 6,
(g) EX 7, (h) EX 8 and (i) EX 9.

5.6. Optimization by TOPSIS

From the discussion, it can be understood that an optimization technique is required
to select the optimum coating among all these coatings. It is difficult to select one man-
ually because each experiment was best with some output parameter. So, the TOPSIS
optimization technique was applied to select the optimum coating [42]. TOPSIS is an
optimization technique involving seven steps [4]. The formula used to calculate at each
step was described in the Section 2. The first step is to form a matrix using the output
parameters that support simplifying and processing easily and efficiently, as shown Table 7.
Then, further steps were followed as per Section 4.

108



Micromachines 2023, 14, 136

Table 7. Decision matrix.

Exp. No. MDR EWR AV CT SCD Ti Cu

1 0.00442 0.000442 38.33333 0.0000993 86.45 7.65
2 0.00214 0.000852 28.83333 121000000 85.93 6.6
3 0.005205 0.000682 33.56667 157000000 90.21 4.72
4 0.002252 0.002775 27.53333 44156788 91.14 3.82
5 0.003147 0.003565 39.9 261000000 90.41 4.82
6 0.00506 0.00462 40.2 194000000 91.71 5.82
7 0.012278 0.012423 30.43333 189000000 91.57 5.24
8 0.001868 0.013923 39.8 118000000 92.42 2.11
9 0.000155 0.011508 31.7 122000000 91.18 3.84

The last step is to calculate the relative closeness using the formulae shown in
Equation (12). The values are tabulated in Table 8, and it can be observed that experi-
ment 6 has higher closeness and takes the rank of 1. This represents the coating obtained
from experiment 6 which is the optimum coating as per the conditions of the higher the
better MDR and the lower the better EWR and SCD.

Table 8. Relative closeness.

Exp. No. Relative Closeness Rank

1 0.370044 3
2 0.370065 9
3 0.370053 5
4 0.370064 8
5 0.370041 2
6 0.370034 1
7 0.370054 6
8 0.370046 4
9 0.370057 7

6. Conclusions

In this work, a bronze electrode was selected to coat copper on titanium alloy (Ti6Al4V)
to compare with our previous attempts. Prior to coating, workpiece substrates were
preheated at different temperatures of 100 ◦C, 300 ◦C and 500 ◦C and quenched in brine,
castor oil and vegetable oil in order to avoid workpiece erosion. After this treatment,
hardness, grain area, grain diameter and number of grains were characterized to compare
with pretreated substrates. EDC input parameters selected to be optimized were current,
Ton, Toff and preheating temperature. The TOPSIS technique was used to optimize the
input parameters and material characterization was conducted using SEM with EDX. Some
of the conclusions from this study are as follows:

Experiments were carried out according to the Taguchi L9 design of experiments. A
higher increase (10 HV) in hardness was obtained for substrate heat treated at 100 ◦C and
quenched in castor oil. It was observed that MDR increases with a decrease in current and
EWR increases with an increase in current and Ton.

Surface morphology of all coatings showed a cauliflower structure.
SEM with EDX confirmed a maximum copper percentage of 7.65% in the coating

surface whereas copper coated with brass electrodes in our previous study had up to 70%
copper material when experiments were performed with the same experimental conditions.
The highest coating thickness of 40.2 μm was obtained for experiment 6 when observed in
SEM images of magnification of 500X.

Finally, TOPSIS has ranked experiment number six with the input process parameters
of current 8 Amp, Ton 440 μs, Toff 200 μs, temperature 300 ◦C and quenching medium
of castor oil as the optimum. Output response values of the same experiments are MDR
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0.00506 gram/min, EWR 0.00462 gram/min, CT 40.2 μm and SCD 194348924.μm2, with Ti
91.71%, Cu 5.82%, Zn 0.68% and hardness 398.767 HV.
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Abstract: This research work aims to proceed with the optimization of Fused Deposition Modeling
(FDM) printing parameters for acrylonitrile butadiene styrene (ABS) and polyamide (Nylon) to
improve fatigue resistance. For that purpose, the methodology of the paper involves two main
approaches: experimental study and finite element analysis. The experimental part of the paper
used the Taguchi method to find the effects of printing internal geometry, printing speed, and nozzle
diameter on the fatigue life of ABS and Nylon plastic materials. ANCOVA multiple linear regression
and sensitivity analysis was used to investigate the effects of printing parameters on the fatigue life
of materials. The analysis of the results revealed: Nylon performed better than ABS, but had a higher
slope; the ‘tri-hexagon’ structure resulted in the highest fatigue life, but the effect was statistically
significant only for ABS material; the fatigue life of both materials increased with decreasing the
nozzle diameter; the printing speed had no statistically significant influence neither on ABS nor
Nylon. The experimental results then were validated by numerical simulations and the difference
between the values was within ±14% depending on the experiment. Such differences might occur
due to numerical and experimental errors.

Keywords: Fused Deposition Modeling (FDM); acrylonitrile butadiene styrene (ABS); polyamide
(Nylon); fatigue; ANCOVA regression analysis; Taguchi analysis; parametric study; numerical study

1. Introduction

There are a variety of different additive manufacturing techniques, one that the object
of interest here is fused deposition manufacturing known as FDM. It involves a nozzle
that contains molted filament to transform on a 2D plane plate to build up a layer of a
cross-sectional region of a digitalized object. Then the platform moves in up or down
directions to continue the layer-by-layer construction process [1].

The FDM process involves thermoplastic materials of high strength such as poly-
carbonate (PC), polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polyamide
(Nylon), etc. [2–5]. The application of FDM printing is essential when it comes to inexpen-
sive parts in a short period of time, rigid models, and the construction of a prototype for
validation purposes. Thus, the areas of application of 3D printed parts using FDM technol-
ogy and thermoplastic materials are rapidly increasing and currently involve automotive,
aerospace, medical, industrial, manufacturing, architecture, etc. [6,7].

In spite of the fact that there are many advantages of FDM printing over conventional
methods, the limitations of this technique are varied in range from low-lying mechanical
properties to lousy surface quality of printed parts. One of the most significant challenges
is associated with voids formation between layers of printed parts [8]. This occurs owing
to the weak interaction between the extruded layer and solidified part [9]. Therefore, it is
crucial to examine the mechanical properties of finalized printed objects.

The most common process parameters are infill density, infill patterns (internal ge-
ometric structure), extrusion temperature, nozzle diameter, layer thickness, raster angle,
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build orientation printing speed, etc. [5,10,11]. Based on the literature review findings,
infill density tends to be one of the primary factors affecting mechanical behavior. For
example, the strength properties of the printed ABS, PLA, and Nylon increase as infill
density increases [12–15]. By so doing, this parameter can be varied from 0% (hollow part)
to 100% (solid part).

Along with infill density, the internal geometric structure plays a crucial role in the
mechanical properties. It defines the interaction between infilled filaments at the moment
of being loaded. Some of the commonly used infill patterns are hexagonal, linear, and
diamond. It should be noted that one pattern could provide better results for tensile
or compressive properties while the same pattern may not hold well for a component
subjected to other types of load [16].

Holding under the control of the relationship between nozzle size and layer thickness
helps to regulate the air gaps in the structural matrix of the FDM printed part [16]. Increas-
ing the nozzle diameter relative to layer thickness results in higher flexural strength. This is
because increasing the ratio of the nozzle to layer thickness produces more contact surfaces
between the layers of printed parts [17].

The printing speed parameter is associated with how fast the nozzle and the rest of
the transformable parts of a 3D printer move relatively to stationary elements. The target
idea of this parameter is to compromise the duration of printing and the quality of printed
parts. At too high a printing speed, the model ends up with a weak interaction between
extruded layer and solidified part. Moreover, there are still plenty of parameters that could
be varied during the manufacturing process. More information about them may be found
in some review papers [5,10,18,19].

FDM components are often subjected to cyclic loads, which might be a reason for
fatigue failure. It is evident that the fatigue properties also depend on process parameters.
For instance, it was illustrated that fill density, nozzle diameter, and layer thickness were
the most influential factors in the fatigue life of PLA [20,21]. The optimal filling pattern
for the Nylon was investigated in the paper [22]. As a result, specimens with a triangular
filling pattern and matrix density of 20%, reinforced with carbon fiber at 0 degrees, showed
better fatigue performance.

The effects of the print direction for PLA [23,24], ABS [23,25], and Nylon [26] as well
as raster orientation for PLA [27] and ABS [28] components were explored. These works
reveal that print direction and raster orientation have a significant effect on the fatigue
performance of FDM materials. In addition, Ziemian et al. [29] investigated the character-
istics of fatigue damage accumulation using FDM specimens for multiple mesostructure
combinations, i.e., fiber orientations and layering patterns.

Some compare studies are presented in articles [30–32]. Namely, Miller et al. [32]
conducted a comparative analysis of the fatigue performance of three PCU materials
with systematically varied hard and soft segment contents, processed by both injection
molding and FDM. In [30,31], Terekhina et al. compared the fatigue performance of various
polyamides produced by FDM and selective laser sintering.

In the article [33], the authors applied a slightly different approach. At first, they
conducted monotonic torsion tests at various infill patterns to obtain the best configuration
for ABS. After that, the best parameter configuration was chosen to examine the fatigue
properties at fully reversed load-controlled loading conditions. In [34], authors determined
the S-N curve constants for ABS at fixed printing parameters. In the end, it is worth noticing
some paper reviews of the fatigue behavior of 3D-printed polymers [23,35]. The literature
review summary is presented in Table 1.
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Table 1. The literature review summary.

Material Printed Parameters Results Refs.

ABS

- nozzle temperature: 220–230 ◦C
- nozzle diameter: 0.5 mm
- printing speed: 30 mm/s
- layer height: 0.1 mm
- infill density: 100%

The average cycle number under the load of 30
N is 3796 cycles.
The average cycle number is decreased to 128
cycles when the load is 60 N.

[34]

ABS

- melting temperature: 220 ◦C
- nozzle diameter: 0.5 mm
- printing speed: 40 mm/s
- layer height: 0.15 mm
- infill density: 70%

The parameters for Basquin’s equation that
constitutes S-N curve were found with A =
63.31 MPa, and b = −0.204.

[33]

ABS

- nozzle temperature: 245 ◦C
- infill density: 50%
- infill pattern: square
- printing speed: 60 mm/s
- nozzle diameter: 0.4 mm
- layer height: 0.15 mm
- print direction: horizontal and vertical

The parameters for the Basquin’s equation that
constitutes SN curve were found with A =
167.26 MPa, and b = −0.2782 (Horizontal); A =
395.67 MPa, and b = −0.3831 (Vertical)

[23]

ABS

- road width 0.3048 mm
- slice height 0.1778 mm
- part interior fill style: Solid normal
- part fill style: Perimeter/raster
- liquefier temperature: 320 ◦C

The specimens with raster orientation of
+45/−45◦ had the longest fatigue life at each
normalized stress level, followed by the 0, 45
and 90◦ orientations in descending order.

[28]

Nylon

- melting temperature: 195 ◦C
- raster orientation: 0 deg
- printing speed: 37.5 mm/s
- layer height: 0.2 mm
- nozzle diameter: 0.5 mm
- number of contours: 3
- filling percentage: 100%

XZ build orientation of Nylon reveals a higher
overall fatigue life than that for the XY one [26]

Nylon CF

- melting temperature: 210 ◦C
- nozzle diameter: 0.3 mm
- printing speed: 30 mm/s
- layer height: 0.1 mm
- infill density: 50%
- infill pattern: triangular, hexagonal
- filling percentage (%): 20, 50
- filling layers: 24
- walls: 2

The parameters for the Basquin’s equation that
constitutes S-N curve were found with A = 206
MPa, and b = −0.039 for specimens with a
triangular filling pattern and matrix density of
20%, reinforced with carbon fiber at 0 degrees.

[22]

Nylon (PA12,
PA6)

- melting temperature: 250, 195 ◦C
- raster orientation: 0 deg
- printing speed: 32, 37.5 mm/s
- layer height: 0.2 mm
- nozzle diameter: 0.5 mm
- number of contours: 3
- filling percentage: 100%

PA12 has a higher overall fatigue life than PA6.
The fatigue behavior of PA12 FDM specimens
is more resistant than the one obtained by SLS.

[30,31]

Though there are scholarly works that focus on examining the fatigue behavior of
FDM printed parts, research works are mainly focused on determining the S-N curve for
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materials and provide vague studies on parametric analysis. As a result, the improvement
in fatigue performance through optimization of printing parameters has a poor reflection
in scholarly papers. Furthermore, there is much less fatigue research on Nylon compared
to other plastics, for example, ABS. Thus, this study is focused on the determination of the
optimization factor conditions to improve the fatigue properties of two thermoplastics ABS
and Nylon produced by FDM.

2. Materials and Methods

This study is focused on two types of thermoplastics for FDM printing such as ABS
and PA6 (Nylon). According to the literature review, three parameters were chosen to
study the fatigue behavior of the FDM printed parts: nozzle diameter, internal geometric
structure, and printing speed. Table 2 indicates the parameters and their levels.

Table 2. Selected independent variables for fatigue tests.

Parameter L1 L2 L3

Nozzle diameter 0.2 mm 0.4 mm 0.6 mm
Internal geometry Tri-hexagonal Zigzag Concentric

Printing speed 25 mm/s 30 mm/s 35 mm/s

The design of experiments was conducted within the Taguchi method to identify
significant parameters and their levels for upgrading the fatigue behavior of the 3D printed
part by performing a number of experiments. This approach allows a simple and inexpen-
sive method in the various branches involving minimum experimental runs [36]. Such
techniques enable researchers and engineers to decrease the utilization of material used,
energy consumption, and environmental pollution impact. The Taguchi L9 Orthogonal
Array with three levels for each three selected parameters is shown in Table 3.

Table 3. L9 Orthogonal Array.

Test Code Nozzle Diameter Internal Geometry Printing Speed

111 1 1 1
122 1 2 2
133 1 3 3
213 2 1 3
222 2 2 2
231 2 3 1
313 3 1 3
321 3 2 1
332 3 3 2

The parameters for printing were modified using Ultimaker Cura software 4.3 and an
‘STL’ input file with a designated 3D part. Apart from the parameters that were examined,
there are constant variables that are summarized in Table 4. The extrusion temperature for
ABS was 220 ◦C and 210 ◦C for Nylon. The building orientation and internal geometry of a
specimen are presented in Figure 1.
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Table 4. Constant variables for printing.

Parameter Value

Layer Height 0.15 mm
Orientation horizontal

Wall Thickness 1.3 mm
Wall Line Count 4

Horizontal Expansion 0 mm
Top/Bottom thickness 1.2 mm

Top Layers 8
Bottom Layers 8

Fan Speed 2%

   
(a) (b) (c) 

Figure 1. The profiles of internal geometries: Tri-hexagonal (a), Zigzag (b) and Concentric (c).

The experimental procedure involves two main parts: 3D printing and fatigue testing.
3D printing is performed using FDM Ultimaker S3 and S5 printers (Utrecht, Netherlands)
whereas fatigue tests are conducted utilizing an SM1090V rotating bending fatigue machine
(TecQuipment Ltd. Nottingham, United Kingdom) that can work at frequencies up to 60 Hz.
By so doing, the stress ratio was −1. All the applied stress amplitudes were estimated
as follows:

σa =
32 l F
πd3 (1)

where l (approximately 28 mm) is the distance from the specimen shoulders where the load
was applied to the gauge section, d (about 4 mm) is the gauge section diameter, and F is the
applied force on the shoulders of the specimens (Figure 2).

Figure 2. Illustration of stress realization by SM1090V rotating bending fatigue machine.

The observed fatigue results were analyzed quantitatively by fitting the fatigue data
in terms of nominal stress amplitude and the number of cycles to failure with a Basquin
equation in the form of σa = A(N)b where N is the fatigue life. When the curves are
plotted on a log-log scale, they can be represented as regression lines. Then, log(A) can be
determined as the intercept of the linear fit and its gradient represents b.
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After the printing process, the dimensions of a part were measured using a caliper
because they can be modified after being printed. The hourglass specimen with 64 mm in
length and 9 mm in diameter was used to fit the machine dimensions. The geometry is
illustrated in Figure 3.

 

Figure 3. Specimen dimension for fatigue tests.

Test results were analyzed using Taguchi analysis. Such a technique is applied to
study the effect of nozzle diameter, internal geometric structure, and printing speed on the
fatigue life of the materials studied. ANCOVA was used for a multiple regression analysis
in which there is at least one quantitative and one categorical variable. And by doing this,
the categorical variable with three kinds of internal geometries was re-coded as two new
columns (one of the variables was dropped to avoid multi-collinearity) with 0 and 1. The
variables were coded 0 for any case that did not match the variable name and 1 for any case
that did match the variable name.

During the numerical part of the study, FE analysis was carried out to simulate the
test, and simulation results were obtained and compared with experimental results. A
numerical study was conducted in Ansys 2021 R2 Workbench static structural analysis.
The specimens were designed as a single solid structure. To replicate tests, the specimen
was fixed on one end and the force was applied to another end to create the bending.
Mesh parameters include 14,268 elements, 61,479 nodes, and an element size of 0.8 mm.
The material properties (S-N curves) used in the analysis were taken from work [37]. The
methodology steps that were followed during the study are presented in Figure 4.

Figure 4. Methodology steps.
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3. Results and Discussion

3.1. Experiment

To find the S-N curve, stress was applied by gradually changing the load from 95%
to 80% of the ultimate tensile strength (UTS) of materials. In order to obtain UTS, nine
tensile tests were conducted for each ABS and Nylon material at different configurations
of parameters. The specimen geometry used in tensile tests was designed according to
ASTM D638 Type I standard with a working length of 57 mm, work width of 13 mm, and
thickness of 3.2 mm. As a result, the mean UTS values were 28.1 ± 2.9 and 50.6 ± 4 MPa
for ABS and Nylon, respectively.

Fatigue test results were obtained in terms of the Stress Amplitude vs. Fatigue Life
diagrams (Figures 5 and 6). Overall, the experimental results showed that Nylon performed
better than ABS: the fatigue strength of Nylon is higher than that of ABS at the same values
of the fatigue life. Specimens made of Nylon material could withstand about 45 MPa load
under 9000 cycles, while ABS specimens could withstand about 26.5 MPa under 9000 cycles.
However, taking into account the UTS of materials, one can notice a significant lead in the
fatigue performance of ABS specimens. Specifically, when 95% load of each material’s UTS
was applied, the ABS part could endure 8200–9400 rotations, whereas the Nylon part at its
best configuration could not exceed 6720 revolutions. The same trend can be observed for
90%, 85%, and 80% of UTS loads. In addition, fatigue tests showed which configurations
have higher fatigue performance and which parameters have a higher influence on results.
On average for all loads, for both Nylon and ABS materials, 111 configurations showed
the highest results, while 332 and 321 configurations appeared to be the least resistant to
fatigue failure. 3D-printed specimens after fatigue tests are presented in Figure 7.

Figure 5. Experimental S-N curve for ABS.

Figure 6. Experimental S-N curve for Nylon.
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(a) (b) 

Figure 7. Tested 3D-printed fatigue specimens for ABS (a) and Nylon (b).

The obtained Basquin parameters were extracted from the plots and reported for
each manufacturing condition in Table 5. Smaller absolute b values (i.e., reduced slope)
represent a higher fatigue performance. As one may see from Table 5, the Nylon material
has higher log(A) and b values than ABS overall. It means that initially Nylon has larger
fatigue strength but loses it more intensively than ABS.

Table 5. Basquin’s parameters.

Test Code
ABS Nylon

log(A) b log(A) b

111 2.12 ± 0.05 −0.176 ± 0.012 2.50 ± 0.14 −0.215 ± 0.035
122 2.13 ± 0.04 −0.177 ± 0.010 2.50 ± 0.15 −0.214 ± 0.038
133 2.22 ± 0.03 −0.202 ± 0.007 2.51 ± 0.12 −0.218 ± 0.030
213 2.18 ± 0.03 −0.190 ± 0.008 2.53 ± 0.15 −0.223 ± 0.038
222 2.22 ± 0.04 −0.200 ± 0.009 2.50 ± 0.15 −0.217 ± 0.039
231 2.21 ± 0.02 −0.200 ± 0.005 2.48 ± 0.15 −0.211 ± 0.039
313 2.18 ± 0.02 −0.192 ± 0.004 2.51 ± 0.15 −0.221 ± 0.037
321 2.17 ± 0.04 −0.190 ± 0.009 2.48 ± 0.16 −0.214 ± 0.040
332 2.21 ± 0.03 −0.200 ± 0.006 2.52 ± 0.19 −0.222 ± 0.048

3.2. Sensitivity Analysis

As discussed in the previous section, the Taguchi method was applied to our experi-
ments to analyze the effect of each printing parameter on the final result without having
to execute the full factorial experiment that would have 3 to the power of 3, which is 27
different tests. In Table 6, the mean value of each final result, consisting of the logarithm
of the fatigue life for ABS and Nylon, is calculated according to the experiment level of
changing parameters. The delta is the difference between the maximum and minimum
mean values of the corresponding category. According to this delta value, the ranking was
made to conclude this section of the sensitivity analysis. The fatigue tests were carried out
at four levels of the stress amplitude. Therefore, for the sensitivity analysis, it was used the
average value of the fatigue life as follows:

Nm =
1
n

log

(
n

∏
i=1

Ni

)
(2)

where n is the number of stress amplitude values (n = 4).

Table 6. The comparison of mean values of data according to their categories and ranking of
parameters for ABS and Nylon materials.

Changing Parameter Nozzle Diameter Internal Geometry Printing Speed

Level: The logarithm of fatigue life|ABS
1 4.1450 4.1478 4.1260
2 4.1313 4.1343 4.1295
3 4.1131 4.1074 4.1340

Delta 0.0319 0.0403 0.0081
Rank 2 1 3
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Table 6. Cont.

Changing Parameter Nozzle Diameter Internal Geometry Printing Speed

Level: The logarithm of fatigue life|Nylon
1 3.9712 3.9535 3.9486
2 3.9492 3.9460 3.9475
3 3.9281 3.9490 3.9525

Delta 0.0431 0.0075 0.0050
Rank 1 2 3

Sensitivity analysis revealed that internal geometry had the highest influence on
fatigue performance of FDM printed parts made of ABS whereas it became the second most
important parameter for Nylon. As can be seen from Figure 8, ABS with ‘concentric’ shape
and Nylon with ‘zigzag’ internal geometries perform in fatigue tests significantly worse by
margin than the other two geometries. The ‘tri-hexagon’ structure resulted in the highest
fatigue life. This internal structure enables more dense crisscrossed supporting offsets that
help layers stick to each other and form support. In the case of the ‘zigzag’ structure, it
has less dense crisscrossing offset numbers and thus weaker support. Moreover, walls
created by ‘zigzag’ and ‘tri-hexagonal’ infill patterns enable the transfer of a certain portion
of the stress to neighboring walls, thus decreasing stress concentrations at local points and
delaying crack propagation [33].

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 8. Sensitivity analysis of ABS (a–c) and Nylon (d–f) fatigue test for Nozzle diameter (a,d),
Internal geometry (b,e), and Printing speed (c,f).

Additionally, obtained results proved that a change in nozzle diameter had a notable
influence on the continuity of the printed specimen and hence on mechanical properties.
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An increase in nozzle diameter leads to a reduction of continuity of the internal volume of
the part and consecutively to a decrease in fatigue life. Using nozzles with small diameters
ensures high density and packing of more material in a certain volume and thus notably
reduces the volume of air-filled cavities.

Compared with other printing parameters, the effect of change in printing speed on
fatigue performance appears to be much lower. On top of that, from the obtained sensitivity
analysis we cannot distinguish a clear pattern or trends associated with printing speed.
For different loads and different materials, an increase in printing speed leads to different
results without yielding any tendencies. One possible reason for such results might be the
small ranges selected for printing speeds [38]. It varied just from 25 to 35 mm/s. Perhaps,
the fatigue properties will be more sensitive if a larger speed range were to be chosen,
which needs further investigation.

3.3. ANCOVA Regression Analysis

In this research study, ANCOVA multiple regression analysis was applied [39]. The
model used is the additive one, i.e., it does not take into account any interaction effects.
From Table 7 one can see that the model explains 99.2% and 93.2% of the variability in test
scores for ABS and for Nylon, respectively (adjusted coefficient of determination, R2, is
0.992 and 0.932), and the standard error of estimate represents how far data fall from the
regression predictions (fatigue life values in terms of logarithmic scale). Moreover, the F
statistic ‘F-value’ of 842.4 and 97.4 with p-values of less than 0.001 shows the advantage of
this model over an intercept-only model that predicts the average output for all the data.

Table 7. Model summary results for fatigue life in terms of logarithmic scale.

Material R2 Adjusted R2 Std. Error of
Estimate

F-Value p-Value

ABS 0.993 0.992 0.0135 842.4 <0.001 ***
Nylon 0.942 0.932 0.0331 97.40 <0.001 ***

Significance levels: *** p-val. ≤ 0.001 (significant), ** p-val. ≤ 0.01 (very significant), * p-val. ≤ 0.05 (highly
significant).

Reviewing the regression results in Tables 7 and 8, the models can be represented as:

ABS: log(N) = 11.39 − 0.028 × Con.geom. + 0.012 × Tri.geom. − 5.20 × log(σa) − 0.08 × Noz.d. + 0.0004 × Pr.sp. (3)

Nylon: log(N) = 11.12 + 0.004 × Tri.geom. − 0.003 × Zig.geom. − 4.34 × log(σa) − 0.108 × Noz.d. + 0.0002 × Pr.sp. (4)

The simplified model equations are shown here as follows:

ABS & Zigzag: log(N) = 11.39 − 5.20 × log(σa) − 0.08 × Noz.d. + 0.0004 × Pr.sp. (5)

ABS & Concentric: log(N) = 11.39 − 0.028 − 5.20 × log(σa) − 0.08 × Noz.d. + 0.0004 × Pr.sp. (6)

ABS & Tri-hexagonal: log(N) = 11.39 + 0.012 − 5.20 × log(σa) − 0.08 × Noz.d. + 0.0004 × Pr.sp. (7)

Nylon & Concentric: log(N) = 11.12 − 4.34 × log(σa) −0.108 × Noz.d. + 0.0002 × Pr.sp. (8)

Nylon & Zigzag: log(N) = 11.12 − 0.003 − 4.34 × log(σa) − 0.108 × Noz.d. + 0.0002 × Pr.sp. (9)

Nylon & Tri-hexagonal: log(N) = 11.12 + 0.004 − 4.34 × log(σa) − 0.108 × Noz.d. + 0.0002 × Pr.sp. (10)
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Table 8. Multiple linear regression results for fatigue life in terms of logarithmic scale.

Materials Coefficient Std. Err. t-Value p-Value
Confidence Interval

[0.025 0.975]

ABS
Const. 11.39 0.11 99.8 <0.001 *** 11.15 11.62
log(σa) −5.20 0.08 −64.2 <0.001 *** −5.37 −5.04

Conc.geom. −0.028 0.006 −4.9 <0.001 *** −0.039 −0.016
Tri-hex.geom. 0.012 0.006 2.1 0.049 * 6.6 × 10−5 0.024

Noz.diam. −0.080 0.014 −5.8 <0.001 *** −0.108 −0.052
Print.speed 0.0004 0.001 0.7 0.495 −0.001 0.002

Nylon
Const. 11.12 0.33 33.7 <0.001 *** 10.45 11.79
log(σa) −4.34 0.20 −21.8 <0.001 *** −4.74 −3.93

Tri-hex.geom. 0.004 0.014 0.3 0.761 −0.024 0.032
Zigz.geom. −0.003 0.014 −0.2 0.845 −0.031 0.025
Noz.diam. −0.108 0.034 −3.2 0.003 ** −0.177 −0.039
Print.speed 0.0002 0.001 0.1 0.912 −0.003 0.003

Significance levels: *** p-val. ≤ 0.001 (significant), ** p-val. ≤ 0.01 (very significant), * p-val. ≤ 0.05 (highly
significant).

From the equations, one can see that the slope of log(N) vs. log(σa) is −5.20 and −4.34
for ABS and Nylon. Meanwhile, the intercepts of 11.39 (with a 95% confidence interval
from 11.15 to 11.62) and 11.12 (with a 95% confidence interval from 10.45 to 11.79) are
the expected mean value of log(N) of the ABS with the ‘Zigzag’ internal geometry and
Nylon with the ‘Concentric’ geometry. The intercept depends on the internal geometry: the
‘Tri-hexagonal’ geometry increases the intercept by 0.012 for ABS and by 0.004 for Nylon
whereas the ‘Concentric’ and ‘Zigzag’ geometries decrease it by 0.028 and 0.003 for ABS and
Nylon materials, respectively. However, the geometry effect is statistically significant only
for ABS material (conc.geom.: t-value = −4.9, p-value < 0.001; tri-hex.geom.: t-value = 2.1,
p-value = 0.049).

Meanwhile, there is a statistically significant effect of the nozzle diameter on fatigue
life: the slope log(N) vs. Noz.diam. of −0.080 with t-value = −5.8 and p-value < 0.001 for
ABS as well as −0.108 with t-value = −3.2 and p-value = 0.003 for Nylon. It means the
mean value of log(N) decreases by 0.008 and 0.0108 for every 0.1 mm magnification of the
nozzle diameter for ABS and Nylon, respectively. On the contrary, the printing speed in the
studied range from 24 to 35 mm/s negligibly affects the result for both materials. It should
be noted that all the obtained results are in good agreement with the previous section.

In addition, it should be noted that at least 15 tests with 13 degrees of freedom, respec-
tively are necessary according to fatigue standards (for example, PN-H-04325:1976) [40].
In this study, if one considers every S-N curve separately, it looks like four points are not
enough to plot a reliable line of best fit because there are only 2 degrees of freedom. How-
ever, an application of ANCOVA regression analysis allows for considering test points not
separately for every S-N curve but as a single dataset with 36 experiments for an additive re-
gression model (Equation (3) or (4)) with six constants (Table 8), and 30 degrees of freedom.
According to the ASTM E-739-91, it is enough for preliminary and exploratory tests [40]. By
doing so, one also can calculate the coefficient of determination and the standard error (how
far data fall from the predictions, Table 7) that shows the fatigue life variability in terms of
logarithmic scale. Thus, the authors assume that 30 tests with 36 degrees of freedom are
enough to confirm the trends shown in this study from a statistical viewpoint. In order to
use the optimal printing parameters to calculate the fatigue behavior of real structures in
the future, the S-N curve constants have to be computed more accurately.

3.4. Numerical Simulation

A numerical study for ABS and PA6 (Nylon) plastics is presented in Figures 9 and 10,
and Table 9. Comparing the parameters of configured parts with simulation results revealed
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that the fatigue life of the printed part was on average 11.4% higher than of the numerical
one for ABS plastic in terms of logarithmic scale. According to static structural analysis, the
ABS part can withstand 103.64 cycles under 90% UTS (25.3 MPa), while experimental results
show 104.08 revolutions at the same load level (Figure 9, Table 9). For Nylon material at
90% UTS cyclic load (45.5 MPa), numerical fatigue life reached 103.75 rotations, whereas
the experimental one could reach 103.92 cycles (Figure 10, Table 9). The difference might
take place due to a number of simplifications and limitations undertaken during numerical
analysis. Firstly, simulations consider the specimen as a solid structure. In practice, internal
structure plays a significant role in the mechanical properties of the specimen. More
realistic models (for instance, layered or laminate models) could provide more accurate
simulated results (with differences lower than the reported ones). Moreover, voids, cracks,
and internal defects may also notably decrease the performance of the parts during tests.
Despite up to 14% differences between numerical and experimental results, for the most
part, static structural fatigue analysis showed valid results.

Table 9. Comparison of experimental results and numerically obtained data.

UTS %

ABS Nylon

log(N) Difference
%

log(N) Difference
%Experiment Numerical Experiment Numerical

95 3.97 3.56 10.5 3.83 3.30 13.8
90 4.08 3.64 10.9 3.92 3.75 4.2
85 4.22 3.74 11.5 3.98 4.26 −7.1
80 4.39 3.84 12.6 4.17 4.73 −13.4

Figure 9. ABS numerical fatigue analysis of fatigue life under 90% UTS load.
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Figure 10. Nylon numerical fatigue analysis of fatigue life under 90% UTS load.

4. Conclusions

The parametric study of the printing parameters on the fatigue properties of FDM-
printed ABS and Nyon applying Taguchi analysis was developed. In this regard, the work
focused on the change in fatigue life due to the change in the printing parameters in a
chosen range. The change range of the parameters was based on the conclusion of the
review of the literature.

A comparative analysis of the experiments showed that under repetitive tensile and
compression load, Nylon performed better than ABS. However, ABS has a lower slope, i.e.,
fatigue strength decreases less intensively with increasing fatigue life than that for Nylon.

Sensitivity analysis indicated that internal geometry had the highest influence on
the fatigue performance of FDM printed parts made of ABS and it became the second
most important parameter for Nylon. By so doing, the ‘tri-hexagon’ structure and nozzle
diameter of 0.2 mm resulted in the highest fatigue life for both materials. On the contrary,
the printing speed parameter in the range of 25–35 mm/s had the least effect on the fatigue
life values. The comparison of the experimental and numerical values with theoretical ones
showed small differences.

The ANCOVA analysis for multiple linear regression confirmed that ‘Tri-hexagonal’
geometry had a positive effect on fatigue life. However, the effect was statistically signif-
icant only for ABS. For Nylon, the change in geometry might be considered negligible.
Meanwhile, there is a statistically significant effect of the nozzle diameter on the fatigue
life: the mean value of log(N) decreases by 0.008 and 0.0108 for every 0.1 mm magnification
of the nozzle diameter for ABS and Nylon, respectively. Conversely, the printing speed
change in a narrow range (25–35 mm/s) negligibly affects the result for both materials.
However, it should be noted that the fatigue properties will probably be more sensitive to a
larger speed range.

Thus, the application of results could be served as the optimization factors for better
mechanical properties of FDM printed parts for three different types of tests. The findings
can serve as reference data for future parametric studies and in the search for a suitable
printing configuration for different plastic applications.
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Abbreviations

Nomenclature Description

l the distance from the specimen shoulders where the load was applied to the
gauge section

d the gauge section diameter
F the applied force on the shoulders of the specimens
N the fatigue life
log(A) the intercept of the linear fit
b the gradient of the linear fit
σa the stress amplitude
UTS the ultimate tensile strength
FDM the Fused Deposition Modeling
ABS acrylonitrile butadiene styrene
Nylon Polyamide

References

1. Mercado-Colmenero, J.M.; Martin-Doñate, C.; Moramarco, V.; Attolico, M.A.; Renna, G.; Rodriguez-Santiago, M.; Casavola, C.
Mechanical Characterization of the Plastic Material GF-PA6 Manufactured Using FDM Technology for a Compression Uniaxial
Stress Field via an Experimental and Numerical Analysis. Polymers 2020, 12, 246. [CrossRef]

2. Swetham, T.; Reddy, K.M.; Huggi, A.; Kumar, M.N. A Critical Review on of 3D Printing Materials and Details of Materials used
in FDM. Int. J. Sci. Res. Sci. Eng. Technol. 2017, 3, 353–361.

3. Salem Bala, A.; bin Wahab, S.; binti Ahmad, M. Elements and Materials Improve the FDM Products: A Review. Adv. Eng. Forum
2016, 16, 33–51. [CrossRef]

4. Popescu, D.; Zapciu, A.; Amza, C.; Baciu, F.; Marinescu, R. FDM process parameters influence over the mechanical properties of
polymer specimens: A review. Polym. Test. 2018, 69, 157–166. [CrossRef]

5. Dey, A.; Yodo, N. A Systematic Survey of FDM Process Parameter Optimization and Their Influence on Part Characteristics. J.
Manuf. Mater. Process 2019, 3, 64. [CrossRef]

6. Formlabs. Guide to 3D Printing Materials: Types, Applications, and Properties. Available online: https://formlabs.com/blog/
3d-printing-materials/ (accessed on 14 November 2021).

7. Rouf, S.; Malik, A.; Singh, N.; Raina, A.; Naveed, N.; Siddiqui, M.I.H.; Haq, M.I.U. Additive manufacturing technologies:
Industrial and medical applications. Sustain. Oper. Comput. 2022, 3, 258–274. [CrossRef]

8. Li, L.; Sun, Q.; Bellehumeur, C.; Gu, P. Composite modeling and analysis for fabrication of FDM prototypes with locally controlled
properties. J. Manuf. Process. 2002, 4, 129–141. [CrossRef]

9. Tao, Y.; Kong, F.; Li, Z.; Zhang, J.; Zhao, X.; Yin, Q.; Xing, D.; Li, P. A review on voids of 3D printed parts by fused filament
fabrication. J. Mater. Res. Technol. 2021, 15, 4860–4879. [CrossRef]

10. Solomon, I.J.; Sevvel, P.; Gunasekaran, J. A review on the various processing parameters in FDM. Mater. Today Proc. 2020, 37,
509–514. [CrossRef]

11. Syrlybayev, D.; Zharylkassyn, B.; Seisekulova, A.; Akhmetov, M.; Perveen, A.; Talamona, D. Optimisation of Strength Properties
of FDM Printed Parts—A Critical Review. Polymers 2021, 13, 1587. [CrossRef]

12. Vicente, C.M.S.; Martins, T.S.; Leite, M.; Ribeiro, A.; Reis, L. Influence of fused deposition modeling parameters on the mechanical
properties of ABS parts. Polym. Adv. Technol. 2020, 31, 501–507. [CrossRef]

13. Ramesh, M.; Panneerselvam, K. Mechanical investigation and optimization of parameter selection for Nylon material processed
by FDM. Mater. Today Proc. 2020, 46, 9303–9307. [CrossRef]

126



Micromachines 2023, 14, 304

14. Alafaghani, A.; Qattawi, A.; Alrawi, B.; Guzman, A. Experimental Optimization of Fused Deposition Modelling Processing
Parameters: A Design-for-Manufacturing Approach. Procedia Manuf. 2017, 10, 791–803. [CrossRef]

15. de Toro, E.V.; Sobrino, J.C.; Martínez, A.M.; Eguía, V.M. Analysis of the influence of the variables of the Fused Deposition
Modeling (FDM) process on the mechanical properties of a carbon fiber-reinforced polyamide. Procedia Manuf. 2019, 41, 731–738.
[CrossRef]

16. Garg, A.; Bhattacharya, A. An insight to the failure of FDM parts under tensile loading: Finite Element Analysis and experimental
study. Int. J. Mech. Sci. 2016, 120, 225–236. [CrossRef]

17. Mercado-Colmenero, J.M.; La Rubia, M.D.; Mata-Garcia, E.; Rodriguez-Santiago, M.; Martin-Doñate, C. Experimental and
Numerical Analysis for the Mechanical Characterization of PETG Polymers Manufactured with FDM Technology under Pure
Uniaxial Compression Stress States for Architectural Applications. Polymers 2020, 12, 2202. [CrossRef]

18. Mohamed, O.A.; Masood, S.H.; Bhowmik, J.L. Optimization of fused deposition modeling process parameters: A review of
current research and future prospects. Adv. Manuf. 2015, 3, 42–53. [CrossRef]

19. Sheoran, A.J.; Kumar, H. Fused Deposition modeling process parameters optimization and effect on mechanical properties and
part quality: Review and reflection on present research. Mater. Today Proc. 2020, 21, 1659–1672. [CrossRef]

20. Jerez-Mesa, R.; Travieso-Rodriguez, J.A.; Llumà-Fuentes, J.; Gomez-Gras, G.; Puig, D. Fatigue lifespan study of PLA parts
obtained by additive manufacturing. Procedia Manuf. 2017, 13, 872–879. [CrossRef]

21. Gomez-Gras, G.; Jerez-Mesa, R.; Travieso-Rodriguez, J.A.; Lluma-Fuentes, J. Fatigue performance of fused filament fabrication
PLA specimens. Mater. Des. 2018, 140, 278–285. [CrossRef]

22. Pertuz, A.D.; Díaz-Cardona, S.; González-Estrada, O.A. Static and fatigue behaviour of continuous fibre reinforced thermoplastic
composites manufactured by fused deposition modelling technique. Int. J. Fatigue 2020, 130, 105275. [CrossRef]

23. Azadi, M.; Dadashi, A.; Dezianian, S.; Kianifar, M.; Torkaman, S.; Chiyani, M. High-cycle bending fatigue properties of additive-
manufactured ABS and PLA polymers fabricated by fused deposition modeling 3D-printing. Forces Mech. 2021, 3, 100016.
[CrossRef]

24. Afrose, M.F.; Masood, S.H.; Iovenitti, P.; Nikzad, M.; Sbarski, I. Effects of part build orientations on fatigue behaviour of
FDM-processed PLA material. Prog Addit Manuf 2016, 1, 21–28. [CrossRef]

25. Lee, J.; Huang, A. Fatigue analysis of FDM materials. Rapid Prototyp. J. 2013, 19, 291–299. [CrossRef]
26. Terekhina, S.; Tarasova, T.; Egorov, S.; Skornyakov, I.; Guillaumat, L.; Hattali, M.L. The effect of build orientation on both flexural

quasi-static and fatigue behaviours of filament deposited PA6 polymer. Int. J. Fatigue 2020, 140, 105825. [CrossRef]
27. Letcher, T.; Waytashek, M. Material Property Testing of 3D-Printed Specimen in PLA on an Entry-Level 3D Printer. In Proceedings

of the ASME 2014 International Mechanical Engineering Congress and Exposition, Montreal, QC, Canada, 14–20 November 2014;
Volume 2A, pp. 14–20. [CrossRef]

28. Ziemian, S.; Okwara, M.; Ziemian, C.W. Tensile and fatigue behavior of layered acrylonitrile butadiene styrene. Rapid Prototyp. J.
2015, 21, 270–278. [CrossRef]

29. Ziemian, C.W.; Ziemian, R.D.; Haile, K.V. Characterization of stiffness degradation caused by fatigue damage of additive
manufactured parts. Mater. Des. 2016, 109, 209–218. [CrossRef]

30. Terekhina, S.; Tarasova, T.; Egorov, S.; Guillaumat, L.; Hattali, M.L. On the difference in material structure and fatigue properties
of polyamide specimens produced by fused filament fabrication and selective laser sintering. Int. J. Adv. Manuf. Technol. 2020,
111, 93–107. [CrossRef]

31. Svetlana, T.; Tatiana, T.; Sergei, E.; Innokentiy, S.; Laurent, G.; Lamine, H. Flexural quasi-static and fatigue behaviours of fused
filament deposited PA6 and PA12 polymers. Int. J. Adv. Manuf. Technol. 2021, 117, 2041–2048. [CrossRef]

32. Miller, A.T.; Safranski, D.L.; Smith, K.E.; Sycks, D.G.; Guldberg, R.E.; Gall, K. Fatigue of injection molded and 3D printed
polycarbonate urethane in solution. Polymer 2017, 108, 121–134. [CrossRef]

33. Ferreira, C.M.; Vicente, C.M.S.; Sardinha, M.; Leite, M.; Reis, L. Characterization of 3D printed ABS specimens under static and
cyclic torsional loadings. Procedia Struct. Integr. 2021, 34, 205–210. [CrossRef]

34. Zhang, H. Characterization of Tensile, Creep, and Fatigue Properties of 3D Printed Acrylonitrile Butadiene Styrene. Master’s
Thesis, Purdue University, West Lafayette, IN, USA, 2016. [CrossRef]

35. Safai, L.; Cuellar, J.S.; Smit, G.; Zadpoor, A.A. A review of the fatigue behavior of 3D printed polymers. Addit. Manuf. 2019, 28,
87–97. [CrossRef]

36. Radhwan, H.; Shayfull, Z. Optimization Parameter Effects on the Strength of 3D-Printing Process using Taguchi method. AIP
Conf. Proc. 2019, 2129, 020154. [CrossRef]

37. Lu, Z.; Feng, B.; Loh, C. Fatigue behaviour and mean stress effect of thermoplastic polymers and composites. Frat. Ed Integrità
Strutt. 2018, 46, 150–157. [CrossRef]

38. Verbeeten, W.M.; Arnold-Bik, R.J.; Lorenzo-Bañuelos, M. Print velocity effects on strain-rate sensitivity of acrylonitrile-butadiene-
styrene using material extrusion additive manufacturing. Polymers 2021, 13, 149. [CrossRef] [PubMed]

127



Micromachines 2023, 14, 304

39. Seltman, H.J. Experimental Design and Analysis. Carnegie Mellon University: Pittsburgh, PA, USA, 2018; 428p.
40. Strzelecki, P.; Sempruch, J. Experimental Method for Plotting S-N Curve with a Small Number of Specimens. Pol. Marit. Res.

2017, 23, 129–137. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

128



Citation: Zhou, H.; Zhang, Y.; Cao, J.;

Su, C.; Li, C.; Chang, A.; An, B.

Research Progress on Bonding Wire

for Microelectronic Packaging.

Micromachines 2023, 14, 432. https://

doi.org/10.3390/mi14020432

Academic Editor: Nikolaos Tapoglou

Received: 8 January 2023

Revised: 6 February 2023

Accepted: 9 February 2023

Published: 11 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

micromachines

Review

Research Progress on Bonding Wire for Microelectronic Packaging

Hongliang Zhou *, Yingchong Zhang, Jun Cao , Chenghao Su, Chong Li, Andong Chang and Bin An

School of Mechanical and Power Engineering, Henan Polytechnic University, Jiaozuo 454000, China
* Correspondence: zhlhpu@hpu.edu.cn

Abstract: Wire bonding is still the most popular chip interconnect technology in microelectronic
packaging and will not be replaced by other interconnect methods for a long time in the future. Au
bonding wire has been a mainstream semiconductor packaging material for many decades due to its
unique chemical stability, reliable manufacturing, and operation properties. However, the drastic
increasing price of Au bonding wire has motivated the industry to search for alternate bonding
materials for use in microelectronic packaging such as Cu and Ag bonding wires. The main benefits
of using Cu bonding wire over Au bonding wire are lower material cost, higher electrical and
thermal conductivity that enables smaller diameter Cu bonding wire to carry identical current as an
Au bonding wire without overheating, and lower reaction rates between Cu and Al that serve to
improve the reliability performance in long periods of high temperature storage conditions. However,
the high hardness, easy oxidation, and complex bonding process of Cu bonding wire make it not
the best alternative for Au bonding wire. Therefore, Ag bonding wire as a new alternative with
potential application comes to the packaging market; it has higher thermal conductivity and lower
electric resistivity in comparison with Cu bonding wire, which makes it a good candidate for power
electronics, and higher elastic modulus and hardness than Au bonding wire, but lower than Cu
bonding wire, which makes it easier to bond. This paper begins with a brief introduction about
the developing history of bonding wires. Next, manufacturability and reliability of Au, Cu, and
Ag bonding wires are introduced. Furthermore, general comparisons on basic performance and
applications between the three types of bonding wires are discussed. In the end, developing trends of
bonding wire are provided. Hopefully, this review can be regarded as a useful complement to other
reviews on wire bonding technology and applications.

Keywords: bonding wire; manufacturability; reliability; general comparison; development trends

1. Introduction

Microelectronics packaging is an essential part of the microelectronics industry, which
is one of the pillar industries in countries all over the world. The common chip inter-
connect technologies in microelectronic packaging include wire bonding [1,2], flip-chip
bonding [3,4], tape automated bonding (TAB) [5,6], etc. Wire bonding has been the most
cost-effective, mature, and flexible interconnect technology in microelectronic packaging
since its invention in the 1960s, which is still used to assemble more than 80% semicon-
ductor packages in the microelectronic packaging industry [7,8]. The bonding wire, an
important structural material for microelectronic packaging, plays a vital role in connecting
the integrated circuit (IC) chip and the outer lead frame [9]. Statistics show that around
1/4–1/3 of the package failures are caused by wire bonding [10].

Throughout the development history of bonding wires, Au bonding wire as the
earliest applied bonding wire has high mechanical strength, excellent oxidation resistance,
and simple bonding process. However, owing to the steep increase in Au price and its
limited performance development in recent years, the market share of Au bonding wire is
decreasing yearly [11,12]. Cu bonding wire, as an alternative wire, has a potential to provide
good electrical connections for high-power and highly-integrated electronics because of its
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higher electrical and thermal conductivity and lower cost than Au [13–15]. However, since
the Cu bonding wire has the properties of high hardness and oxidation rate and complex
bonding process that will lead to damage of pad during bond, scholars agree that Cu
bonding wire is not the ultimate candidate for Au bonding wire [16–18]. Ag bonding wire
attracts the attention of scholars because of its excellent electrical and thermal conductivity
and lower price than Au. Also, Ag is one of the materials with the most potential to adapt
to the development trend of microelectronic packaging with high integration, high density,
and high speed, that is considered a promising bonding material for application in the
packaging market [19,20]. But there still exists some reliability issues of Ag bonding wire
to be solved, so it has not obtained widespread application yet [21]. This paper introduces
processing techniques and reliability of the above-mentioned bonding wires, then analyzes
and compares basic performance and application between the three bonding wires. Finally,
we draw some conclusions and give an outlook on future challenges in microelectronic
packaging, which provides technical reference for application and popularization of wire
bonding in the packing field.

2. Au Bonding Wire

In the semiconductor manufacturing industry, Au bonding wire is the longest-serving
and most widely applied bonding wire with good chemical stability, high processability,
high reliability, excellent ductility, electrical conductivity, and low bonding requirements,
which plays an important role in power and signal transmission. The quality of Au wire
bonding is highly significant to ensure the normal operation of electronic systems [22].

2.1. Au Wire

The purity and diameter of Au wire have influences on its inherent performance. The
higher the purity, the better the electrical conductivity and bonding ability, but the lower the
elastic modulus and tensile strength, which is unfavorable for the wire loop and strength
during the bonding process and will lead to bonding problems such as collapse and tailing,
as shown in Figure 1 [23]. The Au wire with a varied portfolio of 2N (99%), 3N (99.9%),
4N (99.99%), etc., has a usual diameter range of 15–50 μm; the smaller the wire diameter,
the more difficult the loop control. It is better to choose the purity and diameter of the Au
wire according to its working performance requirements in order to ensure the bonding
reliability [19]. Papadopoulos et al. [24] carried out a comparative study of 2N and 4N Au
wire bond materials based on Automotive Electronics Council Qualification (AEC-Q100).
The results showed that the 4N wire is reaching the lift-off values of AEC-Q100 specification
at any case and is well suited up to a temperature of 150 ◦C, thus meeting the automotive
requirements. However, the 2N wire seems to have a better performance than 4N wire due
to reduced intermetallic phase (IMP) formation growth at higher temperatures.

 
(a) (b) 

Figure 1. The phenomenon of wire (a) collapse and (b) tailing of Au bonding wire [23]. Reproduced
with permission from Ref. [23]; published by Precious Metals, 2017.

As IC packaging develops toward miniaturization, high-density, and large-span ratio
by leaps and bounds, higher demands are placed on the wire diameter, hardness, and
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high-temperature performance of Au wire. It is found that the problems of poor heat
resistance, low recrystallization temperature, easy generation of harmful intermetallic
compounds (IMCs) at high temperature and formation of Kirkendall voids during bonding
process, and limited performance development, etc., of Au wire have prevented it fitting
the miniaturization requirements of electronic products. Nevertheless, the above problems
can be solved by doping trace elements in varied proportions into Au to make Au alloy
wire [25,26].

2.2. Au Alloy Wire

In order to keep pace with the development of IC packaging in the direction of
miniaturization, adding trace elements is an effective way to increase the strength of Au
wire and reduce its wire diameter [25]. Adding Ca, Y, Be, etc., to high-purity Au can
increase its recrystallization temperature, and improve its wire strength and loop stability.
Adding rare earth elements can make the grain refinement, increase the size of heat-affected
zone (HAZ), and improve its high temperature stability; adding Cu, Pd, Pt, etc., can
inhibit the growth of IMCs and improve the bonding reliability [26]. Humpston et al. [27]
developed a fine wire of the composition Au-1wt%Ti with a diameter of 25 μm through
alloying, and its strength is three times higher than that of traditional Au wire. Ag and Au
are infinitely miscible in solids and liquids states with a small gap between solidus and
liquidus curves [28]; while a great quantity of Ag added to Au will reduce the bonding
reliability between the bonding wire and the electrode of the semiconductor device, then
alloying elements such as Pd, Rh, and Ru can be doped to improve bonding reliability [29].
In addition, Au alloy wire made with Au and Ni, alkaline earth metals, or rare earth metals
has higher strength than traditional Au wire under the same loading conditions [30,31].
Especially, when alkaline earth metals and rare earth metals are added to Au, the strength
loss of Au alloy wire is significantly reduced at high temperature [31]. Moreover, studies
on the properties and applications of other Au alloy wires such as Au-Ti system, Au-Cu
system, Au-Pd system, and Au-Cu-Ca system are reviewed; their advantages compared
with traditional Au wire are shown in Table 1 [32,33]. Though the addition of trace
elements to Au can improve bonding property of Au alloy wire, its high price due to over
50% mass fraction of Au still restricts its wide use in the global microelectronics packaging
market [34,35].

Table 1. Advantages of Au alloy wires versus traditional Au wire [32,33].

Alloy Wire Type Advantages

Au-Pd system Higher strength, better free air ball (FAB) morphology, lower
IMCs growth

Au-Cu system Higher strength, lower environmental requirements, lower
IMCs growth

Au-In system Better wire loop, lower break rate, higher bonding strength
Au-Cu-Ca system Higher strength, better wire thinning effect, lower IMCs growth

2.3. Reliability of Au Bonding Wire

Bonding reliability is an important property of bonding wires. Compared with other
types of bonding wires, Au bonding wire presents higher reliability, which is often used
to connect aluminum terminals on semiconductor chips for signal transmission, and the
Au-Al IMCs growth has a great impact on the bonding reliability according to many studies.
Goh et al. [36] showed that the Au-Al IMCs formation makes the bonding stronger, which
can improve the bonding reliability in an acidic environment. Liu et al. [37] investigated the
microstructural evolution of Au-Al bonds, and the mechanical properties of Au-Al IMCs
were computed by the first-principles calculations. The results showed that the Au–Al
IMCs along with cracks grew during temperature increasing and aging time. Thermal
exposure resulted in the transformation of the Au–Al phases associated with significant
volumetric shrinkage leading to tensile stresses and promoted the growth of creep cavities
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that have a negative effect on the reliability of the Au–Al ball bonds [38]. In order to reduce
the impact of Au-Al IMCs on the bonding reliability of electronics, scholars added trace
elements such as Cu and Pd to make alloy wires to slow down the IMCs growth rate.
Kim et al. [39] studied the effects on the interface reaction between Au-Pd alloy wire and
Al pad, fitted the curve of IMCs thickness during thermal aging, and found that the Au-Pd
alloy wire can reduce the IMCs growth rate by two orders of magnitude. Gam et al. [40]
carried out a study on the growth mechanism of IMCs of Au-Pd alloy wire and Au-Cu
alloy wire under high temperature storage test (HTST) at 150 ◦C. The results showed that
both Cu and Pd can inhibit the Au-Al IMCs growth and pointed out that Cu presents a
better improvement effect than Pd.

It is found that due to different atomic diffusion rates, Kirkendall voids (Figure 2 [41])
will be formed at the bonding interface, which often results in ball lifting from chip met-
allization and hence leads to catastrophic failure of the bond [42]. IMCs formation at the
Au-Al interface caused Kirkendall voids, which resulted in interface resistance increase
following non-constant Fickian law [43]. Du et al. [44] investigated the electromigration
(EM) reliability and failure analysis of Au wire bonding process on Al substrate. The
results showed that the interaction between the applied electric field and lattice defects
increased the diffusing atomic migration and accelerated the IMCs formation. After aging
at 130 ◦C for 200 h, Al depleted completely, and voids and cracks appeared inside the
IMCs comprising Au4Al and Au8Al3, as shown in Figure 3. Studies on the reliability of Au
wires with different diameters showed that the Kirkendall voids were predominant in finer
0.6-mil and 0.8-mil Au ball bonds. No large-sized voids were observed in 1-mil and 2-mil
wires, which further were completely absent in 3-mil wire ball bonds. It indicated that finer
Au wires are more likely to produce Kirkendall voids defects and may no longer satisfy the
requirements for a high density and fine pitch [45].

 

Figure 2. An example of Kirkendall voids in microelectronic packaging [41]. Copyright, 2020, Elsevier.

 

Figure 3. The cross-section images of bonding interface of Au wire after aging at 130 ◦C for 200 h [44].
Copyright, 2020, Springer Nature.

Design and optimization of experiments (DOE) methods and finite element analysis
(FEA) have been widely utilized in both industry and academia, and they are also effective
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and low-cost ways to study the wire bonding process and its reliability [46]. Pan et al. [47]
used FEA software to simulate the Au wire bonding process and obtained the stress/strain
distribution of the FAB, thus providing theoretical support for predicting the bonding
strength. 3D packaging is the development trend of the future market; Chen et al. [48]
proposed an effective strategy for 3D stacked packaging and verified its feasibility by FEA,
which will provide useful insights for the rapid development of wire interconnection of
advanced 3D stacked microelectronics packaging and the reduction of development costs.
The wire loop profile is also one of the important factors that affects the bonding reliability.
At present, machine learning (ML) algorithm has received great attention in the process
modeling, which provides vital guidance for establishing new wire loop models [49–51].
Hou et al. [52] proposed and demonstrated an efficient wire loop profile prediction model
based on ML algorithm and FEA. It can complete the prediction of wire profile in seconds
compared to the early experimental theoretical model and FEA model prediction, providing
convenience for the research of wire bonding reliability.

With the continuous development towards multi-functional and highly integrated
chips, microelectronic packaging is forced to develop in the direction of fine pitch, long
distance, and high performance [53,54]. In consideration of wire sweep, bond crack, wire
sag, and loop instability usually happening to ultra-fine Au bonding wire used for a high
density and fine pitch bonding, many researchers and scientific institutions have paid more
and more attention to new alternative bonding wires of low loop, high conductivity, and
ultra-fine diameter such as Cu and Ag bonding wires to be better adapted to the demands
of the microelectronics packaging market [55,56].

3. Cu Bonding Wire

Cu bonding wire, as one of the alternatives for Au bonding wire, includes bare Cu
wire, Cu alloy wire, coated Cu wire, etc. Since the beginning of the 21st century, Cu-based
wire has been widely used in IC packing, audio and video transmitters, active medical
devices, and various electronic components; it is the key conductor material to ensure that
the electrical system has steady power and signal transmission [57,58]. Compared with
Au wire, Cu wire has lower cost, better electro-thermal performance, higher pull strength,
and loop stability allowing for a reduced wire diameter to accommodate smaller pad sizes,
and the growth rate of Cu-Al IMCs is smaller than one fifth of that of Au-Al IMCs, which
greatly improves the chip frequency and bonding reliability [59–61].

3.1. Bare Cu Wire

Bare Cu wire as the conventional product of the Cu bonding wire has higher electrical
conductivity, higher stiffness, and lower IMCs growing speed than Au wire, which con-
tributes to less heat generation and void formation, better loop profile and reliability, and
is more suitable for fine and ultra-fine pitch bonding [62]. It was reported that soft Cu
wire slightly improves the bondability [63]. Some researchers confirmed that bare Cu wire
has good reliability at an elevated temperature in high temperature storage testing [64,65]
and dry atmosphere [66]. Experimental results showed that Cu bonds present higher
tensile strength and shear strength than Au bonds with the same wire diameter [13,67].
Furthermore, Cu bonds potentially have higher durability than Au bonds due to the lower
interdiffusion rate between the Cu and Al [68].

Although bare Cu wire has some advantages over Au wire, it still has many hurdles
and cannot be used directly in industry [69]. Bare Cu wire is easy to be oxidized in air, and
additional cost of forming gas, a mixture of 95% N2 and 5% H2, must be considered [70].
The higher hardness and stiffness of Cu wire over Au wire needs higher bonding force and
more ultrasonic energy, which can damage the substrate, form die cratering, and induce
pad peeling, pad crack, and Al splash, as shown in Figure 4 [71,72]. Wu et al. [73] showed
that the critical factor leading to cracks in Cu wire bonding is that the lead frame flag
floating on the thermal insert is caused by the shallower lead frame down-set or foreign
matter on the thermal insert. To deal with the hurdles in Cu wire bonding, Li et al. [74]
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increased pad thickness to reduce the impact and rebound of the Cu bonding process and
thus improved the shear strength of Cu wire bonding. A new capillary was developed
to improve stitch bondability, and satisfactory results were confirmed though stitch pull
and ball shear tests [70]. It was found that high-purity Cu wire can improve its basic
performance and bonding reliability. However, the high purity of Cu wire will give rise
to its high cost, which further limits the use of bare Cu wire in microelectronic packaging.
To expand the market of Cu bonding wire, many researchers dope trace elements to the
Cu matrix to make alloy wires or coat other elements on its surface to make coated Cu
wires [16,75,76].

 
(a) (b) (c) 

Figure 4. Schematic diagram of pad defects during bare Cu wire bonding: (a) pad peeling; (b) pad
crack; (c) Al splash [72]. Copyright, 2015, IEEE.

3.2. Cu Alloy Wire

Unlike bare Cu wire, Cu alloy wire is produced with a Cu base and trace elements
such as alkali metals, alkaline earth metals, transition metals, and rare earth elements
in varying concentrations that give it desired properties [77]. A patent revealed that Cu
alloy wire added with Li 0.008–1.0 wt% and Ce 0.3–0.5 wt% had good corrosion resistance
and short HAZ length that satisfied the requirements of high density and multi-layered
packaging [78]. Fang et al. confirmed that Ca can improve the breaking resistance of Cu
alloy wire and reduce its loop height. Meanwhile, Ce or Ti can improve the oxidation
resistance and bondability of Cu alloy wire [79]. Yang et al. [80] drew the Cu and Cu-Fe
alloy wires at room temperature, and the properties were characterized and analyzed.
The results show that the strength and ductility of Cu-Fe wires are higher than those
of Cu wire under the same drawing strain. Cu alloy wire with La 0.0008–0.002 wt%,
Ce 0.001–0.003 wt%, Ca 0.002–0.004 wt%, and Cu 99.99–99.995 wt% had low hardness,
low loop height, and good oxidation resistance that enabled it to satisfy the developing
demands of high performance, multifunction, miniaturization, and portability of electronic
packaging [81]. Another patent revealed that the adding of In, B, Bi, Ge, and Si to Cu
matrix can increase the recrystallization temperature of Cu alloy wire and reduce its grain
boundary motion rate that protected its grain boundary from cracking and reduced the
damage to chip [82].

Particularly, it is well known that Cu-Ag alloys have excellent combination properties
of high strength and high conductivity, and Ag has less influence on the conductivity
of Cu alloys [83–85], which makes them the ideal materials for preparing fine bonding
wires [86,87]. Continuous columnar-grained Cu-Ag alloy wires with identical diameter
0.3 mm but different Ag contents (6 wt%, 12 wt%, 24 wt%) were obtained at room tem-
perature without intermediate annealing; the study results showed that incremental Ag
contents contribute to significant improvement in tensile strength, while there is little
variation in the elongation and the conductivity of the alloys, as shown in Figure 5 [88].
Xie et al. investigated the strengthening mechanisms of cold-rolled pure Cu and Cu-Ag
alloys; the results verified that Ag addition increases the limiting concentration of dislo-
cations and subgrain boundaries in the Cu solid solution, which leads to higher strength
in the cold-rolled Cu-Ag alloys than that in pure Cu. Moreover, higher Ag content gives
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rise to higher strength of Cu-Ag alloys [89]. Zhu et al. [84] prepared a Φ40 μm Cu-4wt%Ag
alloy wire with high strength and high electrical conductivity by continuously directional
solidification and cold drawing. The main strengthening mechanism was grain refinement
strengthening according to the calculation results of the strengthening model. The amount
of trace elements added to Cu base should be controlled strictly in accordance with the
bonding requirements; otherwise, it will have negative effects on the bonding properties of
Cu alloy wire. Simultaneously, it was found that various degrees of cracks and fractures
seem to happen to Cu alloy wires easily during the drawing process, which causes their
low production efficiency and limits their applications in microelectronic packaging [90].

 
Figure 5. Mechanical-electrical properties of directionally solidified Cu-Ag alloys [88]. Copyright,
2018, Elsevier.

3.3. Coated Cu Wire

Coating the Cu wire with a pure metal layer which oxidizes slowly at processing
temperature can extend shelf life and improve the corrosion resistance, bondability, and
reliability of Cu bonding wire [91,92]. The coated pure metal layer comprises of noble metal
elements such as Au, Ag, Pt, Pd and other metal elements of high corrosion resistance
such as Ni, Co, Cr, and Ti. Among them, Pd shows stable performance and high corrosion
resistance under long-term exposure to high temperature and high humidity conditions,
and has good ductility, plasticity, and bending capacity, which adds an oxide-free and
easily bondable surface for Cu wire [93,94]. Pd coating has excellent adhesion to Cu wire;
round and stable FAB can typically be formed in a nitrogen atmosphere for Pd-coated Cu
(PCC) wire [92,95]. PCC wire generally presents a much larger stitch bond window and
more robust second bond, and shows better performance on Al pads in humidity stress and
oxidation environments compared with bare Cu wire. It gains market share very fast as it
can reduce chloride corrosion risk and resolve the limitation of bare Cu wire, especially on
oxidation issues [96,97].

A PCC wire with Pd 1.35–8.19 wt% was invented by Zheng et al. that had long shelf
life, high mechanical strength, and high oxidation resistance. It was beneficial to reduce the
wire diameter and bonding pitch, and hence made it more applicable to high-density and
multi-pin integrated circuit packaging [98]. Fang developed a new type of PCC wire with
Ca, Mg, Al, and Sn added though the drawing process without intermediate annealing,
which has preferential price, good plastic deformation capacity, and high pulling strength
and reliability [99]. However, owing to the different mechanical properties of Cu and Pd,
Pd coating is prone to flake off and bump during the drawing and annealing processes of
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PCC wire, as shown in Figure 6, which makes the Cu matrix become oxidized in the air,
resulting in reliability decrease of the bonding wire [100].

 
                (a) (b) 

Figure 6. Surface morphology of Pd-coated Cu wire: (a) the coating flakes off; (b) the coating
bumps [100]. Reproduced with permission from Ref. [100]; published by Heat Treatment of Met-
als, 2016.

3.4. Reliability of Cu Bonding Wire

Long-term reliability of Cu bonding wire is a major concern in replacing Au bonding
wire. Cu-Al IMCs’ phase and growth behavior affected the Cu wire bond reliability [101,102].
It was found that the growth rate of Cu-Al IMCs is much lower than that of Au-Al IMCs
due to the larger atomic size difference and smaller electronegativity difference between Cu
and Al than that between Au and Al, which leads to bonding failure of Au wire bonding
due to Kirkendall voids (Figure 7a), while thin Cu-Al IMCs micro-crack (Figure 7b) [103], the
results showed that Cu wire bonding has higher reliability than Au wire bonding. [65,104,105].
Diffusion-controlled IMCs of CuAl and CuA12 formed in the interface of the Cu-Al bonds
after isothermal annealing by micro-X-ray diffraction [106]. Guo et al. [107] verified that CuAl2
phase emerged first on the Cu-Al interface, which was consistent with that in the Al-Cu system
studied by Xu et al. [108]. The sequence of IMP transformations during isothermal annealing
from 175 ◦C to 250 ◦C was investigated by high resolution transmission electron microscopy
(HRTEM). CuAl2 and Cu9Al4 grew simultaneously, and the latter as a second layer (Figure 8)
was the terminal product when the Al pad was completely consumed [105]. Experimental
results related to interfacial structure development during the annealing process indicated
that CuAl2 is precipitated on the Cu-Al interface initially followed by Cu9Al4, and then the
reaction phases of CuAl and Cu4Al3 formed at the bond interface [109,110]. The growth
mechanism of Cu-Al IMCs was investigated by Yang et al. during the annealing temperature
from 50 ◦C to 70 ◦C based on the in situ HRTEM, and the results showed that Cu-Al IMCs
near and apart from the Cu layer were Cu9Al4 and CuAl2, respectively. An accurate growth
equation of Cu-Al IMCs was also obtained according to the in situ experimental results, which
provides theoretical reference for the study of Cu-Al bond reliability [92]. Moreover, the
presence of Pd at the bond interface can slow down the Cu-Al IMCs growth and preserve the
bond strength during thermal annealing [111].
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(a) (b) 

Figure 7. (a) Proposed failure mechanism of AuAl Kirkendall micro-voiding and caused lifted ball
bond (b) SEM images show very thin CuAl IMC formation on bonded stage of Cu wirebond package
prior to reliability stress. No microcracking beneath PdCu ball bond. [103]. Copyright, 2013, ASME
Digital Collection.

 

Figure 8. A typical TEM image of the Cu-Al interface after annealing at 175 ◦C for 25 h [105].
Copyright, 2011, Elsevier.

Various papers reported that compared with Au-Al bonds, lower Cu-Al IMCs’ growth
rate leads to less heat generation, lower electrical contact resistance, and better reliability
and device performance [112]. Three bond pad metallizations (Al, AlCu, and AlCuSi)
were used to compare Cu and Au wire bonding reliability under tests of operating life,
temperature cycling, high temperature storage (HTS), thermal shock, pressure temperature
humidity under bias (PTHB), temperature humidity under bias (THB), and Humidity
Accelerated Stress Test (HAST), and the results showed that Cu wire bonding reliability is
at least equal to the conventional Au wire bonding reliability [93]. However, the low bond
strength and poor bondability at second bonds caused by surface oxidation of Cu wire
limit its application in microelectronic packaging with high integration. To solve the above
problems, Yuan et al. developed a Cu alloy bonding wire with Cu 99.75–99.96 wt%, W
0.01–0.1 wt%, Ag 0.01–0.03 wt%, Sc 0.01–0.02 wt%, Ti 0.001–0.03 wt%, Cr 0.001–0.03 wt%,
and Fe 0.001–0.02 wt%, which has outstanding oxidation resistance and corrosion resistance,
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excellent plasticity and ballability, high electrical conductivity and thermal conductivity,
and high strength and bonding reliability that enable it to meet the requirements of elec-
tronic packaging on high performance, multifunction, miniaturization, and low cost [113].
Murali et al. [114] added element of corrosion resistance to Cu to prepare a new alloyed Cu
wire, which has homogeneous FAB formation and similar first and second bond bondability
to bare Cu wire, and exhibits better electrochemical corrosion resistance and slower interfa-
cial diffusion than that of bare Cu wire as well as higher bonding reliability than that of Au
wire after HTST at 175 ◦C for 2000 h. Krimori et al. revealed that Cu bonding wire with
oxidation-resistant metal coating Pd presents good bondability and reliability, sufficient
to replace Au bonding wire (Table 2) as well as having much lower production cost than
that of Au bonding wire [115,116]. In addition, electronic flame off (EFO) current has a
strong influence on Pd distribution in the FAB [117], which has an effect on Cu–Al IMCs
growth and thus affects bond strength and reliability [111]. Other literature also reported
that the PCC wire improves bonding reliability under high temperature and high humidity
and stressed environment due to the adjustment of controls for Cu-Al interdiffusion and
specific IMCs formation [66,118,119].

Table 2. Reliability test results: deteriorated ratios after tests [115]. Copyright, 2006, IEEE.

Test Duration
Failures by Wire Type

Pd-Coated Cu wire Au Wire Cu Wire

Temperature Cycle
(−65 to −150 ◦C) 1000 cycles 0% 0% 91%

Temperature humidity bias
(85 ◦C, 85%RH, 10V) 1000 h 0% 0% 3%

Pressure cooker test (PCT)
(121 ◦C, 100%RH, 2 atom) 125 h 0% 0% 95%

Solder reflow (260 ◦C) 3 times 0% 0% 0%

The bonding wire used in the automotive industry is expected to change from Au
wire to Cu wire in the coming years [120], and the AEC have published a new document
which specifies the minimum requirements for qualification of Cu wire interconnections
used in automotive electronics applications [121]. PCC wire has been widely used in large
scale integration circuit (LSI) packages, but conventional PCC wire is difficult to achieve
the target of automotive application. Eto et al. [122] developed a new PCC wire by adding
elements in Cu core, which improved bond strength even under severe reliability test
conditions. The bond pull test is the most common way to evaluate the bond strength in
the wire bonding. Sun et al. [123] developed a sensor prototype for performance evaluation
and applied it in a wire bonding pull test to evaluate the bond strength and provide support
for wire bonding reliability research.

To sum up, Cu bonding wire has offered many benefits over the Au bonding wire such
as high electrical conductivity, long wire spans without sagging, heat sinking capabilities,
and low cost [124]. But the use of Cu bonding wire also has some drawbacks, mainly due to
its hardness and susceptibility of Cu-Al IMCs to corrosion. Ag bonding wire, as a potential
alternative wire, has better electrical and thermal conductivity than Au and Cu bonding
wires as well as a relatively moderate price [125], and has been successfully bonded in
die-to-die, overhanging die, DRAM stacked die [126], and multi die serial bonding in light
emitting diodes (LEDs) [127].

4. Ag Bonding Wire

The price of Au has soared year by year; as an alternative to Au bonding wire, Cu
bonding wire has been driven by its cost effectiveness, but it has its own concerns, such as
sensitivity to corrosion and propensity to oxidize [128]. Since Ag has higher thermal and
electrical conductivity than Au and Cu, Ag bonding wire can be chosen as an alternative
material that can deliver higher reliability, lower cost, and better manufacturability than
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Au and Cu bonding wire [129–131], and Ag bonding wire can be used in Au wire bonders
of the same type [132].

4.1. Coated Ag Wire

Like Cu, Ag is easy to become corroded in sulfurated and oxidative environments [133].
Ag wires coated with Au or Pd were studied to improve the corrosion resistance and
additional properties of pure silver, and the forms of coatings include single coating
and composite coating [21]. Tseng et al. [134] showed that Au-coated Ag wire (ACA) is
a promising material that can enhance bonding strength and the surface performance.
The cross-sectional structure of the core material of ACA studied by Kang et al. [135]
was equiaxed, which had small grain size and a large number of lath-like annealing
twins, as shown in Figure 9. In terms of mechanical properties, electrical properties, and
bonding properties, the test results were better than those of Au wire and pure Ag wire.
Tanna et al. [129] produced a Pd coated Ag bonding wire (PCS) by a new method; the
diameters of FABs produced with PCS in air are found to be more consistent than those
of Au wire under the same test conditions. Further, the stitch pull force, neck pull force,
and ball shear force of PCS were all higher than those of Au wire. Patent [136] developed
a three-layer composed of Au, Pd, and Pt from the inside to the outside coated bonding
wire, whose matrix was Ag-Au-Pd alloy. It has strong oxidation and sulfidation resistance,
high bonding stability, and excellent effect of inhibiting Ag+ migration. There are still
some shortcomings to be solved about the coated Ag wire, such as uneven coating, coating
flaking off, and broken wire, which will affect the performance of the bonding wire and
reduce the reliability of the product. Moreover, the usage of strong acids, strong bases,
and organic solvents in the electroplating process will produce harmful substances and
cause environmental pollution [137,138]. At present, there are few mature coated Ag-based
bonding wires used in the market.

(a) (b) 

Figure 9. SEM image of cross section of Au-coated Ag wire, (a) the magnification is 200 times and
(b) the magnification is 500 times [135]. Reproduced with permission from Ref. [135]; published by
Semiconductor Technology, 2018.

4.2. Ag Alloy Wire

The elements alloyed with Ag include Au, Pd, Pt, Ru, Zn, etc. The addition of Au
can improve the strength, oxidation resistance, high-temperature stability of the Ag alloy
wires, and enlarge the bondability window. Fan et al. [139] found that with the increases
of Au content, the HAZ of the Ag alloy wire decreases, the tension and shearing force
of the FAB increase, and the best FAB morphology can be obtained when the Au content
is 5%. Kuo et al. [140] showed that Ag alloy wires exhibit superior tensile strength and
hardness but low conductivity and elongation as Au content increases, because relatively
high Au solute atoms and low-angle grain boundary density cause strengthening and
electron scattering. Therefore, adjusting the Au content in Ag alloy wires effectively can
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optimize its mechanical properties and conductivity. Adding Au and Pd into Ag wire
increases its corrosion resistance and improves its oxidation behavior by reducing the metal
surface activity [141,142]. Tsai et al. [143] evaluated Ag alloy wires with various Au and Pd
contents; the results indicated that the breaking load of the various wire specimens increases
with the Pd and Au contents, as shown in Figure 10. Further, it was determined that the
ternary Ag-8Au-3Pd alloy wire with high strength, corrosion resistance, and reliability is an
ideal substitute for the traditional Au wire, while the Ag-3Pd and Ag-4Pd are cost-friendly
bonding wires for high-frequency integrated circuit devices. Cao et al. [144,145] studied
the effect of heat treatment temperature on the properties and microstructure of Ag–4Pd
alloy wires. The results showed that the elongation and tensile strength of bonding wire
increase and decrease, respectively, as heat treatment temperature increases, as shown in
Figure 11. Annealing twins appear in the bonding wire in the process of heat treatment, and
the nucleation modes mainly include twinning nucleation and sub-crystalline annexation.
Chuang et al. [146,147] showed that an innovative Ag-8Au-3Pd alloy wire produced by
appropriate drawing and annealing processes has more annealing twins, finer grains, and
higher durability against EM than traditional Ag-8Au-3Pd alloy wire, as shown in Figure 12,
which possesses high thermal stability during high temperature exposure. The annealing
twins in the innovative wire simultaneously increase the ductility and tensile strength
with aging time, yet the electrical conductivity remains almost unchanged. Moreover, the
innovative wire exhibits negligible grain growth after prolonged air storage at 600 ◦C for
up to 180 min, whereas the grain size of traditional Au and Cu wires grow obviously under
the same conditions, which means that annealing twins may have the potential to improve
material performance [148].

 

Figure 10. Fracture load of various Ag alloy wires [143]. Copyright, 2016, IEEE.

 

Figure 11. Variation curve of tensile strength and elongation of Ag-4Pd wire during cold defor-
mation [145]. Reproduced with permission from Ref. [145]; published by Journal of Mechanical
Engineering, 2016.
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Figure 12. Grain structure in the longitudinal cross-sections of the original bonding wires:
(a) annealed-twinned Ag-8Au-3Pd wire; (b) traditional Ag-8Au-3Pd wire [147]. Copyright, 2012,
Springer Nature.

Recently, ultrasonic ribbon bonding has received more and more attention in power
electronic packaging compared with traditional wire bonding. The high current density
tolerance and excellent heat dissipation of ultrasonic ribbon bonding, which features
the flexibility of wire bonding and wider bonding parameter window, have driven the
adoption of it to meet the requirements of high reliability packaging [149–151]. Based
on the successful experience of replacing Au with Ag wires, Ag and Ag alloy ribbons
are foreseeable options for high-power ICs. Chen et al. [151] studied the microstructure
evolution of Ag-4Pd ribbon under different annealing conditions by electron backscatter
diffraction (EBSD) technique, and discussed its mechanical properties, which provided a
theoretical basis for the application of high-power IC modules. Chen et al. [152] further
studied the influence of bonding parameters on the bonding performances of Ag-4Pd
ribbon. The results showed that increasing the bonding power can promote the bonding
surface, and the research has important guiding significance for providing feasible solutions
for electronic packaging.

4.3. Other Ag Alloy Wires

In order to develop Ag alloy wire that is more in line with production requirements,
some scholars have tried adding other trace elements, such as Pt, Zn, and La, to the Ag
matrix to make further progress. Pt, as noble metal with similar properties to Pd, can form
a continuous solid solution with Ag, whose addition amount is generally 5 wt% [35]. Ag
alloy wires containing rare earth elements have excellent anti-oxidation and mechanical
properties [153,154]; the additions of Si, Zn, etc., could reduce the oxygen content of Ag
bonding wire, improve its wettability, and make it easier to be drawn [34]. Cao et al. [155]
added Zn 0.76 wt% to Ag-1.7Pd alloy wire; it was found that the coefficient of heat con-
ductivity reduces by 16%, and the HAZ length decreases by 25%, as shown in Figure 13.
Hsueh et al. [154] doped La into Ag to form Ag–La alloy; the results showed that adding La
can improve its anti-oxidation capacity, reduce the FAB diameter, and increase the hardness
of the matrix, which make it useful in the electronic packaging industry.
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            (a) (b) 

Figure 13. HAZ length of Ag alloy wire (a) Ag-1.7Pd wire; (b) Ag-1.7Pd-0.75Zn wire [155]. Repro-
duced with permission from Jun Cao et al.; published by IEEE, 2015.

4.4. The Reliability of Ag Bonding Wire

Up to now, Ag bonding wire has not been widely used in microelectronic packaging
industry because of its low bonding reliability, which is affected by FAB morphology, Ag+

migration, IMCs, doping element types, contents, and so on.
FAB morphology has a great influence on the reliability of Ag wire bonding; the poor

FAB morphology, containing nodes and voids on FAB, can cause flaws at the bonding
interface [130]. Cao et al. [156] studied the effect of Au layer thicknesses on FAB morphology
of ACA, and obtained excellent FAB morphology when the Au coating thickness was
108 nm, as shown in Figure 14. They also proved that the FAB size of the Ag-10Au-3.6Pd
alloy bonding wire became larger and larger with the increase of EFO time or EFO current,
and an optimal FAB formed when the EFO current is 0.030A and the EFO time is 0.8 ms [157].
The experimental results provided that a good FAB morphology can be obtained in high
current and short-time EFO process, which is beneficial to improve the bondability [158].
Therefore, setting appropriate bonding parameters is vital for FAB morphology, and it will
directly have an effect on electronics reliability.

(a) (b) (c) 

Figure 14. Morphology of FAB for Au-coated Ag bonding wires with (a) 48.7 nm, (b) 108 nm, and
(c) 174.7 nm Au coating thickness [156]. Reproduced with permission from Ref. [156]; published by
Materials Science and Technology, 2018.

For decades, it has been known that Ag+ migration can cause short circuits and failure
in microelectronic interconnects [159]. In order to inhibit Ag+ migration to improve bonding
reliability effectively, the experimental results showed that the addition of 1.5–4.5 wt% Pd
can decrease the Ag+ migration rate [160], and the effect is further enhanced due to the
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Au addition [161,162]. Cho et al. [163] confirmed that a PdO layer forms on the surface
Pd-doped Ag wire, which acts as a barrier against Ag+ migration and diffusion to prevent
Ag from dissolving in the surrounding water, as shown in Figure 15. Cai et al. [164] showed
that a large number of annealing twins form in the Ag-4Pd alloy wire by adding Pd, which
has positive effects on reducing the Ag+ migration rate and improving the reliability of the
bonding wire. The research results of Guo et al. [165] and Chuang et al. [147] indicated that
the Ag-8Au-3Pd alloy wire with annealing twins has significantly enhanced resistance to
Ag+ migration, and Guo et al. supposed that a metal cap coating on the wire surface may
be a better choice to prevent Ag+ migration. According to the above research, adding Pd to
Ag alloy wires and preparing bonding wires with annealing twins can effectively inhibit
the Ag+ migration and improve the product reliability. Recently, due to the development
of power electronics and high-frequency communication ICs (such as fifth generation
mobile networks and electric automotive), concerns about circuit reliability have further
increased. Chen et al. [166] used EBSD to study the microstructure evolution of Ag alloy
wire, providing a new perspective for the study of Ag+ migration.

(a) (b) 

Figure 15. Mitigation mechanism of corrosion: (a) bare Ag wire; (b) Ag-3Pd alloy wire (Effect on Pd
alloying-Ag migration model) [163]. Copyright, 2012, Springer Nature.

In addition, the growth of IMCs at the bonding interface has a great influence on
the bonding reliability. A certain number of IMCs can improve the bonding strength,
while due to the poor electro-thermal properties of IMCs, excessive IMCs will weaken
the bonding strength and conductivity, and affect the lifetime of electronic products [167].
Hsu et al. [168] showed that high current density will increase the growth rate of IMCs,
which will make IMCs form more quickly at anode side than that at cathode side, and
the IMCs include Ag3Al and Ag2Al at the bonding interface. In the high temperature
aging test, the Al pad completely disappears with the increase of temperature and aging
time, then Ag3Al begins to transform to Ag2Al, and finally IMCs are all Ag2Al [169]. The
experimental results showed that with the increase of bias cycle, the growth of Ag2Al at the
bonding interface is responsible for the increase in the resistance of the bonding wire [170].
Chuang et al. [171] proved that even after prolonged high HTS at 150 ◦C for 500 h, IMCs
thickness of Ag-8Au-3Pd is only around 1.7 μm, which has much higher reliability than
that of the Au-Al IMCs. Long et al. [172] designed and created different surface textures on
glass substrates. The results showed that the oxide removal efficiency is enhanced, the IMC
growth is improved, and the bonding strength is several times higher than that on smooth
surfaces. The above studies show that the quantities and types of IMCs are also the keys
for the reliability. Up to now, most studies focus on Ag alloy wires, some of which have
been used in LED and IC packages such as Ag-8Au-3Pd and Ag-4Pd wires [143]. However,
uneven mixed or unreasonable chosen alloy components will lead to many defects during
application, such as sharp FAB, golf-clubbed ball, and wave ball, which have negative
effects on bonding reliability. Thus, it is necessary to make great efforts to carry on further
study on the reliability of Ag bonding wire.
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5. Comparisons

As reviewed in the aforementioned sections, Au bonding wire shows the best compre-
hensive performance, but has the highest price. Compared with Au bonding wire, Cu and
Ag bonding wires, as potential alternative wires, have better cost effectiveness and higher
electrical and thermal conductivity, which enable them to satisfy the requirements for a
high density and fine pitch of microelectronic packaging and gain market share fast. The
performance comparison of the three types of bonding wires is shown in Table 3. All the
three types of bonding wires still face some technical challenges, and numerous researchers
make great efforts to solve them as shown in Table 4.

Table 3. Basic properties of Au, Cu and Ag [17,173–175].

Properties Au Cu Ag

Electrical Conductivity (% IACS) 73.4 103.1 108.4
Resistivity (×10−9 Ω·m) 23.5 16.7 14.7

Thermal Conductivity (W/m·K) 317.9 398.0 428.0
Thermal Expansion Coefficient (μm/m·K) 14.2 16.7 19.0

Tensile Strength (MPa) 103.0 209.0 125.0
Yield Strength (MPa) 30.0–40.0 33.3 35.0

Elastic Modulus (GPa) 78.0 128.0 71.0
Brinell Hardness (HB) 18.0 37.0 25.0

Metal Activity Cu > Ag > Au

Table 4. Challenges and solutions for bonding wires.

Type Technical Challenges Solution

Au

Poor loop formability and easy to
collapse during wire bonding.

Add alloying elements such as Cu and
Pd; use Cu bonding wire to replace it.

Easy to generate Kirkendall voids under
long-term high temperature storage life

(HTSL) tests.

Add trace alloying elements to slow
down the diffusion rate of Au atoms.

Cu

Easy to be oxidized and corroded. Chose alloying and plating treatment; use
inert shielding gas.

High hardness, causing defects such as
pad peeling and cratering.

Use softer copper wire; increase pad
thickness; set dummy microvias beneath

pad metallization to stabilize and
strengthen pad structure.

Low hardness and strength of the HAZ,
resulting in wire breakage near the FAB. Adjust the EFO parameters.

Short circuit and tail defects. Use Pd-coated Cu wire instead of bare
Cu wire.

Cu-Al IMC corrosion,
causing microcracks.

Use low halogen of molding compound
and solder resist in the pad.

Al(OH)3 forms during bonding process,
galvanic and pitting corrosion occur with

the presence of chloride halides in
sodium chloride solutions.

Control humidity and the temperature of
production workshop [176].

Ag

Easy to be oxidized and vulcanized. Coat Au, Pd, etc. on bare Ag wire; add
alloying elements to make Ag alloy wire.

Ag+ migration. Add Pd to inhibit Ag+ migration.
Low PCT reliability of bare Ag wire. Increase Pd content reasonably.

Complex bonding process with narrow
process window.

Optimize the bonding process; add
alloying elements such as Au and Pd.

Short tailing during wire bonding. Reduce the second bonding force by 10%.
Poor FAB size repeatability and
concentricity of Ag alloy wire.

Adopt lower FAB flow rates and EFO
currents [72].

FAB surface deformation and defects. Increase Pd content.
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6. Summaries

Wire bonding is a promising and critical interconnection technology with low cost,
large-span ratio, and high-density packaging capability, which has been applied in mi-
croelectronic packaging for more than 70 years. Due to the rapid bonding process, the
evolution of bonding interface is difficult to observe, and the bonding mechanism cannot be
clearly described. Au bonding wire is the earliest and most widely used bonding wire, but
due to the limit of electro-thermal performance and high price, its market share is gradually
decreasing; currently, it is mainly used in high-end products applied in aerospace and other
fields. The application of Cu bonding wire came out in the 1990s, and its market share
has increased rapidly in recent years, especially Pd-coated Cu wire, which has become
one of the most used bonding wires in low-pin-count semiconductor packaging, Radio
Frequency (RF) device packaging, micro-electromechanical systems, and so on, but some
reliability problems still need to be solved. Ag bonding wire began to appear in the market
in the 2010s, and it has been widely used in IC packaging and LED packaging for many
years. Because of its excellent usability, scholars believe that it will replace Au bonding wire
applied in high-end products. In addition, multilayer wire bonding is the development
trend of the future market, and the design of wire loop profile is also the focus of research.

In general, the research tasks of bonding wires in the future may focus on the follow-
ing aspects:

(1) It is difficult to observe the evolution of the bonding interface during the wire bond-
ing process, and the wire bonding mechanism is still unclear. Therefore, developing new
research techniques can play important roles in studies on the wire bonding mechanism.

(2) The electroplating and electroless plating processes currently used in the prepa-
ration of coating bonding wires will produce harmful substances that may pollute the
environment, so it is necessary to develop new environmentally friendly and resource-
efficient surface treatment technology to prepare coating bonding wires.

(3) Microalloying can improve the mechanical properties of bonding wires, so appro-
priate multi-component microalloy doping process is of significance in the preparation of
bonding wires, which is beneficial to increase the market share of Cu-based and Ag-based
bonding wires.

(4) The bonding wires with high cost and poor performance have not been enough
to satisfy the requirements of electronic packaging on high performance, multifunction,
miniaturization, and low cost, so developing Cu-based or Ag-based bonding wires with cost
effectiveness and excellent performance has become more and more popular for scholars
and manufacturers.

(5) The wire loop profile has a great impact on the bonding reliability. The main
challenge is to control the wire loop height in the ultra-thin packaging space. It is the future
trend to study the wire profile models and the reliability of wire bonding by FEA and
ML algorithms.
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