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Abstract: Cobalt chromium (CoCr) alloy tubes have been widely used in manufacturing of vascular
stents, due to their excellent bio-mechanical properties, especially their high strength. In recent
years, fiber lasers have been used in the micro-machining of vascular stents, given their better cutting
quality than neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers. A comparison study
of CoCr fiber laser cutting with oxygen and argon is presented, and the differences, such as surface
topography, chemical composition, and kerfs geometry, between the oxygen cuts and argon cuts are
studied. Three types of topographies are obtained for the oxygen cuts, and the underlying reason
for the different topographies are discussed. The influences of key parameters including power,
repetition rate, pulse width, and cutting speed on the cutting quality are analyzed. The present
research can also provide an optimization guideline for the micro-profiling of CoCr vascular stents.
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1. Introduction

Vascular stents are tiny mesh-like devices that are placed into an obstructed artery to open the
lumen and allow smooth blood circulation [1]. Based on a stent’s expansion method, stents are
classified into two categories: balloon-expanding and self-expanding. Materials such as 316L stainless
steel, L605 CoCr alloy, and polymer are used for manufacturing balloon-expanding stents. NiTi alloy is
used for manufacturing self-expanding stents, given its superior elastic and shape memory properties.
In recent years, CoCr alloy has gained interest due to its excellent radial strength and, therefore,
its ability to produce extra-thin struts with increased strength [2]. They are also MRI (Magnetic
Resonance Imaging) compatible as well as radiopaque.

The design of stents is complex and, as they are very small, precise manufacturing processes
are necessary. Because of the non-contact, precise, and localized energy inputs [3], 3D laser profiling
has become the primary choice for stent cutting. Considerable research has been conducted on
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser cutting of stents. Kathuria et al. [4]
described the precision manufacturing of stainless steel stents using a Nd:YAG laser, and a noticeable
heat-affected zone (HAZ) was detected in the cross-sections. To minimize the HAZ size, optimized
process parameters (a high repetition rate and short pulse width) were suggested. Pfeifer et al. [5]
investigated the Nd:YAG laser cutting of NiTi alloys and studied the influences of process parameters
on cutting quality. The detected HAZ size ranged from 6 to 30 um. Embrittlement in the HAZ can
lead to microcracks and shorten a stent’s fatigue life, as described by Miller et al. [6]. Sudheer et al. [7]
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reported the Nd:YAG laser cutting of CoCr stents, and a strut width dimension error of £15 pm was
detected. Raval et al. [8] cut 316LVM stents using Nd:YAG lasers, and a strut dimension of 150 £ 15 pm
was achieved. The dimension error of struts can influence the stents” mechanical properties.

In recent years, fiber lasers have been widely used in micromachining for higher beam quality,
reliability, and process efficiency. Comparative studies on Nd:YAG lasers and fiber lasers have been
conducted. Fiber lasers have been proved to have better cutting quality than Nd:YAG lasers in terms
of kerf size, roughness, and HAZ. Kleine et al. [9] found that using fiber lasers can result in smoother
cutting surfaces. Meng et al. [10] demonstrated that cutting quality (HAZ and average roughness)
was better with a fiber laser compared to an Nd:YAG laser. To further improve the quality of fiber
laser cutting, Muhammad et al. [11] introduced a water flow through the inner wall of the tube, which
resulted in a narrower kerf width, lower surface roughness, less dross, as well as a smaller HAZ
compared to dry cutting.

Fiber lasers have also been used in manufacturing biodegradable stents. In the work of
Demir et al. [12,13], microcutting biodegradable stents from AZ31 magnesium alloy with a Q-switched
fiber laser in the ns-pulse regime, as well as inert and reactive gas cutting conditions, were compared.
The study found that the laser microcutting of AZ31 Mg alloy required inert gas conditions, as opposed
to reactive cutting with O,.

Defects, such as dross formation and HAZ, are always inevitable, because the mechanisms of
long-pulse lasers include thermal heating, melting, and evaporating of base materials, as explained
by Fu [14]. Sweeney et al. [15] presented a framework for an experimental test of crystal plasticity
micro-mechanics for the high-cycle fatigue (HCF) of micro-scale L605 CoCr stent material. Specimens
were manufactured via laser cutting and the electropolishing (EP) method. EP was used to remove the
HAZ during laser cutting and to provide a smooth surface.

With the development of laser technology, ultra-short pulse lasers (e.g., picosecond lasers,
femtosecond lasers) have been used in the microprofiling of stents. Ultra-short pulse laser cutting
could minimize defects, such as dross, recast layer, and HAZ, for the vaporization mechanism.
Muhammad et al. [16] described the fabrication of NiTi and platinum-iridium stents using a picosecond
laser. The average roughness was 1.34 um and 0.49 pm, respectively, and negligible HAZ was detected
on the platinum—iridium stent. Different material properties (e.g., transformation temperature and
thermal conductivity) were shown as the main causes for the differences in cutting-kerf characteristics.
Muhammad et al. [17] also investigated the effects of femtosecond lasers cutting of NiTi tubes under
wet cutting conditions, which resulted in no HAZ, debris, or recast. Ultra-short pulse lasers have many
excellent advantages; however, the disadvantages of low cutting efficiency, expensive procurement
costs, and high maintenance costs make it difficult for ultra-short pulse lasers to be commercialized for
microprofiling of metal vascular stents [3]. Long-pulse lasers, especially fiber lasers, are widely used
for their higher beam quality, reliability, and efficiency.

Microcutting thin tubes into mesh-like devices is a conventional method for manufacturing stents.
To reduce production time and improve geometrical flexibility, Demir et al. [18] successfully produced
a CoCr stent using selective laser melting (SLM), which provided a new method for manufacturing
vascular stents. SLM productivity can outperform the conventional stent manufacturing scheme.
The additive manufacturing process merges microtube manufacturing and laser microcutting phases
into a single step method. The mechanical performance, in terms of tensile strength, recoil, and fatigue
resistance, should be studied further.

The present work aims to: first, investigate the cutting-kerf characteristics of fiber laser
microprofiling of CoCr tubes and study the influences of the assisting gas type on cutting quality;
second, research the influences of process parameters on cutting quality; and third, explore the
guidelines for optimizing the laser cutting process of CoCr vascular stents.



Appl. Sci. 2017, 7, 608 30f12

2. Experimental Procedures

2.1. Materials

The CoCr tubes used in the experiments were designed specifically for the production of
balloon-expanding stents. The tubes had an outer diameter of 2.0 mm and a wall thickness of 150 um.
The chemical composition of the CoCr tubes is given in Table 1.

Table 1. Chemical composition of CoCr tubes.

Element Cr Co C Si P S Mn Ni Fe \%Y
Percentage  19.9%  Balance 0.07% 0.06%  0.025%  0.01% 12% 10.1% 1.7% 14.1%

2.2. Laser Cutting

A tube profiling system for stent manufacturing was used in this work. The system was integrated
with a fiber laser (SPI), of which the pulse wave shape was rectangular. The maximum power was
200 W, and the laser spot size was about 20 pm. The laser was coupled to a cutting head with a 50 mm
focal lens and a coaxial nozzle with a 0.4 mm diameter for the addition of an assisting gas. To control
positioning, a highly integrated linear/rotary motion platform (Aerotech) was used. The rotary axis
accuracy was %15 arcsec, and the linear axis accuracy was +0.5 pm. To avoid back damage, a copper
wire with an outer diameter of 50 um was inserted into the tube during the cutting process.

As shown in Figure 1, a ring with three grooves was designed to evaluate basic characteristics,
such as surface topography, kerf width, dross formation, and HAZ.

Figure 1. Cut geometry.

To study the influences of process gas type on cutting quality, two sets of experiments were
conducted. Oxygen and argon were taken as the assisting gases in Set A and Set B, separately.
The oxygen reaction released extra energy in the laser cutting process, and the thermal balance
equation was calculated by Equation (1).

Plas + Qoxid = H; + Qcond (1)

P55 is the power abstracted, Qg is the energy released during the oxidation reaction process, H; is
the enthalpy change, and Q.ong is the thermal conduction.

Thereby, the cutting process with oxygen requires less P, than the cutting process under argon
conditions, as argon is inert. Thus, different process parameter scopes were needed in the two sets of
experiments. The key parameters (laser power, repetition rate, pulse width, and cutting speed) were
varied in the experiments. Their variation scopes are shown in Tables 2 and 3.

High gas pressure can benefit the ejection of the melt and cooling of the cutting kerf, which
in turn reduces the HAZ and dross formation. Therefore, the gas pressure was usually set as high
as possible [5]. However, in the profiling of stents, high gas pressures may bend and decline the
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dimension accuracies of the stents, as the stents are flexible [19]. Based on the preliminary experiments,
the gas pressure was constant at 6 bar.

Table 2. Process parameters for Set A.

Power Repetition Pulse Speed Power Repetition  Pulse Speed
Cut # (Por) W Rate Width W) Cut# (Povt) Rate Width W)
pk (A Hz (%T)ms  mm/s set () Hz (t) ms mm/s
1 20 4500 0.12 4 13 17 6000 0.12 4
2 20 5000 0.12 4 14 18 6000 0.12 4
3 20 5500 0.12 4 15 19 6000 0.12 4
4 20 6000 0.12 4 16 20 6000 0.12 4
5 20 6500 0.12 4 17 21 6000 0.12 4
6 20 7500 0.12 4 18 22 6000 0.12 4
7 20 6000 0.09 4 19 20 6000 0.12 3
8 20 6000 0.10 4 20 20 6000 0.12 35
9 20 6000 0.11 4 21 20 6000 0.12 4
10 20 6000 0.12 4 22 20 6000 0.12 45
11 20 6000 0.13 4 23 20 6000 0.12 5
12 20 6000 0.14 4 24 20 6000 0.12 5.5
Table 3. Process parameters for Set B.
Power Repetition  Pulse Speed Power Repetition Pulse Speed
Cut # Po) W Rate Width ) Cut # (Puud) Rate Width )
pk (N Hz (t) ms mm/s set (N Hz (t) ms mm/s
1 30 4500 0.10 4 13 25 6000 0.10 4
2 30 5000 0.10 4 14 27.5 6000 0.10 4
3 30 5500 0.10 4 15 30 6000 0.10 4
4 30 6000 0.10 4 16 32.5 6000 0.10 4
5 30 6500 0.10 4 17 35 6000 0.10 4
6 30 7500 0.10 4 18 37.5 6000 0.10 4
7 30 6000 0.08 4 19 30 6000 0.10 3.3
8 30 6000 0.09 4 20 30 6000 0.10 3.65
9 30 6000 0.10 4 21 30 6000 0.10 4
10 30 6000 0.11 4 22 30 6000 0.10 435
11 30 6000 0.12 4 23 30 6000 0.10 47
12 30 6000 0.13 4 24 30 6000 0.10 5.0

3. Results and Discussion
3.1. Influences of the Assisting Gas Type on Cutting Quality

3.1.1. Cutting Surface Topography

Distinctions in the surface topographies between oxygen cuts and argon cuts were observed from
both macro and micro views. Traditional striation topography could be observed on the cutting surface
of the oxygen cuts. However, only layer topography was observed on the cutting surface of all argon
cuts with different process parameters, as shown in Figures 2a and 3a. In the micro view, abundant
micrometer particles and voids were formed on the surface of the oxygen cuts, as shown in Figure 2b;
meanwhile, no particles or voids could be observed on the argon cuts, and the surfaces were smooth
and compact at the micrometer scale, as shown in Figure 3b.
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Figure 3. Surface topography of the sample that was cut with argon: (a) macro view; and (b) micro view.

3.1.2. Element Compositions of the Cutting Surface

Tables 4 and 5, respectively, show the chemical composition of the oxygen cuts surface and the
argon cuts surface. “Original” in the table indicates the laser cuts without any post process, and “Pickling”
represents the laser cuts processed using acid pickling.

Table 4. Chemical composition on the oxygen cuts surface.

. Cr Co (0) Mn Ni Fe w
Original
3011% 21.80% 3293% 161% 283% 1.09%  9.63%
Cr Co O Mn Ni Fe W
Pickling
1264% 53.72% 394% 129% 1144% 217 %  14.80%
Table 5. Chemical composition on the argon cuts surface.
. Cr Co (0] C S Mn Ni Fe W
Original
19.29%  4551% 3.43% 4.03% 0.02% 0.91 % 10.43% 1.31 % 14.89 %
Cr Co (@) C S Mn Ni Fe W
Pickling
19.75%  46.73% 4.38% 0 0 1.55 % 9.39 % 2.18 % 16.01 %

About 33% oxygen was observed on the original oxygen cuts surface, and the contents of Cr, Co,
as well as other elements, had changed. The chemical composition of the argon cuts surfaces showed
little change, except for small amounts of oxygen (about 3.43%) and carbon (about 4.03%). The results
demonstrated that the oxygen conditions can change the chemical composition of the cuts on the
surface, while the argon conditions did not.

Acid is usually used for eliminating dross formation in the manufacturing process of stents, which
was induced by laser cutting. The samples were etched in a solution (HF:HNO3:H,O, 2:15:83) for three
hours at room temperature.
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Figure 4 shows an image of the oxygen cuts with acid pickling. The particles and voids disappeared,
and the surface topography changed compared with the original topography. Figure 5 shows the
argon cuts with acid pickling, and the results showed that the acid pickling process had no influences
on the surface topography.

TT T T T T PP T T T T T T T T Ty
H 10 15 keV|

pileV

TTT T T I T T T[T T T T T T T [ P T T [T T T e T Ty
0 5 10 15 keV|

Figure 5. (a) The image of the argon cuts with acid pickling; (b) energy dispersion spectrum (EDS).

The energy dispersion spectrum (EDS) results of the cuts processed with acid pickling are also
shown in Tables 3 and 4. For the oxygen cuts, the content of Cr and oxygen decreased remarkably.
For the argon cuts, the elements composition was similar to the original surface. Chromic oxide is
easy to dissolve in acid, and it could then be concluded that the particles on the oxygen cuts surface
are oxides. Thereby, the dross formation on the oxygen cuts was easily removed by the acid pickling
process. However, the acid pickling process had a limited influence on the argon cuts surface, and the
dross formation was not eliminated.

3.1.3. Kerf Geometry and Dross Formation

Because of the recast layer and dross formation, irregular kerfs were observed in both the oxygen
cuts and the argon cuts. Dross formation was also attached to the inside walls of the tubes, as shown in
Figure 6. However, with the acid pickling process, a different phenomenon was observed. As shown
in Figure 7, neat kerfs were obtained on the oxygen cuts and dross formation was eliminated. Unneat
kerfs still existed on the argon cuts and dross formation did not decrease.

Unneat kerfs influence the stents” dimension accuracy, as well as the surface quality. Dross formation
is unacceptable in the manufacturing process of vascular stents, as it can be detrimental to a person’s
health after being implanted into a vein.

For improving surface quality and eliminating HAZ, an electrochemical polishing process is
necessary in the manufacturing process of metal stents, and is always followed by the acid pickling
process. Using a polishing process, the salient materials on a stent’s surface can be removed; however,
unneat kerfs and dross formation with argon cuts are harder to resolve through the polishing process.
Thereby, oxygen is more suitable than argon as the assisting gas in the fiber laser cutting process of
vascular stents. Figure 8 shows a sample processed with an electrochemical polishing step.
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Figure 6. Kerf geometry and dross formation of the cuts before the acid pickling process: (a) oxygen
cut; and (b) argon cut.

Figure 7. Kerf cross-sections of the cuts with the acid pickling process: (a) oxygen cut; and (b) argon cut.

Figure 8. Topography of the oxygen sample processed with electrochemical polishing.

3.2. Influences of the Processing Parameters on Cutting Quality

Oxygen cuts were selected as research objects and the influences of the processing parameters on
cutting quality were discussed in terms of surface topography, kerf width, and HAZ.

3.2.1. Surface Topography

As shown in Figure 9, different surface topographies were observed, which can be classified
into three types: molten globule topography, striation topography, and molten pool topography.
Molten globule topography has many globules on the cutting surface; striation topography is a regular
topography in the fiber laser cutting process; and molten pool topography has irregular pools on
the surface.

The repetition rate and pulse width have similar influences on surface topography; by increasing
repetition rate (or pulse width), molten globule topography, striation topography, and molten pool
topography appear successively.
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Figure 9. The influences of process parameters on surface topography: (a) repetition rate; (b) pulse
width; (c) power; (d) cutting speed.

The pulse’s wave shape is rectangle, and average power Paye can be calculated using Equation (2).
The applied laser energy per cutting length (Ep, ) is an important parameter that determines the heat
input and mass of molten melt in the kerf section. E,, can be calculated using Equation (3).

Pave = Ppx X0 = Ppg X TX f (2)
P PkXTXf
Epd=— 0= 3)

Ppx represents the peak power controlled by the power modulated fiber laser, § represents the duty
ratio, T represents the pulse width, f represents the laser frequency, and v represents the cutting speed.

With a low repetition rate (or pulse width), the applied laser energy per cutting length is low,
and the mass of the melt is limited. Most of the melt is ejected from the cutting kerf, accompanied
with a small amount of melt being turned into globules, induced by the cooling and ejecting effect
of the assisting gas. With intermediate E,, an appropriate amount of metal is molten and regular
striation topography is formed because of the combined effects of high repetition rate, pulses, and
assisting gas. With high repetition rate (or pulse width), an excess of heat is concentrated in the base
material, an excessive mass of metal is molten, and then the melt with good fluidity is ejected, and
thereby forming pool topography with the ejecting effect of the assisting gas.

Based on Equation (3), Pk has the same impact on E,, as T and f. However, different phenomena
were observed in the cutting surface topography. As shown in Figure 9c¢, only striation topography
was observed. In the given process parameter range, with increasing Ppy, the striations became coarser
and no molten globule topography or molten pool topography appeared. It could then be concluded
that, although P, has the same impact on Ep as T and f, it has slighter influences on the surface
topography compared to T and f. T and f not only determine the value of E,, but also the heating



Appl. Sci. 2017, 7, 608 90f12

and thermal conduction process. The heating and thermal conduction processes have underlying and
complex impacts on cutting quality.

v has more complex impacts on cutting quality, which not only influence the valve of Ey,
but also the cooling and ejecting effects. As shown in Figure 9d, with both low and high values for v,
globules could be observed on the cutting surface. With a low v, E, is high, but the cooling effect is
strengthened, and a topography combined with globules and pools was observed. Increasing v will
decrease E,,) and weaken the ejecting and cooling effects. With a high v, a topography mixed with
globules, striations, and pools was observed.

3.2.2. Kerf Width

Stents’ struts are very small, and their widths are about 150 — 250 pm. To ensure the accuracy of
strut width, path skewing of about one half the kerf width from the design path is necessary in the
laser cutting process. To study the kerf width quantitatively, three positions, the entrance, middle, and
exit of the kerf, were measured. To eliminate the impacts of machine rotating precision and measuring
error, three kerfs around the ring were measured and then averaged. The samples were processed with
acid before measuring. Figure 10 shows the influence of the process parameters on the kerf width.

Gas type: O,

'

\

’/7 ’ _

0 b

Kerf width(um)
Kerf width(um)

20 Pp=20W 7=0.12s v=4mm/s Gl i Py=20W f=6000HZ v=4mm/s

4500 5000 5500 6000 6500 7000 0.09 1 11 1.2 13 14
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(a) (b)
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Cutting speed (mm/s)
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Figure 10. Influence of the process parameters on the kerf width: (a) repetition rate; (b) pulse width;
(c) power; (d) cutting speed.

Typical horn-kerfs were obtained in this research. All kerfs” middle widths were narrower than
the entrance and exit widths. Kerf width gradually increased with increasing repetition rate and pulse
width. Increasing the repetition rate or pulse width increased the power density, as well as the mass
of melt. Accordingly, the kerf width was enlarged. The increased power also made a wider kerf.
However, the effect was not as obvious as increasing pulse width or repetition rate.
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Increasing cutting speed resulted in a widening of kerf width. However, when the speed exceeded
a specific value, the kerf was narrowed. Cutting speed influenced the mass of the melt, the cooling
effect, combustion-supporting effect, as well as the ejecting strength. A low cutting speed would
lead to a higher power density and a greater mass of melt, but the cooling effect was strong, which
would take away the amount of heat and limit the mass of the melt. Thus, the cutting kerf was narrow.
With a high cutting speed and low power density, the mass of molten melt was limited. Weakening the
ejecting-strength with a high cutting speed also contributed to narrowing the cutting kerf, which is
why the cutting kerf was narrow with both low and high cutting speeds.

3.2.3. Heat Affected Zone

Figure 11 shows a representative microstructure of cutting kerfs. A clear boundary could be seen
between the substrate material and the re-crystallization zone. The substrate material’s grains were
much larger than those of the re-crystallization zone. In the re-crystallization zone, the smallest grains
were observed near the cutting kerf, which were induced by the fast cooling effect.

Figure 11. The microstructure of cutting kerfs with metallographic preparation.

Based on the measurements of all cuts, the thickness of the re-crystallization zone ranged between
4 um to 10 um, and no noticeable difference in the HAZ size between different cuts were observed.
The material in the HAZ had a different micro-structure than that of the substrate material,
which should be removed using electrochemical polishing technology to ensure the material’s
bio-mechanical properties.

4. Conclusions

Oxygen and argon have different impacts on the CoCr fiber laser cutting process. Oxygen helps
molten melt burning, and an amount of oxide particles were observed on the surface of the oxygen
cuts. Dross formation could be easily eliminated by the acid pickling process, and therefore neat
cutting kerfs and non-dross formation could be obtained. Through the acid pickling process, the cut
compositions were similar to the raw material. Argon is a type of inert gas, and, when protected
with argon, the cutting process does not change the composition of the cuts. The cutting surface
was compact and the acid pickling process had no effect on the cutting surface topography or dross
formation. Dross formation and un-neat kerfs are challenges in argon cuts for manufacturing CoCr
stents. Compared with inert gases, oxygen is preferential as the assisting gas in the fiber laser cutting
of CoCr stents.
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Three types of topographies were obtained in the oxygen cuts: molten globule topography,
striation topography, and molten pool topography. Cuts with molten globule topography were
difficult to separate from the tubes. In this case, in the manufacturing process of stents, fragments
attach to the stent struts and lead to waste products. Molten pool topography is also not ideal, as pools
on the cutting surface lower the surface quality. Striation topography is therefore the best choice.

The repetition rate and pulse width had similar impacts on cutting quality, including the surface
topography and cutting kerf. The power had less of an impact on cutting quality than repetition rate
and pulse width because of the cutting mechanism of pulsed lasers. Cutting speed had a more complex
impact on cutting quality because it not only influenced the value of E, but also the cooling effect,
ejecting effect, and combustion-supporting effects.

In conclusion, a guideline regarding profiling CoCr stents with fiber lasers can be given: first,
use oxygen as the assisting gas and confirm the gas pressure; the gas should eject the molten melt
smoothly, and cannot bend the stents as stents are always flexible. Second, melt the right mass of
metal with a high frequency, low pulse width, suitable power, and speed. Third, adjust the pulse or
frequency to obtain striation topography.
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