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Abstract This work investigates the deposition of poly-

tetrafluoroethylene (PTFE) onto a superelastic NiTi wire

using an ambient temperature-coating technique known as

CoBlast. The process utilises a stream of abrasive (Al2O3)

and a coating medium (PTFE) sprayed simultaneously at the

surface of the substrate. Superelastic NiTi wire is used in

guidewire applications, and PTFE coatings are commonly

applied to reduce damage to vesselwalls during insertion and

removal, and to aid in accurate positioning byminimising the

force required to advance, retract or rotate the wire. The

CoBlast coated wires were compared to wire treated with

PTFE only. The coated sampleswere examined using variety

of techniques: X-ray diffraction (XRD),microscopy, surface

roughness, wear testing and flexural tests. The CoBlast

coated samples had an adherent coating with a significant

resistance to wear compared to the samples coated with

PTFE only. The XRD revealed that the process gave rise to a

stress-induced martensite phase in the NiTi which may en-

hance mechanical properties. The study indicates that the

CoBlast process can be used to deposit thin adherent coatings

of PTFE onto the surface of superelastic NiTi.

Keywords Biocompatibility � NiTi � Materials � Shape
memory � Shape memory films � Shape memory stents �
Twinning

Introduction

NiTi-based alloys have been adopted for numerous bio-

medical applications such as orthodontic arch wires,

guidewires and vascular stents due to their biocom-

patibility, superelastic (SE) and shape memory (SM)

properties [1]. NiTi alloys possess relatively good bio-

compatibility and corrosion resistance due to the formation

of a surface oxide composed mainly of TiO2.

When used in guidewire applications, a highly lubri-

cous surface is desirable to reduce damage to vessel

walls during insertion and removal [2], and to aid in

accurate positioning by minimising the force required to

advance, retract or rotate the wire [3]. The most common

method for conferring a lubricous surface is to coat the

wire with a hydrophobic polymer. Polytetrafluoroethylene

(PTFE) is the most widely used coating for this purpose

and there are a variety of PTFE-coated wires in the

market [4].

This paper investigates a new method, CoBlastTM, for

depositing a PTFE coating onto superelastic NiTi wire. It is

an ambient temperature process developed to address the

problems associated with high temperature-coating tech-

niques, such as the formation of unwanted phases, amor-

phization of the coating and poor adherence of the coating

[5–14]. The coating produced with CoBlast is composed of

separated particles firmly embedded within the substrate

instead of the laminar structure typical of other coating

techniques. This produces a unique level of adhesion and

flexibility, and in many cases, eliminates the need for pre-

or post-processing steps such as cleaning, roughening,

priming, baking or curing. PTFE is an excellent example of

a coating that traditionally requires a complex multistep

process to bond it to a substrate, but is readily deposited in

one step using CoBlast. NiTi is an excellent example of a
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substrate that is traditionally difficult to coat due to thermal

sensitivity, but is readily coated using CoBlast without

losing its unique properties.

CoBlast is a one-step process utilising a co-incident

stream of abrasive and a coating particles to modify the

substrate surface. The standard process uses a single nozzle

driven by compressed air to apply a pre-blended combi-

nation of abrasive and coating. The abrasive roughens the

surface while simultaneously disrupting the passivating

oxide layer of the substrate and exposing the reactive

metal. The coating particles then react with the exposed

reactive metal to form an intimate chemical bond [7–11,

15–17]. The adhesion of the coating to the substrate is due

to a combination of tribo-chemical bond formation and

mechanical interlock between the dopant and the metal

substrate [9]. Strong adhesion of PTFE to metals has been

reported previously, in spite of the chemical inertness of

PTFE. This has been attributed to fragmentation of the

PTFE molecular chain due to mechanical stresses and

subsequent carbon–metal bonding [18].

Previous studies have investigated the deposition of

bioceramics onto titanium to enhance bioactivity [7–11,

15–17]. The process has been shown to exhibit a shot peen

effect resulting in a severely deformed surface layer with

twin formation and gross deformation of the grains in

Grade 2 titanium. The formation of the deformed surface

layer is beneficial as the associated compressive strength in

the surface layer improves fatigue performance—a key

property for orthopaedic medical devices, for example [7,

8, 19, 20].

Severe plastic deformation of NiTi has been investigated

using various methods such as shot peening, high pressure

torsion, cold-rolling, equal angular extrusion and laser shot

peening, resulting in the formation of deformation-induced

martensite (DIM) and amorphization [21–26]. The forma-

tion of DIM is associated with highly dense twinning and

gives rise a work hardened layer and compressive residual

stress that may enhance fatigue performance [25, 27].

Materials and Methods

Materials

Superelastic NiTi wire (Grade SE508, NDC, USA) with a

diameter of 0.75 mm was used as the substrate. Five wires

were coated per set. Also five NiTi 15 9 15 mm coupons

of 1 mm thickness were coated per set. The NiTi coupons

were used in the surface characterisation of the coating and

substrate using X-ray diffraction, surface roughness mea-

surements and wear tests. PTFE (Zonyl 1300MP, Dupont,

USA) was used as the coating media. Two particle sizes of

alumina (White Saftigrit,\50 and\90 lm, Guyson USA)

were used to assess the influence of the blast media on the

coating process. Figure 1 shows the particle images.

Sample Preparation

The NiTi wire and coupons were ultrasonically cleaned in

isopropanol to remove any contaminants prior to surface

modification. The NiTi wire was fed at 10 mm/s through a

circular array of 3 nozzles arranged around the wire axis.

The coating medium (PTFE) and blast media (\50 or

\90 lm Al2O3) were sprayed simultaneously in the same

stream at the NiTi wire with a jet pressure of 45 psi, at a

nozzle displacement distance of 10 mm from the wire.

Figure 2 show the schema of the wire-coating process.

The flat NiTi coupons were placed on a stationary tray.

The coating medium (PTFE) and blast media (\50 or

\90 lm Al2O3) were sprayed simultaneously with a jet

pressure of 40 psi, at a height of 30 mm from the substrate

with a nozzle travel speed of 13 mm/s and a raster offset of

Fig. 1 SEM images of PTFE,\50 and\90 lm Al2O3 powders
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3.3 mm. To act as a control, coupons and wires were

prepared by blasting PTFE only,\50 lm Al2O3 only and

\90 lm Al2O3 only. For clarity, a code has been assigned

to each of the substrate types. The substrates and their

associated code are shown in Table 1.

Surface Characterisation

X-ray diffraction was carried out on the NiTi coupons

using a Siemens D500 diffractomer with rotating stage

(Munich, Germany). A Cu Ka radiation source was used

with k = 1.54056 Å. The spectra were measured using

PTFE feedstock powder and also the flat monolithic coated

substrates to assess the influence of the CoBlast treatment

on the PTFE crystallinity. The analysis was carried out

over the angular range of 10�–90� (2h). All XRD scans

were carried out with a resolution of 0.04� (2h) and a

sampling time of 3 s per step. Silicon was used as an in-

ternal standard to account for non-linear peak shift.

The surface roughness of the coated NiTi coupons was

measured using a Taylor-Hobson Pneumo Form Talysurf

Series 2 (Leicester, UK). Four measurements per each of

the five samples were used to determine the average

roughness (Ra). Analysis of variance (ANOVA) and a

subsequent Tukey’s post hoc test were performed to

determine whether the difference in roughness between the

as-supplied NiTi and the coated NiTi substrates was sta-

tistically significant. A P value\0.05 was deemed to be

significant.

A Hitachi TM-1000 scanning electron microscope

(SEM) (Toronto, Canada) in backscatter mode was used to

examine the surfaces of the coupons after treatment.

Cross-sections of the NiTi coupons and wire were pre-

pared in order to assess the coating thickness and examined

using a Leica MEF4 M (Wetzlar, Germany) optical mi-

croscope with reflected light. To prepare the cross-sections

for analysis, the samples were mounted in a polyester resin,

then ground and polished to a 0.04 lm finish, rinsed with

water and isopropanol, respectively, and dried with a

stream of warm air.

Heat Treatment

To investigate the thermal stability of martensite formed

during the blasting process, substrates blasted with\90 lm
Al2O3 only were heated for 1 h in a Carbolite furnace and

cooled in air. Substrates were heated to 50, 100, 150, 200,

250 and 300 �C and examined using XRD as described

in ‘‘Surface Characterisation’’ section.

Fig. 2 Schema of wire-coating

process

Table 1 Substrate type and

assigned code
Name Blast medium Coating medium Substrate code

NiTi (as-supplied) – – S

NiTi (PTFE/\50 lm Al2O3) \50 lm Al2O3 PTFE A50P

NiTi (PTFE/\90 lm Al2O3) \90 lm Al2O3 PTFE A90P

NiTi (PTFE only) – PTFE SP

NiTi (\50 lm Al2O3) \50 lm Al2O3 – A50

NiTi (\90 lm Al2O3) \90 lm Al2O3 – A90
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Wear Test

Wear testing was performed using a modified version of

ASTM G133-95 using a custom-built tester. A load of

9.6 N was applied using a tungsten carbide pin with a di-

ameter of 3.175 mm and a relative sliding speed of 3.4 cm/

s. The track length was 12 mm and the number of cycles

was 5000, giving a total sliding length of 60 m. The wear

loss was calculated using Eq. 1,

Wear loss ¼ L r2 sin�1 d

2r

� �
� d

4

� �
ð4r2 � d2Þ

1
2

� �
ð1Þ

where L = wear track length, r = pin end radius,

d = wear track width assuming that there were no sig-

nificant losses to the pin. Five measurements of wear track

width were made per track.

Coating Adhesion

The coating adhesion to the wire samples was examined by

performing fracture and flex tests according to ISO 11070

and examining the surface at 1.59 magnification for cracks

in the substrate or flaking of the coating. For the fracture

test, the wire was wrapped around a mandrel of 6 mm

diameter, then removed and examined. For the flex test, the

wire was bent into and ‘S’ shape between two mandrels of

diameter 13 mm with 1.4 mm gap between the mandrels.

The wire was then straightened and bent again another 19

times, then examined. The coating was also examined us-

ing SEM and compared to a wire that was not subjected to

the test.

Results and Discussion

The XRD traces of the coupons, Fig. 3, showing CoBlasted

PTFE samples (A50P and A50P) exhibit intense PTFE

peaks indicating good coating coverage/thickness, while

the SP trace exhibits a weak PTFE peak indicating poor

coating coverage/thickness. The coated samples exhibited

peaks associated with NiTi which are present due to the

underlying NiTi substrate due to the thin PTFE layer de-

posited (\10 lm). The coated samples also exhibit peaks

associated with deformation-induced martensite formed

due to severe plastic deformation of the NiTi. This appears

to be the B190 monoclinic martensite phase as it exhibits

the characteristic (001) reflection at 19� 2h. The trace also

displays strong (002) and (020) reflections at 39.2� 2h and

43.9� 2h respectively. The (012) reflection at 45.1� 2h is

very weak, however this should be most pronounced, this

demonstrates that there is significant texturing of the matrix

[23]. The blasting process has a stabilising effect on

martensite, introducing dislocations and vacancies that in-

crease the frictional resistance to austenite/martensite

phase boundary movement inhibiting the reverse transfor-

mation and increasing the temperature at which martensite

is stable [28]. The martensite phase becomes unstable

above 300 �C when there is sufficient thermal energy to

allow dislocation movement and annihilation allowing the

back transformation of martensite to austensite to occur,

Fig. 4.

The surface topography was examined using contact

profilometry and SEM analysis. SEM of the surface of the

coupons, Fig. 5, show the A50P and A90P substrates

Fig. 3 XRD patterns of the

PTFE powder, S, SP, A50P and

A90P
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appear well coated with little of the underlying NiTi visi-

ble, confirming the good coating coverage observed in the

cross-sections. The SP sample exhibits a relatively well-

coated surface however there appears to be more NiTi

visible compared to the A50P and A90P substrates. The

A50 and A90 samples exhibit clear tears and scratches.

These features are more evident on the coupons blasted

with the\90 lm Al2O3 than the\50 lm Al2O3 due to the

greater abrasion by the larger particle.

The average surface roughness of the samples after the

surface modification are shown in Fig. 6. The average

surface roughness (Ra) of each of the samples increased

after surface modification compared to the unmodified ti-

tanium. One-way analysis of variance (ANOVA) was

performed to determine whether the difference in rough-

ness between the various substrates was statistically sig-

nificant. The test yielded a P value = 0.000. This indicates

that the roughness was significantly influenced by the type

Fig. 4 XRD patterns of the S, A90 and A90 heated to 300 �C for 1 h

Fig. 5 SEM images of the surface of the as-supplied NiTi coupon and the treated samples
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of blast medium used. Each of the coated surfaces had a

significantly different roughness compared to the as-sup-

plied indicating that the coating process significantly alters

the surface roughness.

Cross-sections of the coupons and wires are shown in

Figs. 7 and 8 respectively. A50P and A90P appear well

coated with a continuous coating across the surface with a

coating thickness &9 lm. The SP coating is not con-

tinuous and significantly thinner than the A50P and A90P

coatings with a thickness &3–4 lm. The difference in

coating thickness and coverage may be attributed to the

chemical and mechanical bond formed between the coating

and the substrate by the CoBlast process. The presence of

the abrasive acts to remove the oxide layer exposing the

reactive metal while mechanical stresses fragment the

PTFE molecular chain, allowing carbon–metal bonding to

occur. The high bond strength of PTFE to the metal due to

fragmentation of the PTFE molecular chain due to me-

chanical stresses and carbon–metal bonding formation has

previously been identified [18]. Secondary bonding be-

tween the F- ions and the metal M? ions may also con-

tribute to the bond strength. Figures 7 and 8 show the

coating penetrating into deep, narrow features of the A50P

and A90P substrates as a result of the simultaneous depo-

sition and abrasion. Conversely, the SP substrate does not

form a chemical bond with substrate and is only weakly

mechanically interlocked to the oxide layer at the surface.

The A50 and A90 exhibit particles of Al2O3 embedded in

the surface.

Figure 9 shows the wear tracks on each of the surfaces

after 5000 cycles. Figure 10 shows the wear loss (mm3) of

the samples after 5000 cycles. The CoBlast samples appear

to offer the greatest resistance to wear. There does not

appear to be a significant difference between the A50P and

A90P samples. The SP does appear to offer some resistance

to wear compared to the S, A50 and A90 samples. How-

ever, it is not as effective as the CoBlast samples. Pure

PTFE has low wear resistance, so the PTFE only coating is

Fig. 6 Surface roughness of the substrates. *P\ 0.05 compared to S;
OP\ 0.05 compared to SP

Fig. 7 Cross-sections of the coupons: S, SP, A50P, A90P, A50 and A90
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quickly worn away to expose bare metal. The wear tracks

of the CoBlast samples show a combination of metal

(bright, reflective) and PTFE (dark, unreflective) areas.

This suggests that the surface acts like a metal/PTFE

composite [29], where the metal provides mechanical

strength and the PTFE constantly lubricates the metal

surface. The PTFE cannot be completely removed because

it is deeply embedded within the metal by the simultaneous

deposition and abrasion that is unique to the CoBlast

technique.

Fig. 8 Cross-sections of the wires: S, SP, A50P, A90P, A50 and A90

Fig. 9 Wear tracks on the surface of the coupons: S, SP, A50P, A90P, A50 and A90
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Figure 11 shows the surface of the wires after both

fracture and flex testing. Visual examination of the wire

surfaces after flex and fracture testing revealed no flaking

of the CoBlast PTFE coatings, indicating a strongly bonded

and flexible coating. In contrast, the substrate prepared by

blasting with just PTFE was obviously damaged by the

tests. No cracking of the substrate was observed for any of

the wires, and a similar level of permanent deformation

occurred in each sample, indicating that the superelasticity

of the NiTi is not reduced by the blasting process.

Conclusions

CoBlasting PTFE onto a superelastic NiTi alloy can

produce a well-adhered coating at ambient temperatures

eliminates the need for pre- or post-processing steps such

as cleaning, roughening, priming, baking or curing. The

coating process offers enhanced wear compared to

coating with PTFE only. The process does not adversely

affect the mechanical properties of the superelastic NiTi

wire.

Fig. 10 Wear loss (mm3) on

the coupons. Error bars indicate

standard deviation

Fig. 11 Surface of the wires before and after fracture and flex testing
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