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Abstract: Esophageal nitinol stents are an established method for treating swallowing difficulties
caused by obstructing cancer. This raesearch investigates the influence of different qualities of raw
metal alloys in combination with production technology on corrosion resistance in standardized
simulated gastric fluid (SGF). Four different international stent manufacturers produced samples of
their standard stents from nitinol sourced from three different alloy manufacturers. The stents were
subjected to a 6-week immersion in SGF. During the immersion, the surface was studied at specified
intervals using microscopy. The surface of the samples was also studied by X-ray Photoelectron
Spectroscopy and after immersion the released ions were analyzed. Results demonstrated that both
raw material and certain steps in the manufacturing process negatively affect corrosion resistance.
Analysis of the SGF showed that the amount of nickel released is proportional to the degree of
corrosion attack. Finally, current accepted standard test methods are inadequate for assessing
susceptibility to corrosion by gastric acid and should take the low pH of the implanted environment
into account. Conversely, certain measures in the manufacturing process are able to reduce the impact
of the base material on corrosion susceptibility.

Keywords: biomaterials; shape memory alloys; titanium alloys; corrosion; characterization

1. Introduction

The first clinical use of esophageal stents was reported in the 1960s in the treatment of
malignant dysphagia [1]. Today, many different stent designs with different parameters
are available and their mechanical properties including radial and expansion force, axial
rigidity, and conformability vary greatly, depending on the stent skeleton design, as well as
the material and method of covering [2,3]. Curiously, despite self-expanding metal stents
(SEMS) having been in clinical practice for decades, the understanding of the clinical need
and the ideal test methods for stents are poorly understood and still undefined [4].

At present, SEMS for the gastro-intestinal tract are almost universally made of “nitinol”,
a nickel-titanium super-alloy [5]. Stents are very often covered with polymers to prevent
cancer or reactive granulation tissue from growing into the stent [6]. If the nitinol stent
is placed in the esophagus for a long time, the implant may fail due to the corrosive
environment of the human body in combination with material fatigue [7]. This applies
particularly to stents placed partially or wholly within the stomach, where they are exposed
to the low pH of hydrochloric acid contained in gastric secretions. In the case of esophageal
carcinoma, 2/3 of tumors occur at the gastro-esophageal junction, requiring the lower end
of the stent to be placed in the stomach. Nitinol is an equimolar alloy of titanium and nickel.
It exhibits shape memory and superelasticity, as well as acceptable biocompatibility, which
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are the main reasons this material is used in the production of stents. Mechanical properties
and corrosion resistance depend on the phase composition. The phase composition of input
material shall be as homogenous as possible. The presence of other phases and impurities
may adversely affect the above properties [8–11]. The corrosion resistance of nitinol is
based on the formation of a uniform thin layer of TiO2. This layer is a uniform barrier
layer for corrosion prevention [7,12]. In order for the stent to acquire shape-memory with
regards to its 3D-configuration, it must be heat-treated, usually with temperatures around
500 ◦C. Heat treatment, however, affects the thickness of the TiO2 layer. The thickness
of the oxide layer increases with the heat treatment temperature [13], as does the fatigue
resistance [14]. On the other hand, if the TiO2 layer is too thick, it may have an increased
number of defects. Such a defective layer loses its corrosion-protective effects [15,16]. The
thickness of the oxide layer can be changed by subsequent surface treatment, e.g., chemical
polishing, electropolishing, and plasma electrolytic oxidation (PEO) [17]. Both methods
reduce the oxide layer formed by the heat treatment [18].

The application of the surface treatment also improves the fatigue life, as it reduces
the amount of surface defects [14]. The mechanical stress to which the stent material is
subjected has a significant effect on the corrosion resistance. Mechanical stress causes
the oxide layer to crack, exposing the unoxidized metal to the corrosive environment
and accelerating the corrosion process [19]. The above-mentioned processes can lead to
breakage of the nitinol wires, which can lead to stent failure. And thus, to the deterioration
of the patient’s condition. Several cases have been reported in clinical practice where partial
or complete fracture of esophageal nitinol stents have occurred [20–23].

Another risk associated with corrosion of nitinol stents is exposure of the surrounding
tissues to higher doses of nickel, which is released into the body during the corrosion
process. A poor surface treatment causes a local increase in nickel concentration [24],
which, in vascular animal experiments, can cause inflammation and stenosis of stented
arteries [25].

In the production of nitinol stents, the quality of the raw input material on corrosion
resistance plays a key role. Although suppliers are bound by strict standards, there is still
space for minor variations, in particular the amount of inclusions, the state of the surface
(oxide layer thickness), and the final processing of the wire (e.g., etching). At present, it is
possible to produce stents from wires with different chemical compositions with different
history of heat treatment and surface quality. Different surface qualities show different
corrosion resistance [26].

The aim of this study is to determine the effect of different quality of input materials in
combination with different production processes on the corrosion resistance of esophageal
nitinol stents in a simulated gastric environment.

2. Materials and Methods

Experiments were conducted on nitinol esophageal stents made from 4 different
manufacturers (A to D) by standard manufacturing process of each manufacturer. Each
manufacturer was asked to supply stent samples of approximately 25 mm × 100 mm
from batches of 0.25 mm nitinol wire acquired from three different wire suppliers (1 to 3).
Because testing focused on the corrosion resistance of the stent skeleton, the samples were
not provided with a polymer or other covering that can change the corrosion resistance.

The surface of the samples was studied by stereomicroscope Olympus DF Plapo
1 X (Olympus, Tokyo, Japan) and by scanning electron microscope (SEM) Tescan Vega3
LMU (Tescan, Brno, Czech Republic) before, during, and after the immersion in simulated
gastric fluid (SGF). The composition of the raw wires was verified by Energy Dispersive
Spectrometer (EDS) OXFORD Instruments INCA 350 (Abingdon, UK).

The chemical composition of the surface layer before and after immersion in SGF was
analyzed by XPS. An ESCAProbeP (Omicron Nanotechnology Ltd., London, UK) was used
for analysis. An aluminium anode with an excitation energy of 1486.7 eV was used as the
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X-ray source. CasaXPS software 2.3.15 (Casa Software Ltd., Devon, IK)was used to evaluate
the spectra.

The calculation of the oxide layer thickness was based on the free flight path of the
electron between two inelastic collisions [27,28]. These calculated thicknesses are only
approximate; only pure oxides were considered in the calculations, which, however, do not
occur on the examined samples; here, they are always mixtures.

The concentration of the released ions within the SGF after 6-week immersion was
measured by Atomic Absorption Spectroscopy (GBC 932Plus, Dandenong, Australia).

Most stent manufacturers test corrosion susceptibility according to the generic ASTM
standard F-2129, which was originally aimed at biliary stents. However, the high pH of this
does not reflect the hostile environment of esophago-gastric stents. Therefore, simulated
gastric fluid prepared according to the ASTM 2528-06 standard [29] for gastrostomy tubes
was chosen for testing, to reproduce the low pH and components of gastric juice encoun-
tered in the lower esophagus due to stent-induced reflux [30,31], or because the stent may
need to be placed with its lower end within the stomach [32].

Table 1 shows the composition of SGF. All used substances were in p.a. quality. The
value of pH was 1.2. The pH of the solution was also measured after immersion. Immersion
was conducted at 37 ◦C.

Table 1. Composition of SGF.

Component Concentration

NaCl 2 g/L
Pepsin 3.2 g/L

HCl 7 mL/L

During immersion, the stents were withdrawn from the SGF at the regular intervals
(after 3 days of immersion and then weekly up to 6 weeks) to conduct analysis (optical
microscopy, SEM, radial forces measurement), rinsed with ethanol and distilled water, and
returned to SGF. This procedure was previously tested and compared with non-interrupted
immersion. There were no differences in the results in both procedures.

The electrochemical measurement was realized in the standard three electrode set up
with silver-silver chloride reference electrode (SSCE) and glassy carbon counter electrode.
The measurement consists of the 1 h stabilization of the open circuit potential (OCP)
followed by 1 mV/s polarization in the range ±20 mV/OCP. The polarization resistance,
which is reciprocal to the corrosion rate, was then evaluated. The Reference600 (Gamry,
Warminster, PA, USA) potentiostat was used. The measurement was realized on the knitted
out wires from individual stents. The exposed area was defined by galvanic tape 3M 470
(3M, St. Paul, Minnesota, USA), which has sufficient adhesion to prevent crevice corrosion
and to eliminate the influence of the free end of the wire on the results (the surface state at
the shear point is different from the rest of the surface).

Radial resistive force (RRF) is the force exerted by the pressure-resistant stent against
compression. Chronic outward force (COF) is the force the stent exerts on the surrounding
environment during expansion. Forces were measured with a dedicated TTR2 radial force
measuring instrument (Blockwise, Tempe, AZ, USA). Measurement was conducted at a
temperature of 37 ◦C. Parameters of measurement are listed in Table 2.

Two manufacturers supplied straight stents; two supplied stents with larger ends
(flared and dog-bone shaped)

The initial diameter in the case of measurement of samples from manufacturer D was
28 mm. This is due to the fact that the stent ends were of a larger diameter than the trunk.
To accommodate this, an initial diameter of the compression tool was chosen so that there
was no deformation of the stent before the beginning of the measurement.

The final diameter in case of measurement of samples from manufacturer C was set at
7.8 mm, because the radial force of the stents was so high the machine could not compress
stents to 4 mm diameter (the resulting force was above the upper limit of the machine).
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Table 2. Parameters of radial force measurement.

Setting
Parameters Manufacturer A Manufacturer B Manufacturer C Manufacturer D

Initial diameter
(mm) 25 25 25 28

Final diameter
(mm) 4 4 7.8 4

Number of
cycles 1 1 1 1

This research was conducted on 3 stent samples from each manufacturer and each
sample was manufactured from different wire. Since the stent manufacturers did not pro-
vide a larger number of samples, it was not possible to replicate the measurements several
times. Since the stents were manufactured using a standard manufacturing process, it can
be assumed that this process is fully validated. A validated process gives repeatable results,
so it can be concluded that the samples would also show repeatable and reproducible
behavior.

3. Results
3.1. Surface State

The composition of the individual raw wires was 50.3 ± 0.6 at% Ti and 49.7 ± 0.6 at%
Ni. Figure 1 shows the surface of all studied samples before the immersion in SGF using
optical microscopy. The depth of the blue discoloration depends on the thickness of the
TiO2 layer caused by the heat treatment [33]. Factors for this are the concentration of oxygen
during the annealing, the reactivity of the alloy, and any subsequent surface finishing. The
darker color (dark gray and black) of the samples reflects the surface characteristics of the
raw nitinol, as each stent manufacturer produced samples by their standard production
process. Slight differences in the alloy result in different surface qualities, resulting in a
darker color, which reflects the dark, black, or thin oxide layer [34–37]. The metallic color
of some samples is caused by the surface treatment associated with the removal of oxidized
material (e.g., grinding, polishing, electropolishing, chemical etching) [18].

Manufacturers A and B did not apply any surface finish and the different coloration is
a consequence of different oxidization of the nitinol wire.

With manufacturer C, the surface is metallically shiny, regardless of the type of input
wire, reflecting a more aggressive surface treatment in the finishing process, removing most
of the passive layer.

Samples from manufacturer D show a greater variation in color, with the sample from
wire 3 appearing metallically shiny, but the other two samples show different degrees
of surface (dis-)coloration. These samples also underwent some surface treatment after
annealing, but the quality of the raw material here is seen to have a greater effect on the
final product.

The surface state was also studied by SEM (Figure 2). The raw wire 1 has an etched
surface; on the raw wires 2 and 3, a thick oxide layer is visible. Based on the structure and
color of the surface, the layer on wire 2 is thicker.

The influence of the processing is well visible. Manufacturers A and B use the wire
in its original state. No other surface treatment except shape setting was used and the
differences in surface structure are preserved. In the case of manufacturer C, the three
samples look very similar with very little oxide layer on the surface, indicating the etching
of the final stents. Manufacturer D also used etching but probably in weaker etchant
because the original surface structure can still be identified.

Table 3 summarizes the results from XPS analysis. The chemical composition of the
surface layer and the thickness of the TiO2 layer were investigated simultaneously.
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The original surfaces of the samples from stent manufacturers A, B. and D contained
different concentrations of nickel depending on the type of wire used. In contrast, the
chemical composition of the surface layer samples from manufacturer C only showed
minimal differences. These samples, together with sample D3, showed the thinnest TiO2
layer. This reflects the fact that these manufacturers apply an additional surface treatment in
the finishing process of the stent. Whether other manufacturers use any surface treatment
in the production process cannot be determined on the basis of this analysis and this
information was not provided by them.

The surface concentration of nickel decreases with the application of chemical etch-
ing [38]. After immersion in SGF, the concentration of nickel decreases, indicating that it is
preferentially released from the surface of the material.
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Figure 2. Surface of samples before the immersion in SGF studied by SEM (A–D: individual manu-
facturers, 1–3: different raw wire).

Table 3. XPS analysis before and after 6-week immersion in SGF.

Sample
Original Surface After 6 Weeks

Ti
(at. %)

Ni
(at. %)

TiO2 Thickness
(nm)

Ti
(at. %)

Ni
(at. %)

TiO2 Thickness
(nm)

wire 1 96.8 3.2 8.8 - - -

wire 2 67.4 32.6 ≥10 - - -

wire 3 98.3 1.7 ≥10 - - -

A1 96.6 3.4 ≥10 97 3 ≥10

A2 85.8 14.2 ≥10 100 0 ≥10

A3 81.4 18.6 ≥10 100 0 ≥10

B1 94.5 5.5 ≥10 95.1 4.9 ≥10

B2 82.1 17.9 ≥10 89.3 10.7 9

B3 88.5 11.5 ≥10 94.8 5.2 ≥10

C1 92.2 7.8 8.7 94 6 8.9

C2 92.5 7.5 7.8 93.1 6.9 8.2

C3 94.4 5.6 7.8 92.5 7.5 7.8

D1 89.7 10.3 ≥10 95.3 4.7 ≥10

D2 94.8 5.2 ≥10 97 3 ≥10

D3 86.6 13.4 6.9 91.3 8.7 8.4
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3.2. Immersion in SGF—Corrosion Behavior

Figure 3 shows the surface of all studied samples after the 6-week immersion in SGF
using optical microscopy. Degradation due to corrosion of the material was most extensive
on a sample from manufacturer B made of wire 2. A corrosion attack was initiated on
a “free” surface, not at the intersection of individual wires. Other samples showed no
corrosion pits or pits were so small that they were undetectable by optical microscopy. To
better understand the effect of the combination of input material quality and manufacturing
process on the corrosion resistance of the input material, the samples were subjected to
further analyses (XPS).
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The time when the first pit was caused by the corrosion attack was also observed (see
Table 4). All samples from manufacturer A showed corrosion attack after one week of
exposure. This probably means that similar corrosion resistance can be expected regardless
of the quality of the input material. In the case of samples from manufacturer B, the first
pit appeared after two weeks in the case of wires 1 and 3. In the sample from wire 2, the
first corrosion attack occurred after 3 days (first control of the samples). This means that
from a corrosion resistance point of view, the production process depends on the quality of
the input material. Samples from manufacturer C showed the longest delay to corrosion
attack (wires 2 and 3) or not at all within 6 weeks (wire 1). This is likely due to the fact
that the manufacturer applies a surface treatment during the production process, which
thoroughly removes the oxide layer caused by the heat treatment. The layer formed during
heat treatment is removed because it is not tight and blocks the possibility of creating a
tight passive layer.

Table 4. Time to detection of first corrosion pit.

Manufacturer
Wire A B C D

1 1 week 2 weeks not detected 1 week

2 1 week 3 days 5 weeks 3 weeks

3 1 week 2 weeks 4 weeks 1 week

In the case of manufacturer D, wire 2 showed the longest resistance to the corrosion
attack. This is in contrast with other manufacturers, where wire 2 showed poor corrosion
resistance. This variation demonstrates the impact of the finishing process.

Based on the comparison with the E-pH diagram of NiTi at low pH, TiO2 is formed
and nickel in the form of Ni2+ ion dissolves [39]. The higher corrosion activity of NiTi alloy
at lower pH was experimentally verified [40]. It should be noted that the E-pH diagram
neglects the effect of the passive layer, which serves as protection against nickel dissolution.
This is the main reason for detecting the first pit on samples at different times.

XPS analysis was also performed after immersion to monitor changes in surface
chemical composition. All samples (except sample C3) had a decrease in Ni concentration
on the surface (Table 3). Sample B2 showed the highest nickel concentration after exposure,
which was probably due to the increased corrosion activity of this sample. Furthermore,
there was no reduction in TiO2 thickness of all samples after immersion.

AAS analysis of SGF was performed to determine the amount of Ni and Ti released
from the materials after immersion (Table 5). Most nickel was released from the samples
with the largest amount of that element in the surface layer before immersion (samples
A2 and B2). Ti in SGF was also detected in these samples due to more extensive corrosion
attack. The lowest amount of Ni after immersion was released from samples C1 to C3
(concentration was under detection limit of the machine). Vojtěch et al. reported that
nickel ions release decreases with application of additional surface treatment after the
heat treatment [38]. The range of the corrosion attack and first pitting detection was
directly proportional to the amount of the released ions. It is evident especially for the Ni
concentration. Ti was detected only in the case of an exerted corrosion attack.

Based on the surface images, evaluation of first corrosion pit and XPS analysis, it can
be said that the Ni content on the surface has the greatest effect on the corrosion resistance
of the material. We assume that the release or elution of Ni into the environment creates
weaknesses in the passive layer leading to pit formation. This theory is supported by the
fact that the attack did not occur at the point of wire crossing, but on the “free” surface, and
therefore depending only on the quality of the surface layer, its chemical composition, and
any inclusions or defects.
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Table 5. AAS analysis of SGF after 6-week immersion.

Sample Ni
(ppm)

Ti
(ppm)

A1 0.35 ---

A2 3.93 2

A3 0.4 ---

B1 0.18 ---

B2 14.4 9

B3 0.37 ---

C1 <0.1 ---

C2 <0.1 ---

C3 <0.1 ---

D1 0.3 ---

D2 0.5 ---

D3 0.1 ---

The corrosion resistance parameters are summarized in Table 6. The results show that
the processing of the input material affected the corrosion resistance of the final product.
While the wires of suppliers 1 and 2 showed an order-of-magnitude increase in corrosion
rate due to processing, wire from supplier 2 showed a decrease (except for case B2). For
wires 1 and 3, post-processing played a less significant role. The values of the polarization
resistances for all manufacturers are approximately the same. For wire 2, processing no
longer plays a significant role. For manufacturers C and D, the final products were probably
etched (see Figure 2), which increased the corrosion resistance. Also, within individual
wires, there are minimal differences between these manufacturers. For manufacturers A
and B, the corrosion resistance is strongly dependent on the condition of the input material.
The large variances in the individual measurements indicate uneven corrosion attack.

Table 6. Open circuit potential (OCP) and polarization resistance (Rp) after 1 h immersion in SGF.
Data are presented as average ± confidence (α = 0.05).

OCP Rp OCP Rp OCP Rp

mV/SSCE Ω cm2 mV/SSCE Ω cm2 mV/SSCE Ω cm2

A1 A2 A3

−89 ± 9 3·105 ± 8·104 −115 ± 45 2·104 ± 1·104 −88 ± 12 3·105 ± 2·105

B1 B2 B3

37 ± 92 5·105 ± 4·105 −63 ± 14 4·103 ± 9·102 −71 ± 6 9·104 ± 3·104

C1 C2 C3

−55 ± 27 6·105 ± 2·105 −60 ± 15 6·105 ± 2·105 −42 ± 17 5·105 ± 1·105

D1 D2 D3

86 ± 21 4·105 ± 1·105 35 ± 36 4·105 ± 9·104 28 ± 10 7·105 ± 2·105

1 2 3

12 ± 61 2·106 ± 1·106 −44 ± 45 1·104 ± 6·103 91 ± 26 2·106 ± 5·105

3.3. Immersion in SGF—Radial Forces Measurement

During the exposure, the samples were subjected to radial force measurements at
regular intervals. The results of this measurement are summarized in Figure 4. It can be
seen from the graphs that the radial resistive force (RRF) of all samples decreased during
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exposure. In the case of chronic outward forces (COF), the trend is no longer so clear-cut.
For samples from manufacturer A, a slight decrease in this force was observed during the
immersion. The same applies to samples from manufacturer B. However, the sample made
of wire 2 showed a sharp decrease in COF after 4 weeks of immersion. Due to the low
number of samples, it is not possible to state with sufficient accuracy whether this decrease
was caused by a measurement error or a corrosion process.

In the case of samples from manufacturer C, COF stabilized after 3 days of immersion.
This statement correlates with the fact that no signs of extensive corrosion were found on
the surface of the samples after exposure.

The COF of the samples from manufacturer D did not show a significant change. The
variance of values is probably due to the design of the samples. The samples did not have
a tubular shape but were provided with flares which had a larger diameter than the stent
body. These flares exerted a different force on the jaws of the measuring machine than the
stent body, so the COF values showed greater variance.

The significant change of mechanical properties of sample B2 could be caused by
exerted corrosion activity associated with hydrogen embrittlement, when potential may
change locally, but not sufficiently enough to reflect on a macroscopic scale. Hydrogen
embrittlement may occur upon immersion in an acidic environment [41]. Stent failure due
to hydrogen embrittlement is also described by Volenec et al. [42].
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Figure 4. Reduction in radial forces (RRF—radial resistive force and COF—chronic outward force)
during the 6-week immersion in SGF: (a) RRF of samples A1–B3, (b) RRF of samples C1–D3, (c) COF
of samples A1–B3, (d) COF of samples C1–D3.

4. Discussion

The effect of the surface finish of stents on their corrosion susceptibility is poorly
understood. Not all stent manufacturers submit the stents to corrosion testing and no
specific guidelines exist. Where corrosion testing is undertaken it usually follows the
ASTM standard F2129-19 (“Standard Test Method for Conducting Cyclic Potentiodynamic
Polarization Measurements to Determine the Corrosion Susceptibility of Small Implant
Devices”). However, this does not reflect the challenges presented to stents placed in
or around the stomach, where they are exposed to a very low pH. For that reason, the
ASTM standard F2528-06 (“Standard Test Methods for Enteral Feeding Devices with a
Retention Balloon”) was chosen, which was originally designed to assess the resilience
of gastrostomy retention balloons. We recommend that future test standards take into
account the additional challenges of a low pH environment, which accelerate corrosion.
Unexpectedly, it was found that the corrosion attack is initiated on the “free” surface and
not at the points of crossing of individual wires, where there are potential crevices. A higher
amount of nickel in the surface layer has a negative effect on the corrosion resistance. In
keeping with this, the range of corrosion attack and first pit detection was proportional to
the amount of nickel ions released. Ti was detected only in the case of an exerted corrosion
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attack. This was also confirmed by the polarization resistance measurement, when the
smallest polarization resistance was shown by the stent from which the most nickel was
released into the environment. The best in vitro results were achieved with the combination
of wire 1 and a surface finish of the final stent removing as much of the surface layer after
heat treatment as possible. The results of that research provide initial results in the field of
corrosion resistance of esophageal nitinol stents. It must be noted that in real life, additional
factors play a role. Implanted stents are subjected to cyclic stress and exposure to a wide
range of food and fluids, as well as bacterial flora. Furthermore, esophageal stents are very
often provided with a covering which, among other things, reduces the exposure of the
metal skeleton to gastric acid to a variable extent. For these reasons, stents may exhibit
different corrosion resistance in vivo.

5. Conclusions

Our results demonstrate the effects of a combination of different input material treat-
ment and manufacturing technology on the corrosion resistance of esophageal nitinol
stents.

Significant differences in corrosion susceptibility were demonstrated between the three
nitinol wires. In addition, after 6 weeks of immersion in SGF, it was found that production
technology can increase or reduce the corrosion resistance further. Finishing techniques are
able to reduce the impact of the quality of input materials on corrosion resistance, but the
exact finishing methods of each manufacturer were not disclosed.

It was also found that an inappropriate combination of input wire and production
process can lead to a significant deterioration in corrosion resistance. A stent surface that
contains a larger amount of nickel on the surface after production process is much more
susceptible to corrosion attack in simulated gastric fluid.

Etching appears to help improve corrosion resistance, but due to the nature of this
study, it is not possible to suggest a precise treatment procedure for the stents.
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