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COMPREHENSIVE NONDESTRUCTIVE TESTING OF
IMPLANTS FOR ORTHOPEDIC APPLICATIONS

Cristina LUTA?, Marian SOARE?, Aura-Citilina MOCANU??,
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The aim of the study was to evaluate the perspectives of using conventional
nondestructive examination methods for defects localization on orthopedic implants.
Different metallic medical devices, made of 316L austenitic stainless steel, Co-Cr
alloys and Ti-6Al-4V alloys, were subjected to nondestructive evaluation. Each
material grade was verified by positive material identification (PMI), using portable
X-ray fluorescence spectrometry (PXRF). Different flaws and defects were detected
through radiographic testing (RT), liquid penetrant testing (PT) and Eddy Current
testing (ET), which were performed according to standard test methods and in-
house procedures.
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1. Introduction

Surgical implants work under aggressive conditions in terms of corrosion,
and mechanical loading; their failure is influenced by many factors, including
design, material selection, manufacturing practice, implantation procedure,
postoperative side effects, and patient’s misuse [1-6].

For high performance and satisfactory reliability of metallic medical
devices, great interest is dedicated to the identification of surface and internal
defects prior implantation [7]. In order to avoid implants failure, defects such as
inclusions, shrinkage cavities, segregations, or signs of wear, fatigue, corrosive
attack, pitting, erosion-corrosion, and stress corrosion, need to be carefully
identified [8]. Many of these defects occur during the manufacturing processes
(such as casting, forging, rolling, welding, or heat treatment) or during service
(e.g. corrosion, cracking etc.).

In industrial applications, flaw detection in metallic components is
efficiently performed by means of nondestructive testing which can detect product
defects without producing any damage or affecting products’ usability [9].
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Various nondestructive testing methods were developed, based on the specific
needs of each industrial application. The medical industry, in which human safety
and well-being are the primary focus, could benefit from the advantages of
various methods which allow the scientists and engineers to test entire batches of
samples without affecting their integrity. Various defects, such as porosities or
internal voids within implants, are associated with an increased corrosion
tendency and fatigue failure after implantation [6, 7], so early detection of these
defects, preferably in a nondestructive manner, could contribute significantly to a
successful implant evaluation.

Currently, NDT testing of medical devices is performed mostly by liquid
penetrant testing (PT) and ultrasonic testing (UT). However, it is challenging to
apply both methods for entire batches of medical devices [9]. In PT, a penetrant is
applied on specimen surface, which is absorbed by defects opened at surface.
After the penetrant is removed, a developer is applied to indicate the presence of
surface defects. The developer will expose the discontinuities for visual
examination [10]. The method is widely used for examination of smooth materials
such as metals, glasses, plastics and ceramics used in biomedical field [11-13].
However, PT can only reveal defects which are opened to sample’s surface,
regardless of implants geometry. Also, the method uses many substances such as
penetrants and developers and different accessories like gloves and cleaners, and
since evaluation is performed on finished parts, these materials need to be
carefully controlled and documented. Ultrasonic testing, although successfully
used in many industries, is dependent on sample geometry and is mostly used in
preliminary stages of medical device fabrication, on raw materials with simpler
shapes (such as bars, blocks or plates) [9].

However, besides PT and UT, NDT testing includes a wide range of
examination and testing methods. Their corroborate use in extensive testing
programs could provide complementary data regarding finished parts integrity. In
this study, we used PT and three other nondestructive testing methods to evaluate
the integrity and composition of various metallic implants. The proposed methods
are radiographic testing/ radiological testing (RT), Eddy current testing/
electromagnetic testing (ET) and positive material identification (PMI) performed
with a portable x-ray fluorescence spectrometer (PXRF).

RT is a volumetric nondestructive method used for detection of internal
flaws in many industrial applications [14] including evaluation of medical devices
[15-17]. The method uses radiation (x-rays or gamma rays) to penetrate the
material and to record flaws images on a photographic film. Some of the radiation
passes through the material and is absorbed by it, while some radiation is
transmitted through the less dense metal in the locations of imperfections. The
radiographic results are displayed as an impression on the radiographic film; RT
data are then interpreted to obtain information regarding the flaws present in the
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specimen [17]. Despite its great advantages, the method cannot detect some planar
defects nor indicate the depth of discontinuities. Presence of less dense metallic
images on the radiographic film could also be associated with surface
imperfections related to local thickness (such as local deformations or excess
material) [18].

ET uses electromagnetic currents induced on the surface of examined
samples. When a coil of conductive wire is excited with an alternating electrical
current, it will produce an alternating magnetic field which oscillates at the same
frequency as the current running through the coil. If the coil is situated near a
conductive material, some currents opposed to the ones in the coil will be induced
in the material. These currents are called “eddy currents”. When imperfections are
encountered in a sample, they will cause a perturbation in the circular flow
patterns of the eddy currents and reduce their intensity. The change is recorded by
ET equipment, allowing flaw detection and characterization. ET is able to detect
both surface and sub-surface flaws and has many applications in chemical or
petrochemical industry, aeronautical, automotive, aircraft and biomedical
industries for identification of material discontinuities [19, 20].

PMI is also a nondestructive field-testing method based on X-ray
fluorescence spectrometry (XRF) or optical emission spectrometry (OES), used
for the compositional analysis and grade identification of various metallic and
nonmetallic products. A portable XRF spectrometer is a miniaturized equipment
which provides compositional results accurate enough for grade identification.
The use of portable XRF analyzers for archaeological [21], environmental [22] or
forensic [23] applications was already documented. However, few details are
available regarding positive material identification of medical grade materials, as
noted by other researchers [24-29].

Currently, metallic biomaterials are extensively used to manufacture
surgical implants primarily for their mechanical properties and high corrosion
resistance. The most used metallic implants in orthopedic surgery are low-carbon
austenitic stainless steels (such as 316L), titanium and its alloys (Ti6Al4V or NiTi
with shape memory alloy), and cobalt-chromium based alloys (Co-Cr-Mo, Co-Ni-
Cr-Mo, etc.). While each material type has its own advantages, the ideal alloy
should probably have the strength of cobalt-chromium alloys, the corrosion
resistance and biocompatibility of titanium, and the fabrication cost of stainless
steels [6].

This study aims to correlate the findings of RT, PT and ET methods for a
comprehensive nondestructive characterization of metallic implants used for
orthopedic applications. Eighteen implants, made of different alloys were selected
for this evaluation. The present study was designed for evaluating the
performance of nondestructive testing methods and correlating their results. Since
the study does not aim to perform a quality control of the selected samples we
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provided only partial photographs of the samples and we did not reveal the name
of the device manufacturers.

2. Materials and methods

2.1. Materials

Various orthopedic implants were selected from three categories of
metallic materials: stainless steel, cobalt based alloys and titanium-based alloys.
Table 1 and Fig. 1 summarize the data for eighteen different metallic implants:

Samples description and codification

Table 1

Sample

code Description Material Surface finish
2 Acetabular cup of hip implant Co-Cr-Mo Porous coating
3 Femoral head of hip implant Co-Cr-Mo Polished
4 Femoral head of hip implant Co-Ni-Cr-Mo Polished
5 Femoral head of hip implant Co-Cr-Mo Polished
6 Femoral stem of hip implant Ti-6Al-4V Grit blasting
7 Femoral stem of hip implant Co-Ni-Cr-Mo Milled
8 Total hip endoprosthesis 316 L Milled
9 Tibial component of knee implant Ti-6Al-4V Milled
10 Tibial component of knee implant Ti-6Al-4V Milled
11 Femoral component of knee implant Co-Cr-Mo Polished
12 Tibial component of knee implant Ti-6Al-4V Milled
13 Total knee endoprosthesis Co-Cr-Mo Milled
14 Total knee endoprosthesis Co-Cr-Mo Polished
15 Intramedullary stem 316 L Polished
16 Flexible intramedullary nail 316 L Polished

17 A Screw for fixing the intramedullary stems 316 L Grinded

17B Screw for fixing the intramedullary stems 316 L Grinded
18 Tibial Nail 316 L Polished

2-6

7-11

12-16
17-18

Fig.1. Metallic'implants included in the current study
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2.2. Methods

Material identification of the metallic implants was performed in
accordance with ASTM E1476 requirements [30], with a portable X-ray
fluorescence spectrometer (SPECTRO xSORT Handheld). The samples were
analyzed in their as-received state, without further preparation. The PMI results
represent the average of three measurements performed in repeatability
conditions, following a validated working procedure. The measurement
uncertainty was estimated as +10% of the measured concentration.

Radiographic Testing (RT) was performed in accordance with ASTM
F629 requirements [31]. RT examination was performed with X-ray at 120-150
kV energy and 4.5 mA intensity, with 700 mm maximum distance between the
radiation source and the film, and 3-8 minutes exposure time. Films interpretation
was performed in a dark room with a negatoscope which provided uniform
illumination in the screen area.

Liquid Penetrant Testing (PT) was performed in accordance with ASTM
E165/E165M requirements [32] with: a) Sherwin Babb Co DP-55 Penetrant; b)
Sherwin Babb Co N-120 or DR-60 Solvent, and c) Sherwin Babb Co D-100
Developer. The penetrant was applied on the implant surface being maintained for
8-10 min to penetrate into flaws under the action of capillary forces. The penetrant
liquid in excess was washed an aqueous solution with 5% soda ash content. The
samples surface was further coated with a thin layer of developer (a kaolin
suspension in water - about 500g of kaolin per 1 liter of water). Samples were
dried in hot air, allowing the liquid that emerged from the defects of the specimen
to color the developer in red. In this way the shape of defects appeared very
clearly. The implants surface was examined twice from the moment of developer
application, after 3 - 4 min (for relatively big flaws), and after 20 - 30 min (to
reveal fine flaws).

Eddy Current Testing (ET) was performed in accordance with ISO 15549
requirements [33], using a NORTEC 500D Olympus instrument, equipped with:
EddyMaster ET software acquisition, a surface ET probe for assessing defects and
a calibration standard. A frequency of 100 kHz was selected to achieve enough
deep penetration, with a gain of approximately 63 dB. A stainless-steel calibration
block was used for all examined samples. This calibration block contains three
rectangular notches at depths of 0.5 mm, 1 mm, and 2 mm respectively, each
being of 0.15 mm wide.

3. Results and discussion

3.1. Positive Material Identification — PMI-XRF
The compositional results obtained by X-ray fluorescence (XRF) analysis
for the eighteen metallic implants are listed in Tables 2-4. The results are
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presented in comparison with standard material specifications for metallic
implants. Each type of material was evaluated separately.

Ti-based alloys are suitable as biomaterials due to a moderate modulus, a
low density and a good corrosion resistance [3]. Titanium alloys, especially
Ti6Al4V are among the most widely used materials for medical implants [34].
The composition of Ti-based hip and knee implants, presented in Table 2, closely
correspond to the UNS R56400 material specification (medical grade of Ti6AI4V
alloy). However, the alloy has a possible toxic effect resulting from released
vanadium and aluminum [35].

Table 2
Chemical composition of Ti6Al4V alloys

Sample code T Al v Fe

% % % %
6 - Hip implant — stem 76.9 11.9 3.88 0.32
9 — Knee implant - tibial 88.0 4.09 4,12 0.15
10— Knee implant - tibial 89.8 5.03 3.84 0.17
12— Knee implant - tibial 89.1 6.44 3.76 0.19
UNS R56400 (Ti6Al4V) Balance 5.50- 3.50- Max.
acc. to ASTM F1472 [31] 6.75 4.50 0.30

For the femoral component of Ti-based hip implant marked with 6 (Table
2), a concentration 11.9 % Al was identified. This result is highly different from
the upper limit for Al concentration in the UNS R56400 specification (ASTM
F1472) [36]. The probable cause is a contamination with alumina particles from
the grit blasting used for surface preparation. Grit blasting is generally employed
for descaling and surface roughening of commercial implants to increase the
surface area of the implant for better osseointegration [37]. However, the rougher
surface also encourages the retaining of alumina particles on the metallic surface,
as previously noted [38]. The chemical composition of the steel implants (Table
3) corresponds to material specifications for 316L grade, versus UNS S31673
specification for bars and wires (as in ASTM F138 standard specification [39]).

Table 3
Chemical composition of 316 L stainless steels

Fe Mn Cr Mo Ni

Sample code % % % % %
8 - Total hip prosthesis* 62.8 1.92 16.8 2.39 13.9
15 - Intramedullary stem 68.2 1.08 16.5 1.93 9.9
16 - Flexible intramedullary nail 63.8 1.80 17.0 2.46 13.3
17A - Screw for sample 15 68.8 1.68 16.6 1.86 10.0
18 - Tibial nail 67.8 1.93 17.2 1.77 10.8
UNS S31673 (316L) Remainder Max.  17.0- 2.25- 13.0-
acc. to ASTM F138 [39] 2.00 19.0 3.00 15.0

*analysis performed on the femoral part
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316 L austenitic stainless steel contains 17-19% Cr, 13-15% Ni and a low
carbon content (maximum 0.03%). Chromium and nickel influence both the
microstructure and the surface properties. Chromium, an essential element in this
type of stainless steel, contributes to formation of a corrosion-resistant chromium
oxide (Cr203). This surface layer has high adherence on the metallic surface,
promoting self-healing in the presence of oxygen. However, due to the release of
ions that can favor infections and allergies, 316 stainless steel implants are used in
the body as short-term implants or as coated implants [40].

Within the composition of the intramedullary stem, the screw for
intramedullary stem and the tibial nail coded in Table 3 as 15, 17 and 18
respectively, the Mo and Ni concentrations did not fit the material specification
for the UNS S31673 implant grade. However, different types of 316L steel are
currently used for surgical instruments and implants fabrication; examples include
the UNS S31675 (ASTM F1586 [41]), a wrought nitrogen strengthened 21
Chromium — 10 Nickel — 3 Manganese — 2.5 Molybdenum stainless steel alloy bar
for surgical implants and UNS S20910, a wrought nitrogen strengthened 22
Chromium — 13 Nickel — 5 Manganese — 2.5 Molybdenum stainless steel alloy bar
and wire for surgical implants (ASTM F1314 [42]). Moreover, for various implant
manufacturing methods, different material grades may be suitable. In Table 3, the
Mo and Ni concentrations for samples 15, 17 and 18 indicate that the material is a
commercial grade of 316L, usually used for surgical instruments [43].

The compositional analysis for most Co-Cr-based implants (Table 4)
revealed that the samples were manufactured using a Co-Cr-Mo alloy which fits
the UNS R30075 specification for Cobalt — 28 Chromium — 6 Molybdenum
casting alloys for surgical implants [44]. The PMI-XRF analysis of two implants,
a femoral head of a hip implant and a femoral stem of hip implant (codes 4 and 7,
respectively), revealed a composition that fits the UNS R30035 specification, for a
wrought 35 Cobalt — 35 Nickel — 20 Chromium — 10 Molybdenum alloys for
surgical implant applications [45]. For the total knee implant coded 14 (femoral
part was analyzed), the Cr and Co concentrations were slightly below the material
specification limits. However, for this implant, the XRF analysis revealed an Al
concentration of 10.7% on the implants surface, presumably due to manufacturing

process that encourages the retaining of alumina particles.
Table 4
Chemical composition of Co-Cr-Mo and Co-Ni-Cr-Mo alloys

Co Cr Mo Si Mn Ni Fe Ti

Sample code % % % % % % % %

Co-Cr-Mo alloys
2 - Hip implant — acetabular cup*  64.3 28.9 553 050 0.33 047 0.20 0.01
3 — Hip implant - femoral 654 27.0 6.00 045 066 0.17 0.09 0.04
5 — Hip implant - femoral 645 281 537 08 071 016 0.16 0.04
11 — Knee implant—femoral 643 271 593 0.79 0.26 016 0.17 0.13
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13 — Knee implant — total * 648 276 6.03 091 040 0.15 0.06 0.03
14- Knee implant — total *? 559 254 501 026 045 015 024 0.04
UNS R30075 27.0- 5.0- Max. Max. Max. Max. Max.

acc. to ASTM F75 [44] Rest 300 70 100 100 050 075 0.10

Co-Ni-Cr-Mo alloys
4 — Hip implant — head 322 192 953 016 0.16 37.0 038 0.64
7 —Hip implant — stem 305 192 972 017 013 345 024 0.83

UNS R30035 Rest 19.0- 9.0- Max. Max. 33.0- Max. Max.
acc. to ASTM F562[45] 21.0 105 015 0415 370 1.00 1.00
Lanalysis performed on the femoral part
2Al% =107

*analysis performed in a non-porous area

3.2. Nondestructive examination - RT, PT and ET

RT examinations revealed minor defects on six implants, illustrated in Fig.
2. The RT indications are characteristic for structural imperfections, voids and
inclusions. Blow voids appeared as rounded cavities of a spherical, elongated or
flattened shape while nonmetallic inclusions appeared as darker indications on the
radiograph (best observed in the results for sample 8 — Fig. 2).

The tibial component of Ti6AI4V knee implant (code 12) has structural
imperfections on the surface. These discontinuities are usually related to the
various manufacturing processes such as machining, forming, extruding, rolling,
welding, and plating [18]. In this case, the milling process may be a cause for the
occurrence of detected imperfections.

the immediate vicinity of the void; similar defects were reported to be
caused by insufficient gas and air discharge or insufficient permeability during
fabrication and can be avoided by the proper use of equipment and foundry
practice [6]. A denser inclusion (with a diameter of 1.5 mm) and an edge
indication (10 mm length) were also identified in this sample, close to the access-
hole (Fig. 2 — sample 8); in metallic materials, various chemical reactions,
physical effects, and contamination that occur during fabrication processes are
considered the main causes of inclusions [7]. Since all these defects relate with the
lack of homogeneity in the casting, they are a deviation (nonconformance) of the
compactness of the sample.

In the Co-Cr implants, RT examination revealed: (i) structural
imperfections in a femoral head of the hip implant (code 5); (ii) low density areas
in the large thickness part on the femoral component of the hip implant (code 7);
(iii) structural imperfections on the femoral component of the knee implant (code
11), and (iv) a linear indication with a length of I =5 mm on the femoral part of
the total knee implant (code 13).
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Radiographic Testing Penetrant Liquid Testing

6 — femoral stem of hip implant; 9,10, 12 - tibial components of knee implants

Titanium alloys

8 - total hip prosthesis; 15 - intramedullary stem;
16 — intramedullary nail; 17 A, B - screws for intramedullary stems; 18 - tibial nail
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7 — femoral stem of hip implant; 11-13 — femoral parts of knee implants
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Fig.2. Representative Radiographic Testing (RT) and
Liquid Penetrant Testing (PT) results; the arrows indicate the defects position
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The high degree of surface finishing of most of the metallic implants from
this study makes PT very relevant and reliable for these components, considering
that the roughness of the samples may affect the sensitivity of the testing method
(surface preparation of the tested part is recommended if mechanical operations
such as machining, sanding, or grit blasting have been performed during
fabrication [47, 48]).

However, since surface preparation may lead to decrease or closing of
defect’s opening [48] and since we did not want to affect the integrity of the tested
samples, the samples with obviously high surface roughness/porous coatings (Fig.
1) were tested without surface preparation. These samples were an acetabular cup
of a hip implant (code 2) and a screw for fixing intramedullary stems (code 17B).
PT results for these samples 2 and 17B have only informative purpose.

PT examinations revealed very small zones of discontinuities on the inner
side of the Co-Cr femoral component of the knee implant (code 11). We note that
for the same implant, RT examination revealed surface irregularities and local
deformations (Fig. 2).

In the femoral area of total hip implant (code 8), RT examinations
revealed an elliptical void of approximately 3 x 4 mm and a metallic inclusion in

No critical flaws, such as cracks or porosities were noted for the rest of
metallic implants.

Eddy current examinations (ET) were performed only on the samples that
did not show porosities and had a smooth surface (implants 2 and 17B were
excluded). Two kinds of defects were identified by ET examinations: cracks and
near surface defects. Fig. 3 shows the impedance plan responses during ET, the
vertical signal component corresponding to the indications produced by sample
imperfections; a surface coil probe at frequency of 100 kHz was used for sample
scanning.

ET data (Fig. 3) revealed defects for five implants: (1) a scratch in the
edge area on the Ti6Al4V tibial component of the knee implant (code 9), for
which no defects were revealed in the previous examinations, (2) three
discontinuities on the femoral part of the 316 L total hip implant (code 8), (3) a
structural imperfection on the Co-Cr femoral head of the knee implant (code 5),
(4) a surface imperfection on the peak area of the Co-Cr femoral component of the
hip implant (code 7), also identified by RT examinations and (5) two
discontinuities on the inner side of the Co-Cr femoral component of knee implant
(code 11) also detected by the PT examinations.
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Sample 9
Ti4Al6V tibial component—knee implant
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Sample 8 —flaw 1
316 L total hip implant

V reactance|

Sample 8 — flaw 2
316 L total hip implant

Sample5
Co-Cr femoral head — hip implant

V reactance

Sample 11 — flaw 1
Co-Cr femoral component— knee implant

V resistance

Sample 8 — flaw 3
316 L total hip implant

V reactance

Sample 7
Qo—Crfem:)ralcomonent— hip implant

V reactance §

Sample 11 — flaw 2
Co-Cr femoral component— knee implant
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|
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flaw signals in the impedance plane presentation
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The results obtained by radiographic testing, liquid penetrant testing and

Eddy current testing are compared in Table 5. The main observations are:

= RT identified defects in 6 samples and ET identified defects in 5 samples (not
the same samples). Only some minor discontinuities were detected by PT
examination;

= For sample 11 (femoral component of Co-Cr knee implant), all three methods
identified imperfections. PT and ET results correlate closely, since both
identified discontinuities on the surface and near-surface of the sample;

= For samples 7 (femoral component of Co-Ni hip implant) and 8 (316L total
hip prosthesis) both RT and ET identified imperfections. However, the data
provided by the testing methods did not lead to the same results. For the
femoral component of the hip implant, RT could differentiate between the
void and inclusions, while ET testing identified all defects as discontinuities.
In the second case, the total hip prosthesis, RT identified an area with low
density associated to a surface imperfection, while ET identified additional
discontinuities.

= For samples 5, 6 (femoral components of hip implants), 9, 12 (tibial
components of knee implants), and 13 (total knee implant) only one
nondestructive testing method identified defects, which enforce the need for
complementary nondestructive evaluation.

4. Conclusions

This study evaluated the perspectives of combining complementary non-
destructive testing methods widely used in industrial applications (radiographic
testing, liquid penetrant testing and Eddy current testing) for examining metallic
implants for orthopedic applications. Eighteen implants manufactured from Ti-
based alloys, Co-Cr alloys and stainless steel were subjected to the non-
destructive evaluation. Grade identification was performed by positive material
identification with a portable X-ray fluorescence spectrometer. The results
provided by the equipment allowed the identification of different standard
(ASTM) grades of metallic alloys for surgical implants.

Table 5
Comparison between RT, PT and ET results
Code Description Material Sqrface RT PT ET
finish

,  Acetabularcupof . . 0 Porous - - Not suitable
hip implant coating
Femoral head of .

3 hip implant Co-Cr-Mo Polished

4 el Rzl el Co-Ni-Cr-Mo  Polished

hip implant
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Surface

Code Description Material . RT PT ET
finish
Femoral head of . Structural

5 hip implant Co-Cr-Mo Polished irregularities ) )

6 Femoral stem of Ti-6Al-4V Grit ) _ _ Structural
hip implant blasting imperfections
Femoral stem of . . Low density in the Surface

! hip implant Co-Ni-Cr-Mo  Milled large thickness area ) imperfection

8 Total hip 316 L Milled Elliptical void + 2 _ ~ Three
endoprosthesis inclusions discontinuities

9 Tibial component Ti-6Al-4V Milled ) ) Scratch in the
of knee implant edge area

10  Iibial component —; 6al 4y Milled : : :
of knee implant

. Disconti- Two
Femoral Irregularities and nuities on discontinuities

11 component of knee Co-Cr-Mo Polished superflc[al the inner on the inner
implant deformation . )

side side
Tibial component ; - ] Stru_c_tural

12 - Ti-6Al-4V Milled irregularities on the - -

of knee implant
surface

13 rowlknee Co-Cr-Mo Polished Linear indication - -
endorosthesis

14 Towlknee Co-Cr-Mo  Milled : : :
endoprosthesis

15 ntramedullary 316 L Polished - - -
stem

16 Hlexible : 3161 Polished : : :
intramedullary nail
Screw for fixing

17 A intramedullary 316 L Grinded - - -
stems
Screw for fixing

17B  intramedullary 316 L Grinded - - Not suitable
stems

18 Tibial Nail 316 L Polished - - -

Radiographic and Eddy current testing identified the majority of
imperfections within the metallic implants. Different discontinuities, such as
inclusions, voids, local deformations or scratches were identified. Similar defects
were identified by both RT and ET results only for a single sample from the
testing lot. For the other samples, the non-destructive testing results confirmed the
need for extensive evaluation by means of complementary techniques to achieve a
higher level of quality control adequate for medical applications. This work is
particularly relevant in terms of the high detection capability of imperfections by
RT, PT and ET non-destructive testing methods. Evaluating the indications
obtained by these methods to accept or reject the detected imperfections is an
important objective for the future work in the field of non-destructive
examinations of metallic implants, in order to substantiate a real quality control of
these products.
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