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Abstract: The method of making parts through additive manufacturing (AM) is becoming more
and more widespread due to the possibility of the direct manufacturing of components with
complex geometries. However, the technology’s capacity is limited by the appearance of micro-
cracks/discontinuities during the layer-by-layer thermal process. The ultrasonic (US) method is often
applied to detect and estimate the location and size of discontinuities in the metallic parts obtained
by AM as well as to identify local deterioration in structures. The Ti6Al4V (Ti64) alloy prepared
by AM needed to acquire a high-quality densification if remarkable mechanical properties were to
be pursued. Ultrasonic instruments employ a different type of scanning for the studied samples,
resulting in extremely detailed images comparable to X-rays. Automated non-destructive testing with
special algorithms is widely used in the industry today. In general, this means that there is a trend
towards automation and data sharing in various technological and production sectors, including the
use of intelligent systems at the initial stage of production that can exclude defective construction
materials, prevent the spread of defective products, and identify the causes of certain instances of
damage. Placing the non-destructive testing on a completely new basis will create the possibility
for a broader analysis of the primary data and thus will contribute to the improvement of both
inspection reliability and consistency of the results. The paper aims to present the C-scan method,
using ultrasonic images in amplitude or time-of-flight to emphasize discontinuities of Ti64 samples
realized by laser powder-bed fusion (L-PBF) technology. The analysis of US maps offers the possibility
of information correlation, mainly as to flaws in certain areas, as well as distribution of a specific flaw
in the volume of the sample (flaws and pores). Final users can import C-scan results as ASCII files
for further processing and comparison with other methods of analysis (e.g., non-linear elastic wave
spectroscopy (NEWS), multi-frequency eddy current, and computer tomography), leading to specific
results. The precision of the flight time measurement ensures the possibility of estimating the types
of discontinuities, including volumetric ones, offering immediate results of the inspection. In situ
monitoring allows the detection, characterization, and prediction of defects, which is suitable for
robotics. Detailing the level of discontinuities at a certain location is extremely valuable for making
maintenance and management decisions.
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1. Introduction

The technology of additive manufacturing (AM) and, in particular, metal laser powder-
bed fusion (L-PBF) [1,2], also known as selective laser melting (SLM) [3] or selective electron
beam melting (S/EBM) [4], has grown from the prototyping phase, today becoming an
option for the production of functional or very complex parts due to its multiple advantages,
including flexibility in making components, as compared to subtractive manufacturing [5,6].
The realization of complex components (integrating formerly separate parts) by AM benefits
from 3D technology in which the model designed in CAD has, as a result, minimal errors [7].

The differences between the morphology of additives-created materials and cast or
forged parts cannot be eliminated; in all cases, the requirements imposed by the standards
must be ensured and anomalies should be detected and characterized [8]. The parameters
of the technological process must be set up (scanning speed, thickness of the layers, chem-
istry of the surface, etc.), and the powders require certain quality-based microstructural
characteristics (grain size, texture, solute, etc.) to ensure that the process does not generate
flaws [9].

The production of AM materials offers relatively fast and efficient solutions for com-
plex geometries. Titanium and its alloys, due to their low density, are associated with good
mechanical properties, with the high resistance to corrosion required in the manufacture
of light parts needed in technological and industrial applications (i.e., aeronautics, the
automotive industry, chemical pressure vessels, etc.) [10,11]. The quality and performance
of the products obtained by AM by means of the L-PBF method have been intensively
studied, establishing that the parameters set in AM for the Ti64 method would have a major
impact. In [12,13], the effects of layer thickness, preheating temperature, scanning method,
phase structure, and phase transition temperature are studied, and [6] studies the surface
morphology. More, reference [14] is focused on the distribution of residual stresses.

The quality of the samples obtained by AM L-PBF is dependent on the properties of
the powder used and those of the powder layer [15], as well as on the main parameters
in the process (especially the laser’s power and the scanning speed required for a high-
quality densification) [3]. Additionally, the conditions related to the cooling rate and the
shielding gas [16] can lead to changes in the structure by the latter’s being trapped in the
melting pool. Ti64 was part of the first generation of titanium alloys used in medicine.
Later, vanadium was found to be toxic to the body, and the cytotoxicity of Al and Fe in
the composition and its poor biocompatibility reduced its applicability, limiting it to fields
outside of medicine. However, the opportunities to design light structures with complex
shapes with minimal cost and essential mechanical properties remained a major attraction
for AM for Ti64, especially in the aerospace industry. Obtained in classical shapes of bars,
plates, or complex shapes, Ti64 presents good performances, stabilized microstructure,
hardness, and good formability.

The progressive deposit of material offers the possibility of quality analysis at each
stage, but nevertheless, the combined influence of all parameters can still create process
shortcomings [17]. A manufacturing process with deficiencies in set-up can generate
mechanical faults in the obtained products. On-site monitoring allows the detection of
defects in real time [18]. Thus, the challenge has been moved to quality assurance (QA)
and process qualification. Research focused on structural condition monitoring (SHM) and
non-destructive evaluation (NDE) for AM applicable to large structures using conventional
complementary techniques (e.g., US, X-rays, AE, and ECT) [19,20], can provide potentially
relevant data that ensure the profitability of the AM technique and the transition to learning-
automated quality control [21]. The framework for this research supposes the existence
of an architecture of learning classification on the basis of a dataset obtained from in situ
monitoring of AM-obtained components composed of the studied alloy [22].

The classification requires a personalized model of a neural network. Achieving a
high degree of quality of simple AM parts and/or components with complex geometries is
based on both the design process (data control) and the production process (production and
finished-product control). In both cases, it has been found that the selection of materials,
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3D printing methods, and measurement methods must be in accordance not only with
the specifics and purpose of the product, but also with the economic aspects (when the
product requires high precision and durability), as well as the ISO/ASTM standards in
force. Obtaining the optimal working parameters for samples through AM L-PBF makes the
method vulnerable to process variation, so QA then requires non-destructive evaluation.

According to [19], the indicated method requires continuous monitoring of the process,
and also offline non-destructive evaluation by study of the microstructure and physical–
mechanical properties. The visual examination of the parts is the first stage of the NDE;
it includes the analysis of the continuity of the structure, compliance with the 3D CAD
model, and analysis of the state of the texture. Once the conditions for probes are met,
knowing how and when different types of defects can appear offers a potential opportunity
for intervention in the process. In AM parts, regardless of the method of obtaining them
(sintering or fusion based), macro-scale porosity can be present, potentially due to the
shielding gas and the lack of fusion [23].

Thermography with short-wave IR allows for the reconstruction of the history of the
cause of the formation of the porosity of the part. The presence of defects can also be
induced by the equipment, the preparation of the production, or the design of the parts.
Being a relatively new method, AM technological processes have recently been improved
(the non-destructive evaluation can also include computed tomography (CT) [24,25]), re-
sulting in a limitation of the generation of defects in AM metal. But the costs of the QA
equipment and the time allocated require that methods like CT or in situ characterization
with synchrotron X-rays be reserved for a limited group of products (e.g., aircraft engine
blades) [26]. The components obtained from Ti-6Al-4V (Ti64) by the L-PBF method are
usually subject to random and complex mechanical loading. Microscopic flaws such as
voids appearing in the matrix, not detected in due time, can develop under conditions of
moderate loading and then can be packed, leading to cracks in the part. Applying a QA
system, with few economic implications, and following the detection of discontinuities, the
probability of detection of defects (POD) increases. The L-PBF process requires an under-
standing of the thermal mechanisms and physics of fluid dynamics in order to overcome
some technical problems related to the formation of defects and changes in the internal
morphology. The AM technology facilitates the production of highly complex parts, often
piece-by-piece (as in the case of medical implants). Considering this, for QA it has been
proved necessary to reevaluate the non-destructive examination techniques applicable to
parts manufactured by classical methods. Under these conditions, the selection of com-
plementary non-destructive testing methods to support product QA according to varying
thresholds represents a challenge. A complex ultrasonic testing system as a method of
investigating the internal structure of AM parts is accepted as a method complementary to
non-linear elastic wave spectroscopy or eddy current, ensuring volume testing of the parts.
The paper presents the results obtained from the cross-sectional ultrasound examination of
the Ti64 samples, parallel to the scanning surface (defined as the C-scan method, according
to BS EN 1330-4 2010), being a combination of measurements obtained across the entire
thickness of the sample. Ti64 specimens made by L-PBF technology, with internal defects
established beforehand, were used in the analysis. The method offers 2D and 3D images
of the surface and the inside of the samples, using ultrasonic images in amplitude or
time-of-flight. Thus, the discontinuities in the hard-to-reach area are highlighted. Knowing
the distribution of defects within the volume of the part offers the possibility of predict-
ing the mechanical properties of AM-manufactured parts. These images, obtained from
non-destructive testing, provide information on both QA and compliance with process
parameters in the AM.

The paper is structured as follows: Section 2 defines the materials to be tested and the
analysis methods (i.e., surface characterization, hardness, and US non-destructive evalua-
tion). Section 3 presents the results of the measurements and their analysis, establishing US
C-scan as the method of analysis and characterization of AM samples. Section 4 provides
an overview of the results obtained, discussion, and an overview of the possibilities for
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using US C-scan as a complementary method for inspection of AM samples in aid of
further automation.

2. Materials and Methods
2.1. Materials

Ti64 samples having dimensions of 59.50(X) × 9.40(Y) × 14.49(Z) mm3 were prepared
by EBM using a process of additive manufacturing on a layer of powder AM L-PBF [27].
The types of samples analyzed are presented in Figure 1. An artificial inner flaw was
realized inside each sample; the flaws were of a disk-like shape, with a 5 mm diameter
and thickness of 0.2 mm, 0.3 mm, 0.4 mm, or 0.5 mm within an individual sample. The
surface of the disk-shaped artificial flaw was parallel with that of the xOy of the sample
obtained by AM. The disk-shaped flaws were obtained by modifications during melting.
The surfaces have the tendency to sink, deforming the geometry, during cooling. These
samples were tested using metallography and by a non-destructive US method.
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Figure 1. Studied samples: (a) photo and schematic of block with inner defects; (b)AM samples
of Ti64.

The samples have been rendered using spherical powder, grade 5, according to ASTM
F2924-14 [28]. The metallic powder Ti64, adaptable to AM [29], has a grain size of 45–105µm,
presenting a single-phase Ti64 with a hexagonal compact crystalline structure (hcp) of
P63/mmc corresponding to the α phase at low temperatures (in accordance with ICDD—
PDF4+:04-002-8708). The SEM analysis of the powder is presented in Figure 2, according to
the certificate of analysis [29].
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The chemical composition of each sample is presented in Table 1. The values of the
tested samples fall within the ranges of values defined by ASTM B348-09. The fine powder
was chosen to avoid the potential occurrence of granulation which leads to excessive
porosity in the final production of the samples.

Table 1. Ti64 chemical analysis results (wt.%).

Sample Al V
Fe

Ru, Cr, Ni, Cu,
Nb, Zr, Sn, Pb TiTrans Long Trans Long

#1 5.78 5.40 4.26 4.30 0.26

<0.02 Balance
#2 6.76 4.96 4.22 4.32 0.24
#3 6.98 4.83 4.22 4.33 0.23
#4 5.59 5.27 4.34 4.24 0.25

Titanium
Grade 5
B348-09

min 5.50 3.50 - - -
max 6.75 4.50 0.40 - -

Uncertainty ±0.27 ±0.12 ±0.05 - -

2.2. Experimental Methods
2.2.1. Surface Characterization

Optical evaluations were carried out on the surfaces of the samples, and the final com-
position was analyzed for each sample. The tests were accomplished according to ASTM
1476-04, using a SPECTRO xSORT spectrometer. The prediction of porosity, which strongly
affects the mechanical performance of a product, becomes of major importance [30], and it
depends on the pre-processing parameters [31], the prediction of the model being sensitive
to local changes even under the conditions of training on labeled data. The SLM samples
were obtained using the Arcam Q20 + system Concept Laser M2 PBF machine (General
Electric, Gothenburg, Sweden), and were then processed directly, without introducing
additional stress. To analyze the microstructure of the surfaces, a chemical attack with a
mixture of HF (20%), HNO3 (10%), and water H2O (70%) was carried out. The samples
thus prepared were investigated using a Zeiss AXIO Observer Z1 m (Zeiss Group, Jena,
Germany) metallographic microscope.

2.2.2. Brinell Hardness Test

The micro-hardness tests were performed on the samples in accordance with “EN–ISO
6506–1:2015” at 5 randomly chosen points, using the Nemesis 9102-Innovatest (INNOVAT-
EST, Maastricht, The Netherlands) equipment.

2.2.3. The Non-Destructive Evaluation Based on Ultrasound (US)

The samples obtained by AM L-PBF considered in the study have as induced defects
flaws related to processing—microstructural defects. A void can be considered to be a
nanoscale group, the concentration of which can increase with temperature. In [32] it
was found that a low density of voids (<1% vol.) does not affect the cyclic or tensile
testing. However, it cannot be ignored that a pair of voids can work together to initiate a
stress fracture. The non-destructive evaluation based on US has been widely applied in
the characterization of conventional materials as well as advanced ones. Although it is
mentioned in the AM literature, it is not mentioned as frequently as one would expect in
the case of classical production. The US technique is applicable in the case of AM for the
detection of porosity [33], assessing the quality of finished parts, and the detection of flaws
and the determination of the microstructure.

Usually, the C-scan ultrasonic non-destructive method consists of using a container full
of liquid (usually water) and an arm that assures a certain position in four axes (x, y, z, and
angle θ) for the emission–reception transducer. Dedicated software on a computer assures
control of the system and displays the C-scan results. US testing is carried out according to
“ISO/ASTM TR 52905:2023 Additive manufacturing of metals—Non-destructive testing
and evaluation—Defect detection in parts”.
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The detection and evaluation of the simulated defects help with the parameter cali-
bration and set-up of the NDE. For the samples described above in Table 1, the applied
strategy for US methods consists of the use of the Nuclear MicroSonic—Mark IV ultrasonic
equipment of the Nuclear NDT Research&Service Ltd., in accordance with its quality
management system. The US equipment is represented in Figure 3. The equipment consists
of a fluid tank, a controller of the mechanical displacement, (X, Y, Z, θ), the US emission–
reception system, a data acquisition board, and an industrial workstation.

Materials 2023, 16, x FOR PEER REVIEW 6 of 14 
 

 

Usually, the C-scan ultrasonic non-destructive method consists of using a container 

full of liquid (usually water) and an arm that assures a certain position in four axes (x, y, 

z, and angle θ) for the emission–reception transducer. Dedicated software on a computer 

assures control of the system and displays the C-scan results. US testing is carried out 

according to “ISO/ASTM TR 52905:2023 Additive manufacturing of metals—Non-de-

structive testing and evaluation—Defect detection in parts”. 

The detection and evaluation of the simulated defects help with the parameter cali-

bration and set-up of the NDE. For the samples described above in Table 1, the applied 

strategy for US methods consists of the use of the Nuclear MicroSonic—Mark IV ultra-

sonic equipment of the Nuclear NDT Research&Service Ltd., in accordance with its qual-

ity management system. The US equipment is represented in Figure 3. The equipment 

consists of a fluid tank, a controller of the mechanical displacement, (X, Y, Z, θ), the US 

emission–reception system, a data acquisition board, and an industrial workstation. 

  

(a) (b) 

Figure 3. Ultrasonic equipment: (a) schematic diagram; (b) MicroSonic—Mark IV device. 

The software for the equipment can display the data in 2D format, allowing the anal-

ysis of the A-, B-, and C-scan images to identify defects or other discontinuities. During 

the US testing of samples #1 to #4, C-scan images were identified as the best method for 

viewing the expected results. The C-scan US method is often used to highlight cracks, 

corrosion, or inclusions/porosity in the parts. Using this method, the mapping of inclu-

sions/defects in the samples is obtained by projecting the US data on a plan view of the 

tested area, thus displaying an image. 

The X–Y scan was performed, using a resolution of 0.3 mm in both directions. Small 

dimensional defects inside of the samples were emphasized during the US examination. 

For scanning, the samples were placed next to each other, with the lengths parallel to the 

X axis, the incidence of the ultrasonic normal beam being the one indicated in Figure 4a 

(exposed surface). The transducer swept the surface of the samples placed next to each 

other (Figure 4b), with the length parallel to the X axis. The methods used were time-of-

flight as well as normal beam back echo. 

  

Figure 3. Ultrasonic equipment: (a) schematic diagram; (b) MicroSonic—Mark IV device.

The software for the equipment can display the data in 2D format, allowing the analysis
of the A-, B-, and C-scan images to identify defects or other discontinuities. During the US
testing of samples #1 to #4, C-scan images were identified as the best method for viewing
the expected results. The C-scan US method is often used to highlight cracks, corrosion, or
inclusions/porosity in the parts. Using this method, the mapping of inclusions/defects in
the samples is obtained by projecting the US data on a plan view of the tested area, thus
displaying an image.

The X–Y scan was performed, using a resolution of 0.3 mm in both directions. Small
dimensional defects inside of the samples were emphasized during the US examination.
For scanning, the samples were placed next to each other, with the lengths parallel to the
X axis, the incidence of the ultrasonic normal beam being the one indicated in Figure 4a
(exposed surface). The transducer swept the surface of the samples placed next to each other
(Figure 4b), with the length parallel to the X axis. The methods used were time-of-flight as
well as normal beam back echo.
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3. Results

The AM LPBF method for obtaining the samples is sensitive to variation of process
parameters; by evaluating the microstructure, it can be observed whether the samples
are dense and if the microstructure is adequate. The microscopic analysis can offer a
confirmation that the process parameters were maintained the same for all samples.

3.1. Surface Characterization

Figure 5 presents the microscopic analysis after the samples were polished after
metallographic attack. The images emphasize a structure with fine-grained lamellae,
dispersed particles of α phase in the grain’s borders, and lamellae of the α phase inside the
β-phase grains.

Figure 5a,b show images characteristic of SLM sample structures produced under
the conditions of establishing the optimal parameters for the material’s surface (good
densification and without major flaws), without large pores and surface cracks; this sample
is designated sample #1. This situation can be observed in all samples taken in the study,
samples #2 and #3 presenting a stronger texturing.

Figure 5c–f show microscopic images of the sample surface in which the presence
of several smaller pores (less than 30 µm in size) can be seen, and in which polyhedral
granules with lengths between 150 and 300 µm can be seen. These are primary grains in
the β phase due to the exceeding of the deposition temperature of Ti64 [3,34].

Directional solidification and repetition of thermal cycles in the SLM technique can
result in an unbalanced microstructure with columnar β grains. The material obtained by
AM LPBF presents a mixture of α (light-colored) and β (darker-colored) phases, the two
phases being spread in a texture. Partial remelting of previously solidified layers can lead
to a strong β solidification texture [35,36].

As for sample #1, it is possible that there was a lack of fusion detection due to in-
sufficient penetration at the high scanning speed. Besides scanning speed, laser power
combined with layer thickness can also lead to defects such as lack of fusion. However, the
possibility is not excluded that the shielding gas was trapped in the melting pool due to
rapid cooling [37].

Samples #2 and #4 (Figure 5g,h) show an almost perfectly dense microstructure under
the same scanning conditions. For sample #3a, original β grains in the shape of a checker-
board and acicular α’ martensite from the inside can be observed, as reported by [38];
contrastingly, in #4, the original β grains are arrayed in columns parallel to the direction of
construction and acicular alpha prim martensite can be detected on the inside [32].

3.2. Hardness Results

The results of the Brinell hardness tests on the samples obtained by AM LPBF are
presented in Table 2. It can be seen that the tests, effectuated in several points, have
closely-associated hardness values despite the small differences of microstructure.

Table 2. Brinell microhardness of Ti64.

Sample
HB2.5/187.5 Average Value

HB2.5/187.51 2 3 4 5

#1 320 314 313 322 319 318
#2 313 313 316 312 320 315
#3 316 314 313 312 314 314
#4 318 315 319 316 315 317
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3.3. Defect Detection and Characterization

Obtaining the optimal working parameters of the samples through AM L-PBF makes
the method vulnerable to process variation, so QA requires non-destructive evaluation.
According to [20], the method requires continuous monitoring of t(us)he process, and also
offline NDE by study of the microstructure and physical–mechanical properties. The US
method is one of the most common non-destructive testing methods for all materials and is
based on the acquisition of ultrasonic waves with frequencies between 1–15 MHz.

The US speed is a parameter that can detect small changes (about 0.5%) in the total
porosity. The US pulse–echo method is highlighted as being effective for testing the
physical–mechanical characteristics of AM parts at greater depths than those offered by
X-rays and is comparable to neutron diffraction; it does not compare with them, though, in
terms of resolution. The application of the C-scan technique requires a focused transducer
with high sensitivity for the detection of pores with dimensions below 1 mm. Metallography
analysis of Ti64 has shown low porosity. Under these conditions, in order to cause sufficient
attenuation variation, it was necessary to use an ultrasonic transducer with a smaller beam
focal diameter to have a higher sensitivity with high threshold levels.

The ultrasonic C-scan images were obtained during the test, and a focused-point
transducer of 15 MHz was used with an effective diameter of 0.25” and a focal-distance
length of 2”. As a coupling medium, fine mineral oil was used to prevent any possible
corrosion phenomenon, specifically, superficial oxidation. Ultrasonic dimensions and
depths of flaws, as determined from ultrasonic imaging, are given in Table 3. The impulse–
echo method was used for determinations of longitudinal wave propagation velocity, with
a transducer with 5 MHZ central frequency G5KBGE placed on a delay block and connected
with a Pulser PR5077 (Olympus USA). The value for ultrasonic velocity has been obtained
from the average time-of-flight and average thickness measured in each sample. There
were not significant differences between the samples. The longitudinal wave US velocity
was determined to be 4380 m/s and this value has been used for the calculation of the
flaw’s depth.

Table 3. US results.

Sample Sample Dimensions [mm] Ultrasonic Diameters of Flaws [mm ×mm] Ultrasonic Flaws Depth [mm]

#1 59.42 × 9.40 × 14.47 2.8 × 3.6 8.1 ÷ 8.3
#2 59.50 × 9.34 × 14.38 3.2 × 4.0 8.6 ÷ 9.0
#3 59.34 × 9.31 × 14.47 3.2 × 3.8 8.6 ÷ 9.0
#4 59.37 × 9.28 × 14.49 3.6 × 4.8 8.1 ÷ 8.6

Table 3 presents the interval between the minimum and maximum values of an
ultrasonically detected flaw’s depth, obtained from determination of time-of-flight corre-
sponding to the flaw’s echoes (ultrasound reflections from the flaw), and with a speed of
ultrasound of 4380 m/s. These differences are due to the fact that the surfaces of flaws are
not perfect; thus, from the US reflections on this surface, multiple echoes are obtained, all
with different times-of-flight.

There are significant differences with the diameters of the intended defect (5 mm).
Thus, the differences are greater as the thickness of the defects decreases (from sample #4
to sample #1).

In the conventional impulse–echo method, the depth of the flaw is found out by
comparing the amplitude of the signal reflected from the flaw with that from reference
notch. However, since the reflected signal from the flaw is adversely affected by flaw’s
orientation, surface roughness, transparency, etc., this technique tends to underestimate the
size of the real flaw. The time-of-flight (TOF)-based techniques are based on monitoring
the time-of-travel of the diffracted signal from the flaw’s top surface. Since the TOF is
dependent on the flaw depth alone, the sizing accuracy achieved by this technique is
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excellent. The TOF-based depth-sizing technique can be used during normal-beam as well
as angle-beam pitch–catch scans.

The ultrasonic time-of-flight (US TOF) method is a common technique in the field of
non-destructive testing (NDT) of materials; the technique is based on a signal transmitted
from an ultrasonic transducer and received at a later time by the same or a different
transducer. From the time delay between transmitting and receiving the signal, properties
such as the speed of sound or the distance travelled can be derived. In ranging applications,
the main objective is to localize distant scatters in front of the transmitter.

The C-scan back-wall echo images of the AM samples are presented in Figure 6.
Ultrasonic C-scan displays data along with depth (time-of-flight) or wave amplitude. The
percentages of the amplitude and time-of-flight results are derived from the ratio between
the individual values measured from an acquisition point and the maximum values allowed
by the equipment on the respective channels. Depth information can be obtained by using
time-of-flight methods, as indicated by different color shadings.
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Figure 6. Ultrasonic testing of samples 1 to 4: (a) amplitude image, examination ISA-FE5 on back
echo; (b) time-of-flight image, examination ISA-FE5 of back echo.

Amplitude differences were analyzed for AM samples (#1 to #4) with internal defects
induced during processing. It can be seen from the amplitudes of the signals, the data
being presented at high resolution, that the defects are placed at the same depth below the
surface. This technique also gives a good estimate of the dimensions of the defects in the
circumferential–axial plane.

Knowing how and when different types of defects are likely to occur offers a potential
opportunity for intervention in the AM process. In these parts, regardless of the method
used to obtain them, macro-scale porosity can be present, having as causes the shielding
gas and the lack of fusion [16]. The presence of defects can also be induced by equipment,
the preparation of the realization, or the design of the parts.

Figure 6 is based on the amplitude and time-of-flight (TOF) of the back echo, and
Figure 7 is based on TOF of the flaw echo.
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Figure 7. Time-of-flight image of samples 1 to 4, examination ISA-FE5, as to flaw echo. Used for
determination of flaw depth in respect to the surface of incidence.

Figure 7 emphasizes the spatial distribution of the flaws induced during the obtaining
of the part, and several inhomogeneities of internal microstructure which do not appear as
amplitude results in Figure 6.

In the case of the flaw echo, the dependence of the spectral properties on the diameter
of the defect is more complex, since the effect of backscattering the acoustic energy (which
determines the main echo, selected on the gate) overlaps with the effect of mode conversion
at the surface of the defect (which determines the secondary echo, which does not intervene)
in the spectral analysis (but it selectively “absorbs” from the spectral content of the incident
beam), and both are strongly frequency-dependent phenomena. However, it is important
to note that the spectral domains of the two signals (back echo and flaw echo, respectively)
are distinct: the high-frequency area for the flaw echo and, respectively, the low-frequency
area for the back echo in the presence of the defect. Obviously, the spectral window (the
“gap”) between the two frequency domains is all the greater as the diameter of the defects
is limited to a smaller value, in relation to the section of the incident ultrasonic beam.

High frequencies are in the middle of the beam, in the region of −6 dB. The reflections
from the flaws, which form the flaw echo, eliminate high frequencies if the flaw has a
diameter close to the diameter of the beam at −6 dB. Indeed, in this situation, the spectral
difference between flaw echo and back echo is maximal. If the flaw has a smaller diameter
than the diameter of the beam at −6 dB, then, after reflection, a much higher frequency
would pass and the difference between the two echoes would decrease.

The analysis of the US map offers the possibility of information correlation, mainly as
to flaws from certain areas, as well as to the distribution of specific flaws in the volume of the
part (herein: flaws and pores). Final users can import C-scan results as ASCII files in order
to carry out deep analysis with advanced algorithms. Knowing the spatial distribution
of flaw types in the part’s volume favors the prediction of mechanical properties of AM-
manufactured pieces. The methods based on the measurement of the propagation time
evaluate the velocities of the different elastic waves that appear in the material as well as
their attenuation.

The results presented using the ultrasonic C-scan method on Ti64 AM show that the
determinations can be performed in a relatively optimal time interval, being complementary
to other non-destructive testing methods, and can complete other methods of testing AM-
processed parts. This proves to be an important application for inspecting the defects



Materials 2023, 16, 6383 12 of 14

inside AM-manufactured samples at a high gain. In the first stage of this method, several
dense samples with different flaws defined in advance have been tested. The characteristics
of the flaws have been observed (they had changed positions inside the sample) and
the circular shape of the flaws couldn’t be determined. The ultrasonic method is one
of the most precise methods for determination of the shapes, dimensions, and depths
of volumetric discontinuities. The errors/uncertainties are determined, in particular, by
possible inhomogeneities of acoustic–elastic properties leading to variations of propagation
velocities and of reflection coefficients/reflectivity values of discontinuities.

4. Conclusions

The paper demonstrates the potential of C-scan ultrasound to emphasize the internal
flaws of Ti64 parts made through L-PBF AM; only those with thicknesses of 200 µm, 300 µm,
400 µm, and 500 µm have been investigated, as realized in hard-to-reach areas.

The AM technology allows the induction of artificial flaws into a piece in order to
improve the ability of NDT methods to detect it. The investigation was accompanied by
the analysis of the final composition of each sample and of its microstructure. A good
densification and surfaces without defects were observed, which denote the obtaining
of AM samples under the conditions of having chosen the optimal parameters. The
hardness tests performed at several points on the surfaces of the parts show a structure
with small pores, with measurements below 30 µm. A structure made up of fine-grained
lamellae, the dispersed particles of the α phase on the grain boundaries, and α-phase
lamellae inside the β-phase grains were highlighted. At one stage, the presence/absence
of flaws can be emphasized in the images, and a report can be generated for further
use of the data in machine learning. Combining the signals processed by the different
pieces of equipment that assure nondestructive evaluation, the monitoring of the additive-
manufactured products might be carried out. The ultrasonic imagistic analysis might
be a precise and flexible method for the characterization of AM products. The possible
errors and uncertainties are within relatively small ranges for AM products that are not too
complex, and for which in situ monitoring is feasible, either by immersion in fluids or by
sonic coupling by fluid jet. Although these tests depend on the geometry of the sample
(only parallelepiped samples were tested), the method could also be applied to samples
with complex geometries that have a large curvature radius, collecting big data.

Future works will consist in the development of other complementary methods such as
multifrequency eddy current and non-linear elastic-wave spectroscopy for nondestructive
testing of AM complex parts with flaws in hard-to-reach zones.

Author Contributions: Conceptualization, A.S. and M.D.S.; methodology, A.S., Z.P. and M.S.; soft-
ware, M.S., S.M.P. and R.S.; validation, F.N. and S.M.P.; formal analysis, S.M.P. and R.S.; investigation,
F.N. and M.S.; writing—original draft preparation, A.S. and M.D.S.; writing—review and editing, F.N.
and R.S.; visualization, A.S. and Z.P.; project administration, A.S. and M.D.S.; funding acquisition,
A.S., M.D.S., and S.M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Research, Innovation and Digitalization,
Romania, Project PN 23-11-01-02.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, the collection, analyses, or interpretation of data, the writing of the manuscript, or the
decision to publish the results.



Materials 2023, 16, 6383 13 of 14

References
1. Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive manufacturing of metals. Acta Mater. 2016, 117, 371–392. [CrossRef]
2. Sefene, E.M. State-of-the-art of selective laser melting process: A comprehensive review. J. Manuf. Syst. 2022, 63, 250–274.

[CrossRef]
3. Cao, S.; Zou, Y.; Lim, C.V.S.; Wu, X. Review of laser powder bed fusion (LPBF) fabricated Ti-6Al-4V: Process, post-process

treatment, microstructure, and property. Light Adv. Manuf. 2021, 2, 313–332. [CrossRef]
4. Bertsch, K.M.; Voisin, T.; Forien, J.B.; Tiferet, E.; Ganor, Y.I.; Chonin, M.; Wang, Y.M.; Matthews, M.J. Critical differences between

electron beam melted and selective laser melted Ti-6Al-4 V. Mater. Design 2022, 216, 110533. [CrossRef]
5. Pasang, T.; Budiman, A.S.; Wang, J.C.; Jiang, C.P.; Boyer, R.; Williams, J.; Misiolek, W.Z. Additive manufacturing of titanium

alloys—Enabling re-manufacturing of aerospace and biomedical components. Micro. Eng. 2023, 270, 111935. [CrossRef]
6. Lu, X.; Shu, C.; Zheng, Z.; Shu, X.; Chen, S.; Essa, K.; Li, Z.; Xu, H. Effects of L-PBF Scanning Strategy and Sloping Angle on the

Process Properties of TC11 Titanium Alloy. Metals 2023, 13, 983. [CrossRef]
7. Jafari, D.; van Alphen, K.J.; Geurts, B.J.; Wits, W.W.; Gonzalez, L.C.; Vaneker, T.H.; Rahman, N.U.; Römer, G.W.; Gibson, I. Porous

materials additively manufactured at low energy: Single-layer manufacturing and characterization. Mater. Des. 2020, 191, 108654.
[CrossRef]

8. Du Plessis, A. Effects of process parameters on porosity in laser powder bed fusion revealed by X-ray tomography. Addit. Manuf.
2019, 30, 100871. [CrossRef]

9. Zhou, L.Y.; Fu, J.; He, Y. A review of 3D printing technologies for soft polymer materials. Adv. Funct. Mater. 2020, 30, 2000187.
[CrossRef]

10. Donachie, M.J. Titanium: A Technical Guide, 2nd ed.; ASM International: Novelty, OH, USA, 2000.
11. Lu, J.; Lu, H.; Xu, X.; Yao, J.; Cai, J.; Luo, K. High-performance integrated additive manufacturing with laser shock peening—

Induced microstructural evolution and improvement in mechanical properties of Ti6Al4V alloy components. Int. J. Mach. Tools
Manuf. 2020, 148, 103475. [CrossRef]

12. Chen, X.; Xie, X.; Wu, H.; Ji, X.; Shen, H.; Xue, M.; Wu, H.; Chao, Q.; Fan, G.; Liu, Q. In-situ control of residual stress and its
distribution in a titanium alloy additively manufactured by laser powder bed fusion. Mater. Charact. 2023, 28, 112953. [CrossRef]

13. Chekotu, J.C.; Goodall, R.; Kinahan, D.; Brabazon, D. Control of Ni-Ti Phase Structure, Solid-State Transformation Temper-atures
and Enthalpies via Control of L-PBF Process Parameters. Mater. Des. 2022, 218, 110715. [CrossRef]

14. Lv, J.; Alexandrov, I.V.; Luo, K.; Lu, H.; Lu, J. Microstructural evolution and anisotropic regulation in tensile property of cold metal
transfer additive manufactured Ti6Al4V alloys via ultrasonic impact treatment. Mater. Sci. Eng. A 2022, 859, 144177. [CrossRef]

15. Mussatto, A.; Groarke, R.; O’Neill, A.; Obeidi, M.A.; Delaure, Y.; Brabazon, D. Influences of powder morphology and spreading
parameters on the powder bed topography uniformity in powder bed fusion metal additive manufacturing. Addit. Manuf. 2021,
38, 101807. [CrossRef]

16. Kenel, C.; Grolimund, D.; Li, X.; Panepucci, E.; Samson, V.A.; Sanchez, D.F.; Marone, F.; Leinenbach, C. In situ investi-gation
of phase transformations in Ti-6Al-4V under additive manufacturing conditions combining laser melting and high-speed
micro-X-ray diffraction. Sci. Rep. 2017, 7, 16358. [CrossRef]

17. Du Plessis, A.; Yadroitsava, I.; Yadroitsev, I. Effects of defects on mechanical properties in metal additive manufacturing: A review
focusing on X-ray tomography insights. Mater. Des. 2020, 187, 108385. [CrossRef]

18. Zahidin, M.R.; Yusof, F.; Rashid, S.H.A.; Mansor, S.; Raja, S.; Jamaludin, M.F.; Manurung, Y.H.; Adenan, M.S.; Hussein, N.I.S.
Research challenges, quality control and monitoring strategy for Wire Arc Additive Manufacturing. J. Mater. Res. Technol. 2023,
24, 2769–2794. [CrossRef]

19. Fritsch, T.; Farahbod-Sternahl, L.; Serrano-Muñoz, I.; Léonard, F.; Haberland, C.; Bruno, G. 3D computed tomography quantifies
the dependence of bulk porosity, surface roughness, and re-entrant features on build angle in additively manufac tured IN625
lattice struts. Adv. Eng. Mater. 2021, 24, 2100689. [CrossRef]

20. Ehlers, H.; Pelkner, M.; Thewes, R. Heterodyne eddy current testing using magnetoresistive sensors for additive manufacturing
purposes. IEEE Sens. J. 2020, 20, 5793–5800. [CrossRef]

21. Herzog, T.; Brandt, M.; Trinchi, A.; Sola, A.; Molotnikov, A. Process monitoring and machine learning for defect detection in
laser-based metal additive manufacturing. J. Intell. Manuf. 2023. [CrossRef]

22. Grasso, M.; Remani, A.; Dickins, A.; Colosimo, B.M.; Leach, R.K. In-situ measurement and monitoring methods for metal powder
bed fusion: An updated review. Meas. Sci. Technol. 2021, 32, 112001. [CrossRef]

23. Mostafaei, A.; Zhao, C.; He, Y.; Ghiaasiaan, S.R.; Shi, B.; Shao, S.; Shamsaei, N.; Wu, Z.; Kouraytem, N.; Sun, T.; et al. Defects and
anomalies in powder bed fusion metal additive manufacturing. Curr. Opin. Solid State Mater. Sci. 2022, 26, 100974. [CrossRef]

24. Villarraga-Gómez, H. The Role of X-ray Computed Tomography in the 3D Printing Revolution. In Proceedings of the RAPID TCT
2018 Conference, Fort Worth, TX, USA, 23–26 April 2018.

25. Khosravani, M.R.; Reinicke, T. On the Use of X-ray Computed Tomography in Assessment of 3D-Printed Components. J.
Nondestruct. Eval. 2020, 39, 75. [CrossRef]

26. Tan, C.; Weng, F.; Sui, S.; Chew, Y.; Bi, G. Progress and perspectives in laser additive manufacturing of key aeroengine materials.
Int. J. Mach. Tools Manuf. 2021, 170, 103804. [CrossRef]

27. Prevorovsky, Z.; Krofta, J.; Kober, J.; Chlada, M.; Kirchner, A. Non-linear ultrasonic spectroscopy of 3D printed metallic samples.
Insight 2019, 61, 157–161. [CrossRef]

https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1016/j.jmsy.2022.04.002
https://doi.org/10.37188/lam.2021.020
https://doi.org/10.1016/j.matdes.2022.110533
https://doi.org/10.1016/j.mee.2022.111935
https://doi.org/10.3390/met13050983
https://doi.org/10.1016/j.matdes.2020.108654
https://doi.org/10.1016/j.addma.2019.100871
https://doi.org/10.1002/adfm.202000187
https://doi.org/10.1016/j.ijmachtools.2019.103475
https://doi.org/10.1016/j.matchar.2023.112953
https://doi.org/10.1016/j.matdes.2022.110715
https://doi.org/10.1016/j.msea.2022.144177
https://doi.org/10.1016/j.addma.2020.101807
https://doi.org/10.1038/s41598-017-16760-0
https://doi.org/10.1016/j.matdes.2019.108385
https://doi.org/10.1016/j.jmrt.2023.03.200
https://doi.org/10.1002/adem.202100689
https://doi.org/10.1109/JSEN.2020.2973547
https://doi.org/10.1007/s10845-023-02119-y
https://doi.org/10.1088/1361-6501/ac0b6b
https://doi.org/10.1016/j.cossms.2021.100974
https://doi.org/10.1007/s10921-020-00721-1
https://doi.org/10.1016/j.ijmachtools.2021.103804
https://doi.org/10.1784/insi.2019.61.3.157


Materials 2023, 16, 6383 14 of 14

28. ASTM F2924-14; Standard Specification for Additive Manufacturing Titanium-6 Aluminum-4 Vanadium with Powder Bed Fusion.
ASTM International: West Conshohocken, PA, USA, 2021.

29. AMC Powders Co., Ltd. AMCP3D. Available online: www.amcp3d.com (accessed on 21 July 2023).
30. Oster, S.; Breese, P.P.; Ulbricht, A.; Mohr, G.; Altenburg, S.J. A deep learning framework for defect prediction based on

thermographic in-situ monitoring in laser powder bed fusion. J. Intell. Manuf. 2023. [CrossRef]
31. Snow, Z.; Diehl, B.; Reutzel, E.W.; Nassar, A. Toward in-situ flaw detection in laser powder bed fusion additive manufacturing

through layerwise imagery and machine learning. J. Manuf. Syst. 2021, 59, 12–26. [CrossRef]
32. Zhou, X.; Dai, N.; Chu, M.; Wang, L.; Li, D.; Zhou, L.; Cheng, X. X-ray CT analysis of the influence of process on defect in

Ti-6Al-4V parts produced with Selective Laser Melting technology. Int. J. Adv. Manuf. Technol. 2020, 106, 3–14. [CrossRef]
33. Hassen, A.A.; Kirka, M.M. Additive Manufacturing: The rise of a technology and the need for quality control and inspection

techniques. Mater. Eval. 2018, 76, 438–453.
34. Munk, J.; Breitbarth, E.; Siemer, T.; Pirch, N.; Häfner, C. Geometry Effect on Microstructure and Mechanical Properties in Laser

Powder Bed Fusion of Ti-6Al-4V. Metals 2022, 12, 482. [CrossRef]
35. Simonelli, M.; Tse, Y.Y.; Tuck, C. On the texture formation of selective laser melted Ti-6Al-4V. Metall. Mater. Trans. A Phys. 2014,

45, 2863–2872. [CrossRef]
36. Sallica-Leva, E.; Caram, R.; Jardini, A.L.; Fogagnolo, J.B. Ductility improvement due to martensite α′ decomposition in porous

Ti–6Al–4V parts produced by selective laser melting for orthopedic implants. J. Mech. Behav. Biomed. Mater. 2016, 54, 149–158.
[CrossRef] [PubMed]

37. Singla, A.K.; Banerjee, M.; Sharma, A.; Singh, J.; Bansal, A.; Gupta, M.K.; Khanna, N.; Shahi, A.S.; Goyal, D.K. Selective laser
melting of Ti6Al4V alloy: Process parameters, defects and post-treatments. J. Manuf. Process 2021, 64, 161–187. [CrossRef]

38. Bartolomeu, F.; Faria, S.; Carvalho, O.; Pinto, E.; Alves, N.; Silva, F.S.; Miranda, G. Predictive models for physical and mechanical
properties of Ti6Al4V produced by Selective Laser Melting. Mater. Sci. Eng. A 2016, 663, 181–192. [CrossRef]

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

www.amcp3d.com
https://doi.org/10.1007/s10845-023-02117-0
https://doi.org/10.1016/j.jmsy.2021.01.008
https://doi.org/10.1007/s00170-019-04347-0
https://doi.org/10.3390/met12030482
https://doi.org/10.1007/s11661-014-2218-0
https://doi.org/10.1016/j.jmbbm.2015.09.020
https://www.ncbi.nlm.nih.gov/pubmed/26458113
https://doi.org/10.1016/j.jmapro.2021.01.009
https://doi.org/10.1016/j.msea.2016.03.113

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Methods 
	Surface Characterization 
	Brinell Hardness Test 
	The Non-Destructive Evaluation Based on Ultrasound (US) 


	Results 
	Surface Characterization 
	Hardness Results 
	Defect Detection and Characterization 

	Conclusions 
	References

