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Abstract: Laser powder bed fusion (L-PBF) has the potential to be applied in the production of
titanium aircraft components with good mechanical properties, provided the technology has been
qualified and accepted in the aviation industry. To achieve acceptance of the L-PBF technology in the
aircraft industry, mechanical property data needed for the qualification process must be generated
according to accepted testing standards. The impact toughness of Ti6Al4V extra low interstitial (ELI)
specimens, produced through L-PBF followed by annealing, was investigated in this study. Charpy
impact testing complying with American Standard Test Method (ASTM) E23 was performed with
specimens annealed and conditioned at low temperature. On average, the toughness recorded for the
specimens with 3D-printed and machined V-notches was 28 J and 31 J, respectively. These results are
higher than the 24 ] required in the aerospace industry. Finally, fractographic analyses of the fracture
surfaces of the specimens were performed to determine the fracture mechanism of the Ti6Al4V(ELI)
impact specimens.

Keywords: impact toughness; aviation industry; additive manufacturing; Ti6A14V(ELI); two-stage
heat treatment

1. Introduction

The requirement of the aerospace industry for materials with exceptional strength
to weight ratio and outstanding mechanical properties has justified the growing use of
additively manufactured (AM) Ti6Al4V extra low interstitial (ELI), even for mission-critical
components, such as a landing gear nose wheel fork [1,2]. Ti6Al4V(ELI) is a corrosion-
resistant (x + ) alloy that contains aluminum and vanadium elements as « and f§ stabilis-
ers, respectively. Due to the « to § transformation, the microstructure and mechanical
properties, such as tensile strength and ductility, of this alloy can be tailored through heat
treatment [3]. For example, the tensile elongation and impact toughness of the Ti6Al4V(ELI)
alloy can be enhanced through high-temperature annealing for extended dwell periods at
the expense of tensile strength and hardness [4]. The as-built AM Ti6Al4V(ELI) components
have ultimate tensile strength (UTS) of 1155 MPa with a low elongation of about 4.1%,
which can be altered to 1230 MPa, 914 MPa, and 871 MPa after stress relief, recrystallisation
annealing, and two-stage heat treatment, respectively [5]. These are done to optimize
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elongation to approximately 11.5% after two-stage heat treatment. Whereas, mill-annealed
wrought Ti6Al4V(ELI) has the UTS of 930-970 MPa with an elongation of 17-19% [6].

Due to the significant cost of the Ti6Al4V(ELI) raw material, a near-net-shape manu-
facturing technology, such as metal additive manufacturing, has become attractive for the
aviation industry [7]. This layer-by-layer technique of creating three-dimensional (3D) ob-
jects from digital computer model data minimizes material wastage by selectively melting
and fusing predetermined layers of metal powder and un-melted powder can be reused [8].
Standard classification of the technology includes powder bed fusion (PBF), which is more
specifically termed selective laser melting (SLM) when applied to metal powders [9]. Direct
metal laser sintering (DMLS) is an SLM terminology used by the machine supplier EOS
GmbH [10]. This technology has various advantages over conventional manufacturing
methods. These include reduction of the production cost of the aircraft components, high
design freedom which includes topology optimization, and rapid prototyping [11].

Stringent standards in the aircraft industry limit the application of Ti6Al4V compo-
nents produced through the L-PBF technology [12]. Aircraft components must be approved
by the aviation authorities such as the Federal Aviation Administration (FAA) and the Eu-
ropean Aviation Safety Agency (EASA). Every technology used for aircraft part production
must be licensed and certified for such a purpose [13]. The recent proposal done by Duncan
et al. states that the qualification and certification of L-PBF for application in aerospace
should not differ from the conventional manufacturing process [14]. The mechanical prop-
erties of a material produced through a particular technology must be established based on
accepted standard test methods performed under the correct operational environment [15].
To achieve acceptance of the L-PBF technology for producing Ti6 Al4V(ELI) components
for the aircraft industry, the impact toughness of the produced component is one of the
properties that must be determined.

Impact toughness is a measure of the amount of energy absorbed by the material
during the rapid application of load before fracture. It is usually determined through the
Charpy impact test with specimens prepared to have a specific dimension, geometry, and
temperature. The test is performed based on American Standard Test Method (ASTM)
E23 [16]. For materials with high strength, such as titanium alloys, the impact energy is
relatively insensitive to the temperature and has low toughness [17].

The conventionally processed Ti6 Al4V alloy has a microstructure and mechanical prop-
erties that vary with the thermal processing history. For example, the as-cast Ti6Al4V(ELI)
contains colonies of lamellar alpha with a typical impact toughness of 11 ] and can be
altered through various heat treatments [18]. The a lamellar and equiaxed microstructure of
the rolled Ti6Al4V(ELI) plate can absorb an impact energy of 19 J and 13 J, respectively [19].
On the other hand, Ti6Al4V(ELI) components produced by the powder compact extrusion
process have a typical Widmanstétten/lamellar microstructure. This microstructure is
formed as the result of diffusion-controlled growth of the « phase as the material is air-
cooled from the 8 phase after exiting from the extrusion die. Annealing of such components
results in impact toughness of 19.3 ] and this value is comparable with a typical value for
the wrought Ti6Al4V(ELI) [20].

Ti6 Al4V (ELI) parts produced using the L-PBF technique consist of different mechanical
properties as compared to traditionally manufactured components. They consist of large
prior beta grains with fine needle-like microstructure resulting from the rapid cooling
accompanied by the localized heating inherent in L-PBF. This is commonly known as
martensite structure (acicular &’ martensite in a columnar prior-8 grain) [21]. The as-built
impact energy of L-PBF Ti6Al4V(ELI) specimens at a temperature —50 °C is 14.41 J [22].
This toughness value of as-built Ti6Al4V(ELI) specimens is 45% lower than the 24 ] needed
in the aviation industry [23].

The challenges of the Ti6Al4V(ELI) parts built through L-PBF method have been
highlighted by previous studies. The size of the pore, and other geometric features of the
porous structures are controlled by the processing parameters [24]. Muiruri et al. reported
a pore size of 0.06 to 1.36 um for power setting, laser diameter, hatch spacing, and layer
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thickness of 175 W, 80, 100 and 30 pum, respectively. Such pore size was reported to have no
critical effect on the initiation of the failure, although playing a role in the eventual failure.
The initiation of failure in the Charpy specimens resulted from the stress concentration
effect at the root of the V-notch [25]. Another shortcoming of L-PBF is the relative high
surface roughness which results from the partially melted or unmelted powder particles
from the surrounding powder bed, sticking to the surface of the part and the staircase
effect [26]. An adverse residual stress state is caused by the thermal gradient resulting
from the short interaction time between laser and powder, which is accompanied by
high localized heating and subsequent rapid cooling. To mitigate the negative effect of
the internal residual stress such as deformation of the built part, support structures are
commonly used to anchor the part on the built substrate and assist in the dissipation of
heat [27].

An appropriate post-process heat treatment improves the Ti6 Al4V(ELI) toughness
by reducing the negative effect of the residual stress inherent in L-PBE. For example, L-
PBF Ti6Al4V(ELI) specimens which were stress-relieved at a temperature of 650 °C and a
soaking period of 3 h in an argon environment recorded an improvement of 20% in the
impact energy as compared to the as-built specimens [4]. Furthermore, an improvement of
26% in the impact toughness value was also reported for V-notch specimens after stress-
relieving heat treatment when compared to the toughness required by the American Society
of Metals (ASM) [23]. In contrast, Yasa et al. annealed Ti6Al4V specimens at a temperature
of 735 °C for 2 h in an argon environment and recorded a slight decrease of the impact
toughness as compared to the as-built samples tested at room temperature [28]. However,
there is limited knowledge on the effect of two-stage heat treatment on the impact energy
of Ti6Al4V(ELI) specimens produced using L-PBF process.

In this study, the effect of two-stage heat treatment on the impact toughness of
Ti6 Al4V(ELI) specimens produced by L-PBF technology and conditioned to achieve a
low test temperature, was investigated. The fracture surfaces of the impact specimens were
also evaluated. Conclusions on the possibility of using the L-PBF technology to produce
structural aircraft parts are presented.

2. Materials and Methods

The methodology carried out was aimed at investigating the effect of two-stage heat
treatment, build orientation, and the type of V-notch creation on the impact toughness of
the Ti6Al4V (ELI) specimens. Triplicate specimens were built in each of the three orthogo-
nal orientations, stress relieved, heat-treated at high temperature, and tested for impact
toughness. For comparison with the as-built state, data was collected from the literature.
Finally, the characteristics of the fracture surfaces of the specimens were evaluated using
scanning electron microscopy (SEM).

2.1. Specimen Preparation

An EOSINT M280 DMLS machine (EOS GmbH, Munich, Germany), equipped with
a 200 W Ytterbium fiber laser with a laser beam diameter of 80 um and powder layer
thickness of 30 um, was used to build Charpy impact specimens from Ti6 Al4V(ELI) powder.
Spherical Ti6Al4V(ELI) powder supplied by (TLS Technik GmbH & Co. Spezialpulver
KG, Bitterfeld-Wolfen, Germany) with an average powder particle size of less than 45 pm
was used to build the test specimens. The powder composition that complied with ASTM
F3001-14 and used in this study are shown in Table 1.

Table 1. Chemical composition of TLS Technik Ti6 Al4V(ELI) powder.

Materials Titanium  Aluminum Vanadium Iron Oxygen Nitrogen
(Ti) (Al V) (Fe), max (0), max (N), max
TLS powder [29] 90.30% 5.56% 4.02% 0.23% 0.12% 0.04%

ASTM F3001-14 [30] Balance 5.5-6.5% 3.5-4.5% 0.25% 0.13% 0.05%
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A total of 18 Charpy impact specimens were divided into two sets. The first set of
9 samples were 3D printed with a V-notch and for the second set of 9 specimens, the
V-notch was machined using a wire cutter. Each set consisted of three specimens built
along each of the three orthogonal directions (XY, YX, and Z) as shown in Figure 1a, and
had square cross-sectional dimensions of 10 mm x 10 mm x 55 mm as illustrated in Figure
1b and required by the ASTM E23. After the L-PBF process, all specimens were submitted
to a two-stage heat treatment.

45°
FAWA
Ny
Deposition LS
direction — 27.50
& \ T = =
[}
55
—l 10
(a) Specimen built orientation (b) Dimensions of the specimen

Figure 1. (a) An illustration of the V-notched Charpy impact toughness test specimen’s build orientation and (b) geometry
with dimensions in mm as required by the ASTM E23. Unit: mm.

2.2. Two-Stage Heat Treatment

Firstly, to relieve the residual stress, the specimens, still secured on the base plate,
were heated to a temperature of 650 °C at a rate of 3.6 °C/min in a vacuum furnace, soaked
at 650 °C for 3 h, and furnace cooled to room temperature. Thereafter, the specimens were
cut off from the building substrate by a wire electrical discharge machine. Subsequently,
the samples were submitted to a high-temperature anneal (HTA) heat treatment. This
consisted of heating at a rate of 5.2 °C/min to 950 °C in a vacuum furnace, followed by
soaking at this temperature for 3 h, before the furnace cooled to room temperature.

2.3. Testing Procedure

The Charpy impact test was performed in compliance with the ASTM E23-18 stan-
dard [16]. An Instron 450MP2-]1 impact test machine, with a maximum frame capacity of
300 J, was used to measure the impact resistance of the specimens. Initially, all specimens
were cooled to a low temperature by immersing them into an ethanol solution and condi-
tioning them to a temperature of —50 °C with liquid nitrogen. The schematic illustration of
the Charpy impact testing apparatus and the specimen is shown in Figure 2. The specimen
was placed on the supports and against the anvil as shown in Figure 2a to receive a single
blow of a moving mass (hammer) shown in Figure 2b. The hammer had sufficient energy
to break the specimen with a single impact load and its link (pendulum) had a pointer to
indicate the start and the end of the swing position. The pendulum hammer had falling
and rising angles of B and «, respectively.

The absorbed energy is computed as the difference between the potential energy at the
starting position (h = R — RcosB) and that at the end of the swing position (i; = R — R cos «).
The initial and final potential energy of the pendulum is given by Equations (1) and (2),
where R is the pendulum radius.

E; = mgR(1 — cos B) @

Ef =mgR(1 —cosa) 2)
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The energy absorbed (ab) by the specimen is provided by Equation (3):
E,, = mgh(cos p — cosu) 3)

This impact energy caused all specimens to fracture at the V-notch since it was the
point of the stress concentration.

Scale

Pointer [«0:\ R
End of swing /{ || Por XS
nao swmgi / \‘ \ Starting position

-
¥

Hammer

(a) Impact toughness specimen (b) Impact toughness apparatus

Figure 2. (a) Schematic description of Charpy impact toughness test specimen positioning; (b) drawing of impact
testing apparatus.

2.4. Fractography

The microstructure of the specimens was studied using a ZEISS optical microscope.
Three representative samples were mounted on MultiFast phenolic resin to allow mi-
crostructure analysis on the XY, ZX, and ZY planes concerning the coordinate system
shown in Figure 1. Samples were metallographically prepared by firstly grinding them us-
ing 46 um waterproof SiC discs, followed by mechanical polishing on the Struers Tegramin-
25 machine, using DiaMaxx Poly 9 and 3 um diamond suspensions. Finally, the samples
were etched using Kroll’s reagent.

Fractographic analysis was performed on the fracture surfaces of the impact specimens
using a Jeol (JSM-6610) scanning electron microscope (SEM, Jeol, Peabody, MA, USA). The
increased depth of field allowed the evaluation of the effects of the 3D-printed and wire-
cut V-notches on the fracture surfaces of the tested specimens. The impact of the build
orientation on the fracture surface was also investigated. The percentage shear fracture of
the specimens with 3D-printed and wire-cut V-notches was also determined based on the
ASTM E23-18 standard [16].

3. Results and Discussions
3.1. Impact Toughness

It is clear from Table 2 that the impact toughness of specimens with wire-cut V-notches
is higher than that of 3D-printed V-notches for all orientations. The XY 3D-printed V-notch
specimens absorbed 20% less impact energy as compared to the similar wire-cut V-notch
specimens. For both the YX and Z 3D-printed V-notch specimens, the toughness was 3.5%
lower as compared to the similar wire-cut V-notch specimens.
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Table 2. Charpy impact toughness in Joule per square centimeter for the 3D-printed and wire-cut V-notch Ti6 Al4V(ELI)
specimens built in three orthogonal directions.

Notch Build Orientations

Charpy Impact Toughness (J/cm?)

Values Min Max Mean Standard Deviation
XY 33 34 33 33 34 33 0.7
3D Printed YX 35 35 34 34 35 35 0.7
V4 36 38 39 36 39 38 1.3
XY 40 41 43 40 43 41 1.3
Wire cut YX 35 36 38 35 38 36 1.3
z 38 38 40 38 40 38 1.4
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The dispersion of the impact toughness dataset, relative to the mean values determined
through standard deviation analysis, is illustrated in Figure 3. Specimens with 3D-printed
V-notch were compared with wire-cut V-notch. Dispersion of the XY specimen with a
3D-printed notch falls outside that of the wire-cut notch, suggesting a significant difference
in the impact toughness. As for specimens built along YX and Z, comparable results

were obtained.

@
i &

1 2 3
lXY YX zZ
Y

3D Printed

XY

o

5
YX

Y
Wire cut

Built orientations of the Charpy impact toughness V-notch specimens

Figure 3. An illustration of the impact toughness dispersion concerning the built orientations of the 3D print and wire-cut

V-notch specimens.

The lowest recorded value of impact energy in this study, for both 3D-printed and
wire-cut V-notch Ti6Al4V(ELI) speciments, is 26 ], which is 8% more than the impact energy
required in the aviation industry [23]. When comparing these results with the impact
energy values of as-built L-PBF Ti6 Al4V(ELI) specimens available in the literature, more
than 45% improvement was achieved [22], and for the stress-relieved and heat-treated
specimens, more than 40% improvement was recorded [25] (see the data given in Table 3).
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Table 3. Impact toughness values of Ti6Al4V(ELI) specimens built by the L-PBF technique.

Materials and References L-PBF Machine Type Testing Environment Specimen Conditions Impact Energy (J)
Ti6 Al4V(ELI) [22] o As-built 13.3
Ti6Al4V(ELI) [25] EOSINT M280 —50°C Stress relieved at 650 °C for 3 h 14.9

- . As-built 11.5
Ti6AlV [28] SLM Ambient Annealed at 730 °C for 2 h 10.1
. . As-built 6.0
Ti6AI4V [4] SLM Ambient Stress relieved at 650 °C for 3 h 7.3

3.2. Fractography Results

The Ti6Al4V(ELI) Charpy specimens produced through L-PBF and submitted to two-
stage heat treatment depict four distinct fracture modes when subjected to the impact
load. This corresponds to other high-strength metals including 12CrMoV steel [31,32].
In Figure 4 the fracture zones of the Charpy specimens with wire-cut and 3D-printed
V-notches are shown for various orientations. I in image (a) represents the crack initiation
zone, 1l is for the zone of crack growth (unstable fracture), Il is for shear lips, and IV is for
precritical growth (final fracture). Images (a), (b), and (c) are for wire-cut V-notches and (d),
(e) as well as (f) are for Charpy specimen with 3D-printed notches.

XY YX z

Wire cut
V-notch

(a) (b) (c)

3D Printed
V-notch

Figure 4. An illustration of the fracture zones of the Ti6Al4V(ELI) Charpy impact toughness
specimens for the various orientation of the wire-cut and 3D-printed V-notches. I, II, III, and IV
in image (a) represents the crack initiation, crack growth, shear lips, and final fracture, respec-
tively. Images (a—c) are for wire-cut V-notches and (d,e) as well as (f) are for Charpy specimen with
3D-printed notches.

A zone of mesoscopic scale is formed in the tip of the notch after impact due to the
development of the localized plastic deformation (zone I), followed by the propagation
of macro defects, which result from the formation of a plastic hinge (zone II). Thereafter,
the shear lips were formed as shown in Figure 4 (zone III) as the material deforms due to
shear stress. Finally, a region of rotational-shear deformation was formed as a result of a
high-speed development of fracture that leads to final fracture (zone IV).

Microstructures of Ti6Al4V(ELI) produced through L-PBF can be altered through heat
treatment and are directly related to mechanical properties. A previous study by Liitjering
showed that a reduced tensile strength and an increased ductility result from coarsened
« phase and large colony size [33]. A very fine acicular (needle-like) microstructure was
reported for the as-built Ti6Al4V(ELI) specimens, which resulted from the inherited rapid
cooling of the material during L-PBF [34]. Such specimens have a UTS of 1267 MPa and



Metals 2021, 11, 1736 8of 12

impact energy shown in Table 3. Microstructure of the two-stage heat-treated Ti6 Al4V(ELI)
specimens built through L-PBF are shown in Figure 5 in various planes XY, ZY, and ZX
concerning the coordinate system shown in Figure 1. The microstructure obtained after
two-stage heat treatment (650 °C for 3 h and followed by 950 °C for the same dwelling
period with subsequent furnace cooling) and consists of acicular & and a small amount of
B. Whereas various planes of the specimens have similar microstructure. The starting of
the a globalisation was also observed as indicated with arrows. These microstructures are
comparable to two-stage hear treated (950 °C, air cooled, followed by 700 °C and furnace
cooled) Ti6Al4V(ELI) specimens reported by Becker et al., which have a tensile strength of
871 MPa and a percentage elongation of 11.5 [5].

Figure 5. Optical microscope images for XY, ZY, and ZX orientations of Ti6Al4V specimens produced by the L-PBF
process and followed by two-stage heat treatment. The arrows indicate globalized « grains (light) where  is indicated by
dark marks.

Secondary electrons (SE) SEM images of a Charpy impact toughness specimen shown
in Figure 6a reveal four distinct fracture modes. In Figure 6b—e, detailed features of each
fracture mode are illustrated.

directions

7 :
v SEI 20/ WSoomm 8850 - —
L0000 15Jui2021

S Secondary

crack

. \ J
- " SEI20kV.  WDderim | SS50 X330, St =t §
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Figure 6. (a) SEM SE images of the fracture surface of a Z specimen with 3D-printed V-notch, (b) crack initiation zone, (c)
shear-lip region (d) unstable fracture, and (e) final fracture.
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The crack initiation zone in Figure 6a of the Z specimen with 3D-printed V-notch
contained secondary crack, while the unstable zone had multiple micro-cracks as illustrated
in Figure 6d. Dimples were observed in the shear-lip region shown in Figure 6c and flat
facets surrounded by dimples with clear tear directionality were observed in the final
fracture shown in Figure 6e.

In all specimens, fracture initiated from the root of the notch due to stress concentration
and secondary cracks were depicted, as shown in Figures 6b and 7 (XY1, YX1, and Z1). This
secondary crack nucleation ability of the annealed Ti6Al4V(ELI) impact toughness samples
near the notch arose from the ductility of the material. The impact energy was dissipated
by the creation and movement of dislocations in the crystal lattices of the structure near
the crack tip [35]. As a result, the specimens absorbed the high impact energy and a fibrous
fracture surface was depicted in the crack initiation region.

Shear lip

v

\M;cro'craf:k R '

Figure 7. Fracture surfaces of the various regions of fracture for the Charpy impact toughness specimens built with different
orientations (XY, YX, and Z).

As a crack propagated through an unstable fracture region, a fracture surface with
dimples, micro-cracks, and pores was depicted, as can be seen in Figures 6d and 7 (XY2,
YX2, and Z2). At the sides of the specimens, material ruptured due to shear stress set
up by the applied load at about 45° with respect to the normal stress, resulting in a
fibrous surface that is associated with plastic deformation, and formed a shear lip. This
phenomenon occurs when the shear stress exceeds the shear strength of the material as
stated by the ASTM E23-18 standard [16]. The shear areas, as a percentage of the total
fracture surface of 3D-printed and the wire-cut V-notch specimens, were 40% and 30%,
respectively. However, both types of specimens had tortuous fracture surfaces with dimples
in the shear lip region. The final fracture occurred microseconds later with evidence of flat
facet fracture surrounded by dimples, pointing towards a mixed fracture mode (ductile
and brittle fracture).

As seen in Table 2, the surface roughness in the root of the 3D-printed V-notch sig-
nificantly reduced the impact toughness as compared to the impact toughness value of
the wire-cut V-notch. This variation in the impact toughness value is attributed to a con-
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spicuous variation between 3D-printed and wire-cut V-notch specimens, as observed by
comparing Figure 6b with Figure 7 (Z1). The 3D-printed V-notch contained un-melted
powder particles in the notch region resulting in an uneven surface that acted as a stress
raiser, whereas the wire-cut V-notch had a smooth surface.

4. Conclusions

The impact toughness of Ti6Al4V(ELI) specimens produced through L-PBF followed
by two-stage heat treatment (stress-relieved at 650 °C and HTA at 950 °C, each for 3 h),
was investigated in this study. Charpy impact testing complying with ASTM E23 was
performed with specimens annealed and conditioned at a low temperature of —50 °C. The
following conclusions were deduced:

e  Specimens with wire-cut V-notches have a higher value of impact toughness as com-
pared to that of 3D-printed V-notches for all build orientations. Therefore, wire-cut
V-notches resist impact energy better than the 3D-printed notches.

e  The impact toughness determined for specimens with 3D-printed V-notches along the
XY built orientation significantly differs from that measured for the wire-cut V-notch
specimens.

e  The percentage shear fracture area of the specimens with 3D-printed V-notches was
larger than that of specimens with wire-cut V-notches.

e  The presence of the 3D-printed V-notch can reduce the impact toughness by 3.5-20%
as compared to the wire-cut V-notch.

e  All build orientations of the specimens revealed acceptable impact energy after two-
stage heat treatment when compared to the toughness required in the aircraft industry.

e  Two-stage heat treatment improved the impact toughness of the Ti6 Al14V(ELI) speci-
mens built through L-PBF by approximately 40%. Such improvement is 8% more than
the requirement of the aerospace industry.

e  The microstructure obtained after two-stage heat treatment consists of acicular « and
a small amount of 3.

e  The surface roughness in the root of the 3D-printed V-notches of the Ti6Al4V(ELI)
specimens significantly reduced the impact toughness as compared to the impact
toughness value of the wire-cut V-notches.

e  The Ti6Al4V(ELI) specimens consist of a ductile fracture mechanism, since it consists
of tortuous fracture surfaces with dimples in the shear lip region, when subjected to
impact load.

e  The final fracture region of the Ti6 Al4V(ELI) specimens subjected to impact load has
a flat face fracture surrounded by dimples, pointing towards a mixed fracture mode
(ductile and brittle fracture).

e  Parts that were built using L-PBF have impact toughness acceptable for the production
of aircraft structural parts which operate at a low temperature of —50 °C.

e  The current study provides the data for future work on the qualitative relationship
between fracture toughness and impact toughness of Ti6Al4V(ELI) produced through
L-PBF and annealing. Future quantitative fractographic analyses of the ductile dim-
ple’s morphology, e.g., shape and size, could also provide additional information on
the impact behavior of this alloy.
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