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Abstract This paper explores the mechanics of high-
velocity impact fragmentation in titanium alloys pro-
duced by Field-Assisted Sintering Technology. For
that purpose, we have utilized the experimental setups
recently developed by Nieto-Fuentes et al. (J Mech
Phys Solids 174:105248, 2023a; Int J Impact Eng
180:104556, 2023b) for conducting dynamic expan-
sion tests on rings and cylinders. The experiments
involve Þring a conical-nosed cylindrical projectile
using a single-stage ight-gas gun against the stationary
ring/cylinder at velocities ranging from� 248 m/ s to�
390 m/ s, corresponding to estimated strain rates in the
specimen varying from� 10050 sŠ1 to � 19125 sŠ1.
The diameter of the cylindrical part of the projec-
tile exceeds the inner diameter of the ring/cylinder,
causing the latter to expand as the projectile moves
forward, resulting in the formation of multiple necks
and fragments. Two different alloys have been tested:
Ti6Al4V and Ti5Al5V5Mo3Cr. These materials are
widely utilized in aeronautical and aerospace industries
for constructing structural elements such as compres-
sor parts (discs and blades) and Whipple shields, which
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are frequently exposed to intense mechanical loading,
including high-velocity impacts. However, despite the
scientiÞc and technological signiÞcance of Ti6Al4V
and Ti5Al5V5Mo3Cr, and the extensive research on
their mechanical and fracture behaviors, to the best
of the authorsÕ knowledge, no systematic study has
been conducted thus far on the dynamic fragmentation
behavior of these alloys. Hence, this paper presents
an ambitious fragmentation testing program, encom-
passing a total of 27 and 29 experiments on rings and
cylinders, respectively. Monolithic and multimaterial
samplesÑhalf specimen of Ti6Al4V and half specimen
of Ti5Al5V5Mo3CrÑhave been tested, taking advan-
tage of the ability of Field-Assisted Sintering Technol-
ogy to produce multimaterial parts. The fragments have
been collected, weighed, sized, and analyzed using
scanning electron microscopy. The experiments have
shown that the number of necks, the number of frag-
ments, and the proportion of necks developing into
fragments generally increase with expansion velocity.
The average distance between necks has been assessed
against the predictions of a linear stability analysis
(Zhou et al. in Int J Impact Eng 33:880Ð891 2006;
Vaz-Romero et al. in Int J Solids Struct 125:232Ð243,
2017), revealing satisfactory agreement between the-
oretical predictions and experimental results. In addi-
tion, the experimental results have been compared with
tests reported in the literature for various metals and
alloys (Nieto-Fuentes et al. in J Mech Phys Solids
174:105248, 2023a; Zhang and Ravi-Chandar in Int
J Fract 142:183Ð217, 2006, Zhang and Ravi-Chandar
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in Int J Fract 150:3Ð36, 2008) to examine the inßuence
of material behavior on the statistics of fragments size
and necks spacing.

Keywords Titanium alloys· Field-Assisted Sintering
Technology· Impact fragmentation· Ring expansion·
Tube expansion

1 Introduction

The historical perspective onmetallurgical effects of
high strain-rate deformation and fabricationelabo-
rated byRinehart(1981) dated the Þrst scientiÞc exper-
iments on dynamic fragmentation of metallic materials
at the beginning of the 19th century. French ordnance
engineers started a program to detonate hollow spher-
ical steel cannon balls under controlled loading con-
ditions with the aim of establishing the geometrical
and material properties which provide the optimal per-
formance of the casings (HŽlie 1884). The explosions
were conducted in a pit with a damp clay ßoor, designed
as a soft-recovery system to capture the ejected frag-
ments. The velocity of the fragments was estimated
by recording their penetration depth into the clay and
comparing it to reference values obtained by Þring pis-
tol bullets of known velocity and mass into the same
clay. The experiments revealed that the velocity and
number of fragments increase with the weight of the
exploding charge and decrease with the thickness and
failure strength of the casing. Similar trends have been
observed in nearly all fragmentation tests conducted
on metallic shells over the last 200 years, highlighting
the extreme care and precision with which this initial
attempt to determine the mechanics of dynamic frag-
mentation was executed.

Over the next 100 years, research on the high-
velocity impact fragmentation of metallic materials
remained primarily driven by military requirements,
with a notable increase in activity during World War
II. A turning point was the series of reports elabo-
rated by Sir Nevill F. Mott (Mott and Linfoot 1943;
Mott 1943a,c,b) for the Ministry of Supply of the UK
between January and May 1943 in which the main fea-
tures of a theory to describe the process of fragmenta-
tion resulting from the explosive rupture of cylindrical
structures were presented. The theory was applicable
to materials which deform plastically before rupture,
and provided formulas to compute the mean fragment

size and the distribution of fragment sizes of certain
types of steel bomb and shell. The reports were even-
tually compiled into a paper published in the open lit-
erature in 1947 (Mott 1947a). This article featured a
one-dimensional model that considered the onset of
fractures as a random process resulting from spatial
variability in the strain-to-fracture of ductile materials.
This variability was attributed to scattering in the local
material and geometrical properties of the specimen.

After World War II, and continuing to the present
day, there has been a growing development of research
on the dynamic fragmentation of metallic structures,
extending beyond military applications to encompass
both fundamental and applied aspects of the subject.
The goal is to unravel the mechanisms that control the
energy absorption performance of protective structures
in the automotive, aircraft, aerospace, and civilian-
security industries. In these sectors, structural elements
are often subjected to a wide range of unusually severe
mechanical solicitations. For instance, components for
satellites must be designed to withstand hyperveloc-
ity impacts of space debris (Ryan et al. 2011; Wen
et al. 2020). Crashworthiness structures of ground and
marine vehicles are intended to absorb energy in acci-
dents and crashes (Paik and Seo 2007; Mujeeb-Ahmed
et al. 2020). Protective structures of critical build-
ings, such as embassies and governmental facilities,
are required to safeguard high-ranking ofÞcials and key
infrastructures from blasts and attacks (B¿rvik et al.
2008; Aune et al. 2016). The increasing technological
interest in the fragmentation of metallic structures has
led to the design of modern experimental techniques
conceived to perform fragmentation tests in a labora-
tory environment. In tandem, materials other than steel
started to be investigated.

Notably, the ring expansion test developed byNiord-
son(1965) revolutionized the experimental investiga-
tion of dynamic fragmentation, opening the possibility
to test materials at strain rates above 104 sŠ1 without the
need for explosives, and under spatially uniform condi-
tions of deformation. The technique involves expand-
ing a thin circular ring at velocities up to several hun-
dred meters per second through the application of tran-
sient magnetic Þelds. The high testing speed is achieved
by rapidly discharging a current pulse from a capaci-
tor bank into a solenoid through which the specimen
is inserted. The current ßowing through the solenoid
creates an electromagnetic Þeld that induces a current
in the ring. The interaction of these two currents gener-
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ates repulsive forces between the ring and the solenoid,
resulting in the rapid radial expansion of the specimen.
The nearly radial symmetry of the expansion virtu-
ally eliminates the propagation of waves throughout
the circumference of the sample before the occurrence
of multiple necking (in ductile metals) and fragmen-
tation. This reveals thetrue dynamic properties of the
material since the conditions of deformation are spa-
tially uniform before necking (in ductile metals) and
fracture. In addition, for rings with a large radius-to-
thickness ratio, the radial stress is negligible compared
to the circumferential stress, resulting in a predomi-
nantly uniaxial stress Þeld. This essentially makes the
problem one-dimensional, facilitating the interpreta-
tion of experimental Þndings. The expansion veloc-
ity is adjusted by varying the frequency and intensity
of the current pulse discharged into the solenoid. This
technique is particularly suitable for testing materials
with high electrical conductivity; however, Joule heat-
ing effects induced by the high current density ßowing
through the ring can elevate the temperature of the spec-
imen. Note that speeds of up to 200 m/ s require cur-
rents of up to 20 kA to accelerate samples with approx-
imately 1 mm thickness (Zhang and Ravi-Chandar
2006). Expanding larger specimens necessitates even
higher currents, intensifying resistive heating and, con-
sequently, thermal softening of the material, which
may lead to eventual local melting. The electromag-
netic scheme proposed byNiordson(1965) was later
adapted byWesenberg and Sagartz(1977) to expand
thin-walled cylinders. The objective was to investigate
the bi-dimensional features of multiple necking (in duc-
tile metals) and fragmentation processes. Electromag-
netically driven expansion of rings and cylinders has
typically been conducted on copper, aluminum, and
magnesium specimens. This is primarily because these
three materials exhibit the highest electrical conductiv-
ity among structural metals (Grady and Benson 1983;
Altynova et al. 1996; Tamhane et al. 1996; Zhang and
Ravi-Chandar 2006, 2008, 2010; Kahana et al. 2015;
Cliche and Ravi-Chandar 2018). Other metallic materi-
als have been tested rarely. Exceptions include the ring
expansion experiments conducted byGrady and Olsen
(2003) with U6N uranium alloy,Janiszewski(2012)
with barrel steel, andWood et al.(2021) with tungsten
heavy alloy and Inconel 718. These tests required a
copper pusher ring to carry the induced electric current
and launch the specimen, resulting in a reduced expan-
sion speed due to the increased total mass that must

be accelerated, encompassing both the pusher and the
specimen.

An alternative to conducting fragmentation exper-
iments with electromagnetic loading systems is the
use of gas guns. Mechanical loading setups have the
advantage of not imposing limitations on the materials
that can be tested. For instance,Winter and Prestidge
(1978) conducted an experiment in which a gas gun was
utilized to expand thin-walled mild steel tubes with a
thickness of 1 mm. The test involved a hollow cylin-
der Þlled with rubber and positioned against a rigid
anvil. When a short nylon rod was Þred into the cylin-
der at a velocity of 630 m/ s, the radial momentum
imparted to the specimen near the interface between
the projectile and inÞll material caused the cylinder
to bulge. The tests were recorded by high speed pho-
tography, which allowed to estimate that the range
of strain rates in the specimen varied from 104 to
5·104 sŠ1. Multiple cracks initiated around the peak of
the bulge, propagating along the axial direction of the
cylinder and leading to the fragmentation of the spec-
imen. The circumferential and longitudinal strains at
which the cracks formed were estimated to be approx-
imately 33% and 11%, respectively. Similar experi-
mental arrangement was used byVogler et al.(2003)
to investigate the fragmentation of AerMet 100 steel
and U6N uranium alloy tubes. The specimens were
50.8 mm long with an inner diameter of 12.7 mm,
and they had different outer diameters ranging from
14.71 mm to 19.44 mm. The specimen rested on a thick
copper anvil backed by a foam of 19 mm thickness
and 14 mm of steel, and it was Þlled with a 25.4 mm
length polycarbonate solid cylinder. A two-stage gas
gun was used to Þre a polycarbonate projectile into the
test tube, striking the polycarbonate insert. The defor-
mation of the projectile and insert caused the test tube
to expand outward, bulging and eventually breaking
into multiple fragments. The projectile impact veloc-
ities ranged between 1.83 km/ s and 1.94 km/ s. The
experiments were recorded with high-speed photogra-
phy and instrumented with a VISAR system and PDVF
gauges to measure both the radial expansion velocity
of the test tube and the fracture strain of the speci-
men. The evolution of the radial velocity with time
exhibited a concave-downward shape, reaching a max-
imum value of approximately 200 m/ s for both AerMet
100 steel and U6N uranium samples. The circumferen-
tial strain at fracture, measured near the peak of the
bulge, was estimated to be 18% for AerMet 100 steel.
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In the case of U6N uranium alloy tubes, it varied sig-
niÞcantly from specimen to specimen, ranging between
12% and 24%. Soft-recovery of the fragments was con-
ducted by surrounding the specimen with foam and
paper padding. The collected fragments were weighed
and sized, revealing that the U6N uranium alloy tubes
produced much smaller and more numerous fragments
compared to the AerMet 100 steel specimens. More
recently,Jones et al.(2013) modiÞed the setup ofWin-
ter and Prestidge(1978) and Vogler et al.(2003) by
placing a steel ogive inside the test tube instead of a
cylindrical polymer, and the ogive was impacted by a
polycarbonate projectile Þred with a gas gun, deform-
ing around the insert and driving radial expansion in the
test tube. The uniform radial expansion created had a
less complex interface than the previous setup ofWinter
and Prestidge(1978) andVogler et al.(2003), as only
one material was imparting momentum to the cylinder
wall. Jones et al.(2013) tested 6061-T6 aluminum and
Ti6Al4V samples. The 6061-T6 cylinders had an inner
diameter of 30 mm and a wall thickness of 2 mm, and
the projectile impact velocity in the experiments was
� 915 m/ s. The tests on Ti6Al4V were performed with
cylinders having 50 mm of inner diameter and 4 mm of
wall thickness, and the projectile impact velocity was
� 1000 m/ s. The dimensions of the specimens and the
impact velocities were chosen to achieve a maximum
strain rate on the order of 104 sŠ1. Five identical tests
were conducted with 6061-T6 aluminum, employing
a high-speed camera and X-ray radiography to cap-
ture time-resolved images of the deformation of the
polycarbonate projectile and its interaction with the
test tube. The experiments conducted with the Ti6Al4V
specimens were recorded using a high-speed camera,
and a PDV system with four probes was employed to
measure the radial velocity at various locations along
the length of the cylinders. The fragmentation of the
Ti6Al4V specimens was shown to be preceded by the
formation of strain localization bands parallel to the
axis of the test tubes that ultimately developed into mul-
tiple fractures. Building upon the concept proposed by
Jones et al.(2013), Gant et al.(2021, 2024) designed
an experiment in which a steel curved-nosed projec-
tile is launched using a single-stage gas gun against a
nearly incompressible high-density polyethylene disk.
The disk is crushed onto a steel anvil, deforming and
imparting radial momentum to a circular ring, which
expands at a high strain rate. The experiments were con-
ducted with a projectile impact velocity of 150 m/ s, uti-

lizing rings made of 35NiCrMo16 high-strength steel,
S455 mild steel, CuC2 pure copper, and aluminum
alloy AA2017. The ring specimens had a mean diam-
eter of 40 mm and a square cross-section of 1 mm2.
Two high-speed cameras were used to record the tests,
obtaining high-resolution images of the necking and
fragmentation of the specimens. The time evolution of
the specimensÕ radial velocity was measured using a
PDV system which showed that the maximum speed
of the rings varied between� 310 m/ s for aluminum
alloy AA2017 and� 200 m/ s for 35NiCrMo16 high-
strength steel. The average number of fragments varied
with the specimen, ranging from 25 for AA2017 to 11,
8, and 7 for CuC2, S455, and 35NiCrMo16, respec-
tively, while the average strain at fragmentation was
0.16, 0.47, 0.30, and 0.18 for the corresponding mate-
rials. All the tests performed per material yielded sim-
ilar results for the time evolution of the velocity pro-
Þle, the number of fragments, and the samplesÕ ductil-
ity, showing the reliability of the setup to control the
loading conditions and to provide compelling results.
Very recently,Nieto-Fuentes et al.(2023a) developed
an experiment which used a single-stage light-gas gun
to Þre a conical nosed cylindrical projectile into a thin-
walled metal cylinder. The cylindrical samples were
printed by Selective Laser Melting out of aluminum
alloy AlSi10Mg, using two sets of printing parameters
which led to two different levels of residual porosity
in the specimens, 2% and 6%, respectively. The sam-
ples were produced with two different outer diameters,
12 mm and 14 mm, and two different wall thicknesses,
1 mm and 2 mm. The diameter of the cylindrical part
of the projectile was approximately twice that of the
inner diameter of the cylindrical target. As the projec-
tile moved forward, the target expanded, developing a
trumpet-like shape, and eventually breaking into frag-
ments. The tests were conducted with projectile impact
velocities ranging from approximately 180 m/ s to
390 m/ s, resulting in circumferential strain rates in the
cylindrical target estimated to range between approx-
imately 9000 sŠ1 and 23500 sŠ1. The experiments
were recorded with two high-speed cameras, providing
time-resolved information on the fragmentation mech-
anisms. Additionally, the recovered fragments were
sized, weighed, and analyzed using X-ray tomography,
revealing the inßuence of porous microstructure, spec-
imen dimensions, and loading velocity on the number
of fragments and the distribution of fragment sizes.
Fragmentation occurred without noticeable necking,
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and the trajectory of cracks appeared to be guided by
the large pores in the microstructure. The experimental
setup ofNieto-Fuentes et al.(2023a) was shortly after
adapted byNieto-Fuentes et al.(2023b) to perform ring
expansion tests. The specimen was placed over a duc-
tile thin-walled tube made of AISI 316L steel, which
was expanded by a cylindrical conical-nosed projectile
Þred with a gas gun. This expansion pushed the ring
radially outwards, eventually causing it to break into
multiple fragments (i.e., the test specimen inNieto-
Fuentes et al.(2023a) is fabricated from wrought AISI
316L steel inNieto-Fuentes et al.(2023b) to serve as
the pusher). Similarly toNieto-Fuentes et al.(2023a),
the rings were manufactured by 3D-printing technol-
ogy out of AlSi10Mg. The samples had an outer diam-
eter of 18 mm and a square cross section of 2× 2 mm2.
The range of projectile impact velocities tested was
the same investigated byNieto-Fuentes et al.(2023a).
The increase of the impact velocity was shown to shift
the fragments size distribution towards smaller frag-
ments, and towards narrower distributions. The evolu-
tion of the number of fragments with the impact veloc-
ity was modeled with the theory ofKipp and Grady
(1985), coupled with the fracture energy criterion by
Thomason(1970), and quantitative agreement with the
experiments was obtained for the whole range of impact
velocities investigated.

In this paper, we use the experimental setups
developed byNieto-Fuentes et al.(2023a,b) to per-
form dynamic fragmentation tests on titanium rings
and cylinders produced by Field-Assisted Sintering
Technology (FAST). This manufacturing process is
widely used in research laboratories as a rapid and
cost-effective process to consolidate powders, and it
is arousing the interest of different industrial sec-
tors as an alternative to Hot Isostatic Pressing or
conventional melt-wrought processing. Two differ-
ent alloys are investigated in this work, Ti6Al4V
and Ti5Al5V5Mo3Cr. These materials are extensively
used in aeronautical and aerospace industries because
of their high strength, excellent hardenability, frac-
ture toughness and high fatigue resistance. However,
despite the scientiÞc and technological interest of tita-
nium alloys, the only article cited in this introduction
that included experiments on titanium is the work of
Jones et al.(2013) Ñand only one experiment was
reported therein (Bolis et al.(2013) reported a dynamic
fragmentation experiment on a Ti6Al4V hemispheri-
cal shell using explosive loading, whileJones et al.

(2012) investigated the blast-driven radial expansion
of six Ti6Al4V rings with different length-to-thickness
ratios). To the authorsÕ knowledge, this paper presents
the most ambitious investigation on the fragmentation
behavior of titanium alloys performed to date, includ-
ing 27 and 29 tests on expanding rings and cylinders,
respectively. The tests have been performed for expan-
sion estimated strain rates varying from� 10050 sŠ1

to � 19125 sŠ1. The fragments have been collected,
weighed, sized, and analyzed using scanning electron
microscopy to investigate the fragmentation mecha-
nisms. The number of necks, the number of frag-
ments, and the proportion of necks developing into
fragments have been observed to increase (slightly)
with expansion velocity across the range of loading
rates tested. The average distance between necks has
been compared with the predictions of a linear sta-
bility analysis (Zhou et al. 2006; Vaz-Romero et al.
2017), and satisfactory qualitative agreement has been
obtained between theoretical predictions and experi-
ments. In addition, the experimental results for the
number of necks and fragments have been compared
with tests conducted byNieto-Fuentes et al.(2023a)
on additively-manufactured AlSi10Mg cylinders and
byZhang and Ravi-Chandar(2006, 2008) on Al 60610-
O, Al 1100-H14 and Cu 10 rings. This comparison aims
to investigate the inßuence of material behavior on the
statistics of fragment sizes and neck spacings.

2 Materials characterization and testing methods

This research involves manufacturing titanium alloy
rings and cylinders using Field-Assisted Sintering
Technology (FAST), followed by the microstructural
analysis of the specimens and the execution of high-
speed impact tests. Section2.1offers an overview of the
titanium alloy grades under investigation, presenting
their chemical composition, processing methodology,
crystallographic microstructure, and basic mechanical
properties. Section2.2details the impact testing setup
used for the fragmentation experiments.

2.1 Materials and specimens

Two titanium alloys were selected for this investi-
gation: Ti6Al4V and Ti5Al5V5Mo3Cr. Both alloys
are utilized in aerospace applications. For instance,
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Ti6Al4V is commonly employed as fan-disc and blade
material for jet engines, while Ti5Al5V5Mo3Cr is
used in aerostructural parts such as landing gear forg-
ings. Ti6Al4V is an alpha+ beta titanium alloy,
accounting for over 50% of the worldÕs titanium use.
Ti5Al5V5Mo3Cr, on the other hand, is a metastable
beta alloy, with high strength or fracture toughness
achievable through various heat treatments.

The ring-shape and cylinder-shape specimens inves-
tigated in this high-velocity impact fragmentation
study were machined from 80 mm billets consolidated
from powder via Field Assisted Sintering Technol-
ogy (FAST) using a FCT HP D 25 FAST/SPS fur-
nace housed at the Royce Discovery Centre of the Uni-
versity of ShefÞeld. The Ti6Al4V powder was pro-
duced byPuris LLC with a particle size distribution
of 75 Š 500 µm, while the Ti5Al5V5Mo3Cr pow-
der was manufactured byAP&C and had a particle
size distribution of 45Š 100 µm. FAST is a solid-
state powder consolidation method where a pulsed DC
current is applied concurrently with uniaxial pressure.
This creates a joule heating effect in the graphite tool-
ing stack causing the mould and its contents (powder)
to heat up. The combined effects of heat and pressure
allow full density to be achieved, with high heating
rates and short processing times. The advantages of
FAST over other solid-state consolidation techniques
such as Hot Isostatic Pressing are that the tooling is
reusable and heating occurs directly within the mould.
Both the cylinders and rings were extracted from billets
of either alloy that had been processed at different dwell
temperatures of 970� C and 1100� C. These process-
ing temperatures were chosen with respect to the beta-
transus temperature of Ti6Al4V(� 990� C), where the
allotropic phase transformation between alpha and beta
occurs. Therefore, by processing with these two tem-
peratures, two different microstructures were achieved,
further increasing the extent to which this study inves-
tigates the fragmentation behaviour based on chem-
istry and also microstructure. Monolithic samples of
either alloy were machined as well as multi-material
samples which contained both alloys, see Fig.1. In the
cylinders, multimaterial specimens contained a diffu-
sion bond either perpendicular (PP) or parallel (PL) to
the impact direction, as shown schematically in Fig.1a.
For the rings, samples which contained a diffusion bond
were extracted alongside the monolithic alloy samples,
see Fig.1b. The ring-shaped specimens have an outer
diameter of 18 mm and a square cross-section measur-

ing 2× 2 mm2, while the cylinder-shaped samples have
a diameter of 14 mm, a thickness of 1 mm, and a length
of 40 mm.

The tensile stressÐstrain characteristics of both of
the alloys investigated, at each processing tempera-
ture, are shown in Fig.2. The Ti6Al4V processed at
a dwell temperature of 970� C, below the beta-transus,
demonstrates the highest yield strength and ultimate
tensile strength among the four material conditions.
In contrast, Ti6Al4V processed at a dwell tempera-
ture of 1100� C, above the beta-transus, shows lower
ultimate tensile strength, yield strength, and elonga-
tion. For Ti5Al5V5Mo3Cr, the sample processed at
970� C has higher strength, but lower elongation than
the sample processed at 1100� C. In this case, both
samples were processed within the beta region, and
therefore, the higher temperature sample had enhanced
grain growth, leading to an increase in the elongation
to failure at the expense of reducing the material ßow
strength. Fig.2 compares the stressÐstrain characteris-
tics of the Ti6Al4V and Ti5Al5V5Mo3Cr alloys stud-
ied here with those reported byBettaieb et al.(2014),
which were produced by forging and tested in uniax-
ial tension under quasi-static loading conditions. The
FAST-manufactured Ti5Al5V5Mo3Cr alloys studied
demonstrate lower yield stress but notably higher duc-
tility, whereas the FAST-manufactured Ti6Al4V alloys
exhibit slightly reduced ßow strength with comparable
elongation (for the case of Ti6Al4V-970).

The samples were subjected to a standard titanium
alloy preparation routine before being etched with
KrollÕs Reagent to reveal the microstructure under opti-
cal light microscopy. The microstructure of each of the
four conditions is shown in Fig.3. Subplot3a shows
the microstructure of the Ti6Al4V processed below the
beta transus temperature, with a bimodal microstruc-
ture shown made up of equiaxed primary alpha grains
and a course transformed beta structure, owing to the
relatively slow cooling rate during the FAST process. In
comparison, subplot3b shows the microstructure of the
Ti6Al4V processed above the beta transus temperature,
here a lamellar microstructure can be seen, made up of
similarly-oriented alpha colonies separated by retained
beta, with alpha along the prior beta grain bound-
aries. Subplots3c and d show the Ti5Al5V5Mo3Cr
at the two different processing temperatures, a simi-
lar microstructure is shown in both cases with larger
grains in the higher temperature processed sample (as
anticipated in previous paragraph).

123



High-velocity fragmentation of titanium alloy rings Page 7 of 57    32 

Fig. 1 Schematic illustrating the extraction of cylinder-shaped and ring-shaped specimens from the 80 mm diameter billets processed
via Field Assisted Sintering Technology

Fig. 2 Tensile stressÐstrain characteristics of the tita-
nium alloy grades investigated: Ti6Al4V-970, Ti6Al4V-1100,
Ti5Al5V5Mo3Cr-970 and Ti5Al5V5Mo3Cr-1100. The numbers
970 and 1100 correspond to the dwell temperature at which the

alloy was processed. Comparison with the stressÐstrain charac-
teristics of forged Ti6Al4V and Ti5Al5V5Mo3Cr alloys reported
by Bettaieb et al.(2014)

Figure4a and b show two micrographs of the diffu-
sion bond between Ti6Al4V-970 and Ti5Al5V5Mo3Cr-
970, and between Ti6Al4V-1100 and Ti5Al5V5Mo3Cr-
1100, respectively. Both micrographs show the irreg-
ular bond morphology running vertically in the cen-
tre. The uneven interface can be attributed to the pow-

der particle morphology during the mould lay-up. In
both cases, the diffusion bond region appears darker
in colour than the bulk material, this is an etching
effect related to the Þne-scale microstructure in the
bond region between Ti6Al4V and Ti5Al5V5Mo3Cr,
as previously reported byPope et al.(2019). The bond
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Fig. 3 Light optical micrographs of FAST-manufactured titanium alloys:a Ti6Al4V-970, b Ti6Al4V-1100, c Ti5Al5V5Mo3Cr-970
andd Ti5Al5V5Mo3Cr-1100. The numbers 970 and 1100 correspond to the dwell temperature at which the alloy was processed

width is considerably greater in the sample processed
at 1100� C due to the enhanced levels of diffusion at this
temperature.Motyka et al.(2020) reported similar Þne
microstructural features in the diffusion bond between
conventional CP-Ti and Ti15V3Al3Cr3Sn material,
however the Frenkel pore effect reported in their study
was not observed in the current or previous FAST dif-
fusion bonding studies.

2.2 Impact testing setup

The experimental conÞgurations utilized in this study
mirror those employed inNieto-Fuentes et al.(2023a)
andNieto-Fuentes et al.(2023b) for conducting frag-
mentation tests on cylinders and rings, respectively.
Note that the testing methodology for ring-shaped sam-
ples builds upon the approach used for cylinders. A con-
cise overview of the impact testing setup is presented
here, while a more detailed description can be found in
Nieto-Fuentes et al.(2023a,b).

A single-stage helium-driven gas gun, located at
the Impact Laboratory of the University Carlos III
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Fig. 4 Light optical micrographs of difussion bond of multi-
material FAST-manufactured titanium alloys:a Ti6Al4V-970 /
Ti5Al5V5Mo3Cr-970 andb Ti6Al4V-1100 / Ti5Al5V5Mo3Cr-

1100. The numbers 970 and 1100 correspond to the dwell tem-
perature at which the alloy was processed

of Madrid, has been utilized to propel a conical-nose
cylindrical projectile towards the specimen at velocities
within two different ranges: 248 m/ s � vz � 267 m/ s
(range 1) and 354 m/ s � vz � 390 m/ s (range 2).
The bore diameter of the gas gun barrel is 25 mm. The
projectileÑalso referred to as striker throughout this
manuscriptÑis machined from a hardened alloy steel
bar to prevent deformation during impact. It measures
64 mm in length, with a cone angle of 20� and a base
diameter of 24 mmÑsee Fig. 2 inNieto-Fuentes et al.
(2023a). Note that the diameter of the cylindrical part
of the projectile is approximately twice as large as the
inner diameter of the rings and cylinders tested, see
Sect.2.1. The estimated nominal circumferential strain
rate on the specimen is�� � = vr

Rm
, wherevr denotes the

radial expansion velocity, andRm is the radius of the
specimen at half thickness. The radial expansion veloc-
ity, given byvr = vz sin(2�)

2 , where� = 70� is the com-
plement to the cone angle (see Fig. 2 inNieto-Fuentes
et al.(2023a)), is computed under the assumption that
the specimen moves perpendicular to the conical nose
of the projectile. A sabot, made of PLA and measuring
24.8 mm in diameter and 100 mm in length, is inserted
into a pin machined at the base of the projectileÑrefer
to Fig. 2 inNieto-Fuentes et al.(2023a)Ñto stabilize
the strikerÕs motion within the gun barrel and achieve
axial impact on the specimen. The combined mass of
the projectile-sabot assembly is 157 g.

€ Cylinder-shape specimens. The sample is posi-
tioned with one end afÞxed to a printed PLA pyra-
midal support (referred to as the clamped end),
while the opposite end is cantilevered (known as the
impacted end)Ñsee Fig.5. The PLA support is situ-
ated on an XYZ assembly, incorporating an XY pre-
cision table and a height regulator jack. This setup
enables the alignment of the cylindrical specimenÕs
axis with the gun barrel before conducting the tests.
The XYZ assembly is attached to an aluminum
structure that is Þxed to the laboratory ßoor, see
number 11 in Fig.7. ReÞnements to the projectile
trajectory are made by employing a laser that tra-
verses both the gun barrel and the axis of the hollow
cylinder before the experiment. Upon impact, the
projectile axially penetrates the stationary cylinder-
shape specimen, causing it to expand radially, trig-
gering the formation and development of multiple
cracks, ultimately resulting in the fragmentation of
the specimen. Note that friction between the striker
and the specimen may affect the fragmentation pro-
cess. In future studies, experiments should involve
lubricating the impacted end and the inner surface
of the tube to evaluate whether the friction between
the projectile and the cylinder inßuences the num-
ber of cracks and the size of the fragments.

€ Ring-shape specimens. The specimen is inserted
over a thin-walled tube made of 316L steel which
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is impacted axially by the conical-nose cylindrical
projectileÑsee Fig.6. The difference with respect
to the setup used for the fragmentation of cylinder-
shape specimens lies in the role of the steel tube,
which serves as a pusher (the steel tube will
be also referred to as the pusher throughout this
manuscript), propelling the ring radially outward,
causing it to break into multiple fragments. The
316L steel is more ductile than the tested titanium
alloys, leading to the failure of the pusher occurring
after the fragmentation of the ring-shaped speci-
mens. Moreover, a thin layer of grease is applied
between the ring and the pusher to minimize fric-
tion effects during the tests. Note that the PLA sup-
port, into which the pusher is inserted, features 8
thin petals embracing the steel tube and extending
to the rear of the specimen, preventing the airßow
generated by the gas-gun to displace the ring before
the projectile impacts the pusherÑsee Fig.6.

The impact tests were recorded with two high-speed
cameras Photron Fastcam SA-Z 2100 K using frame
rates of 200000 fps and 350000 fps for the experi-
ments on tubes and rings, respectively, resolutions of
256 px× 232 px and 128 px× 152 px for the tests
on tubes and rings, respectively, and a shutter speed
of 1/ 2880000 s, see numbers 8 and 9 in Fig.7. Two
1800-W open-face lampheads were utilized to provide
sufÞcient lighting for capturing clear images, see num-
ber 10 in Fig.7. The video recordings provide real-
time insights into the localization and fracture mech-
anisms of rings and cylinders, as well as the num-
ber and location of necks and fractures formed. The
recordings are also used to calculate the impact veloc-
ity by establishing a reference length prior to the test
and determining the time it took for the projectile
to cover this distance in the video footage. Further-
more, the recordings enabled us to verify whether the
projectile impacted the target uniformly. The exper-
iments in which the striker trajectory deviated more
than 0.2 mm from the specimen axis were discarded
(Nieto-Fuentes et al. 2023a). The fragments were soft-
recovered using a tunnel-shaped casing lined with poly-
mer foam placed around the specimen, see number 6 in
Figs.5, 6 and 7. The collected fragments were pho-
tographed, measured, and weighed to determine the
spacing between necks and compile statistics on the dis-
tribution of fragment sizesÑsee Sects.3 and4. Addi-
tionally, selected fragments were subjected to fractog-

raphy analysis using a FEI Inspect F FEG-SEM system
in secondary electron mode with an accelerating volt-
age of 5 kV, located at the Sorby Centre for Electron
Microscopy at the University of ShefÞeld. The aim is to
gain insights into the effect of impact velocity and mate-
rials selection on the dynamic localization and frag-
mentation behavior of FAST-manufactured titanium
samples.

3 Cylinder expansion tests

The impact fragmentation campaign for cylinder-
shaped specimens comprised a total of 29 tests. Table
1 presents detailed information on each experiment:
specimen designation, axial impact velocity (vz), esti-
mated circumferential strain rate (�� � ), average frag-
ments length measured in the circumferential direc-
tion of the specimen along with its standard devia-
tion (L � ± SD), average fragments length measured
in the axial direction of the specimen along with its
standard deviation (Lz± SD), average fragments thick-
ness along with its standard deviation (t± SD), aver-
age fragments mass along with its standard deviation
(m± SD), number of fragments recovered (Nr ), and
percentage of mass recovered relative to the complete
cylinder (�m). The dimensions and mass of all recovered
fragments are provided in Tables8 to 36 of Appendix
A. The circumferential length, axial length and thick-
ness of each fragment were measured at three different
locations using a digital caliper with a resolution of
0.01 mm. The mean values of these three readings cor-
respond toL � , Lz, andt in the data sets of Appendix
A. Note that the circumferential and axial length mea-
surements account for the curvature of the fragments
(i.e., the length was determined by accounting for the
curvature of the fragments, rather than measuring along
a straight line). Averaging the values ofL � , Lz, andt
for all fragments recovered from each sample yields
the average fragments length along the circumferential
direction,L � , the average fragments length along the
axial direction,Lz, and the average fragments thick-
ness,t, as included in Table1. We performed Þnite
element calculations of the cylinder expansion tests,
which indicated that the stress state in the specimen
close to the impact zone is nearly uniaxial tension prior
to neck formation. However, the results of these calcu-
lations are not shown here for the sake of brevity. The
tests on monolithic and multimaterial samples are pre-
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Fig. 5 Experimental setup. Cylinder-shape specimens: (1) sam-
ple, (2) conical-nosed cylindrical projectile, (3) printed PLA
pyramidal support, (4) height regulator jack, (5) XY precision

table, (6) tunnel-shaped aluminum casing (the polymer foam has
been removed to lighten the picture) and (7) gun barrel

Fig. 6 Experimental setup. Ring-shape specimens: (1) sample
(with a black striped pattern), (2) conical-nosed cylindrical pro-
jectile, (3) printed PLA pyramidal support, (4) height regulator

jack, (5) XY precision table, (6) tunnel-shaped aluminum casing
(the polymer foam has been removed to lighten the picture), (7)
gun barrel and (12) pusher
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Fig. 7 Experimental setup: (3) printed PLA pyramidal support,
(4) height regulator jack, (5) XY precision table, (6) tunnel-
shaped aluminum casing (the polymer foam has been removed

to lighten the picture), (7) gun barrel, (8) high-speed camera 1,
(9) high-speed camera 2, (10) lampheads and (11) aluminum
structure screwed to the laboratory ßoor

sented in Sects.3.1and3.2, respectively. The notation
used for the specimens designation is as follows: C
refers to cylinder, Ti6Al4V and Ti5Al5V5Mo3Cr indi-
cate the titanium alloy grades used to produce the spec-
imens, and 970 and 1100 are the dwell temperatures at
which the FAST process was conducted (as mentioned
in Sect.2.1). Moreover, S and D determine whether the
specimen is manufactured using one or two titanium
alloy grades, and PP and PL deÞne, in the case of spec-
imens produced with two grades, whether the diffusion
bond between the two different grades was placed per-
pendicular or parallel to the axis of the cylinder (see
Sect.2.1). The specimens manufactured with a single
titanium grade will be referred to as monolithic along
this manuscript, while those produced with two tita-
nium grades will be referred to as multimaterial (as
mentioned in Sect.2.1). The last digit in the specimens
designation, ranging from 1 to 6, identiÞes the test num-
ber for the same material(s) system. Missing numbers
correspond to failed tests that have been discarded due

to the nonuniform impact of the striker on the inner
circumference of the cylinder, see Sect.2.2.

3.1 Monolithic samples

Figure8 shows the average fragments circumferen-
tial length L � versus the axial impact velocityvz

for the tests conducted on monolithic specimens:
orange circles, red squares and green triangles corre-
spond to C-Ti6Al4V-970-S, C-Ti6Al4V-1100-S, and
C-Ti5Al5V5Mo3Cr-970-S, respectively. The experi-
mental data for C-Ti6Al4V-1100-S and C-Ti5Al5V5M
o3Cr-970-S are Þtted to straight lines, and the corre-
sponding coefÞcients are provided in the Þgure leg-
end. Despite the limited number of experiments for
each material, the tests on C-Ti6Al4V-1100-S and
C-Ti5Al5V5Mo3Cr-970-S specimens reveal a clear
decrease in the fragments circumferential length with
an increase in impact velocity. Based on the Þtted
curves, for an impact velocity of 250 m/ s, the aver-
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Table 1 The impact fragmentation campaign on cylinder-shape
specimens consists of 29 experiments: specimen designation (see
Sect.2.1), axial impact velocity (vz), estimated circumferential
strain rate (�� � ), average fragments length measured in the cir-
cumferential direction of the specimen along with its standard
deviation (L � ± SD), average fragments length measured in the

axial direction of the specimen along with its standard deviation
(Lz± SD), average fragments thickness along with its standard
deviation (t± SD), average fragments mass along with its stan-
dard deviation (m± SD), number of fragments recovered (Nr ),
and percentage of mass recovered relative to the complete cylin-
der (�m)

Specimen vz (m/s) �� � (sŠ1) L � ± SD (mm) Lz ± SD (mm) t ± SD (mm) m ± SD (mm) Nr �m (%)

C-Ti6Al4V-970-S-2 267.6 13216.8 16.06 6.50 13.97 4.13 0.99 0.03 1.978 1.336 3 81.4

C-Ti6Al4V-970-S-4 355.3 17561.9 11.77 5.00 21.22 10.37 0.91 0.02 1.892 1.623 3 78.6

C-Ti6Al4V-970-S-5 362.7 17871.8 18.62 13.44 20.75 9.64 0.98 0.05 2.946 2.641 2 81.7

C-Ti6Al4V-970-S-6 370.1 18272.5 14.26 5.10 24.29 8.51 0.96 0.05 1.696 0.698 4 92.9

C-Ti6Al4V-1100-S-1 255.5 12589.1 10.01 1.20 27.27 6.55 1.01 0.02 1.355 0.490 5 93.5

C-Ti6Al4V-1100-S-2 261.5 12887.7 9.41 3.82 17.09 9.55 0.99 0.03 0.969 1.149 7 94.1

C-Ti6Al4V-1100-S-3 256.4 12640.1 10.87 1.92 14.96 4.46 1.00 0.03 1.042 0.464 5 72.1

C-Ti6Al4V-1100-S-4 364.5 17966.9 8.04 2.02 19.41 12.80 0.96 0.02 0.735 0.498 9 91.6

C-Ti6Al4V-1100-S-5 354.3 17458.5 9.52 3.11 18.04 5.84 0.96 0.02 0.889 0.394 7 86.4

C-Ti6Al4V-1100-S-6 360.7 17773.3 8.10 1.51 17.43 9.16 0.95 0.03 0.597 0.395 11 90.8

C-Ti5Al5V5Mo3Cr-970-S-1 255.5 12570.4 10.01 2.40 29.31 8.88 0.94 0.04 1.391 0.575 5 91.8

C-Ti5Al5V5Mo3Cr-970-S-2 261.5 12907.5 10.20 1.43 26.56 11.17 0.96 0.04 1.418 0.661 5 93.5

C-Ti5Al5V5Mo3Cr-970-S-3 259.1 12755.8 15.45 8.45 14.77 3.24 0.94 0.07 1.404 1.010 5 92.7

C-Ti5Al5V5Mo3Cr-970-S-4 374.5 18423.8 8.18 1.56 25.19 12.19 0.95 0.03 0.866 0.403 8 91.4

C-Ti5Al5V5Mo3Cr-970-S-5 368.8 18139.9 9.14 2.64 18.27 3.25 0.95 0.04 0.849 0.344 7 78.3

C-Ti5Al5V5Mo3Cr-970-S-6 356.6 17551.2 8.34 1.93 25.27 12.60 0.94 0.04 0.877 0.423 8 92.5

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-1 261.3 12911.8 10.23 1.79 13.38 2.82 0.91 0.06 0.746 0.197 2 20.2

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-2 261.4 12898.6 9.62 2.20 12.77 4.03 0.94 0.04 0.890 0.250 8 88.6

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-3 354.5 17510.0 17.79 7.27 25.16 12.01 0.90 0.05 2.401 1.069 3 97.3

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-4 255.0 12590.0 9.10 3.21 28.26 9.77 0.94 0.03 1.454 0.505 5 98.0

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-6 374.2 18475.7 8.56 1.90 17.89 10.47 0.95 0.03 0.805 0.545 9 97.5

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-1 362.6 17881.3 7.75 2.13 24.84 10.36 0.96 0.05 0.967 0.646 7 91.4

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-2 254.7 12561.5 11.19 2.88 19.84 5.10 0.94 0.03 1.459 0.762 5 98.6

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-3 248.8 12290.9 9.59 3.32 24.21 9.63 0.97 0.03 1.301 0.730 5 87.6

C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-4 389.8 19267.2 9.37 2.16 20.91 9.93 0.95 0.03 0.984 0.660 7 99.7

C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-1 266.0 13090.2 8.49 1.45 25.51 9.88 0.94 0.04 0.990 0.141 4 53.4

C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-2 387.5 19124.9 7.68 2.03 20.14 9.26 0.97 0.05 0.777 0.514 9 94.1

C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-3 263.7 13020.5 9.10 3.73 20.93 10.78 0.96 0.02 0.875 0.754 8 94.7

C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-4 382.1 18877.8 7.33 1.53 21.44 11.95 0.96 0.02 0.684 0.463 9 83.2

age fragments circumferential length for C-Ti6Al4V-
1100-S and C-Ti5Al5V5Mo3Cr-970-S is 10.25 mm
and 12.20 mm, respectively. For 370 m/ s, these values
drop to 8.35 mm and 8.47 mm. However, the results
for C-Ti6Al4V-970-S do not exhibit a distinct trend
concerning impact velocity, primarily due to the large
value of L � for vz = 362.7 m/ s. Upon excluding
this outlier, it seems like the average fragments cir-
cumferential length might be getting shorter as the
impact speed increases, similar to what it is observed
for C-Ti6Al4V-1100-S and C-Ti5Al5V5Mo3Cr-970-
S. However, additional tests are required to ensure sta-
tistically signiÞcant results and establish clear patterns
in how L � varies with impact velocity for C-Ti6Al4V-

970-S. On the other hand, a notable observation is
the consistently larger fragments circumferential length
for C-Ti6Al4V-970-S when compared to C-Ti6Al4V-
1100-S and C-Ti5Al5V5Mo3Cr-970-S. Establishing a
deÞnitive correlation between the mechanical behav-
ior of the three alloys and the size of the result-
ing fragments proves challenging. Nonetheless, these
results suggest that the increased ßow strength of C-
Ti6Al4V-970-S compared to C-Ti6Al4V-1100-S and
C-Ti5Al5V5Mo3Cr-970-S leads to a reduction in frag-
ment count, see Fig.3.

The results obtained with the monolithic titanium
specimens fabricated with FAST are compared with
tests reported byNieto-Fuentes et al.(2023a) on
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additive manufactured AlSi10Mg samples. The black
squares correspond to samples fabricated with standard
quality and� 6% porosity, and the black circles to sam-
ples fabricated with performance quality and� 2%
porosity. The AlSi10Mg printed specimens exhibit a
smaller value for the average fragment length than the
titanium samples manufactured with FAST across the
entire range of impact velocities tested. The likely rea-
son is the signiÞcant presence of porosity defects in
the additive manufactured AlSi10Mg cylinders (Nieto-
Fuentes et al. 2023a), which promote the formation of
cracks favoring multiple fragmentation. However, note
that, while AlSi10Mg cylinders exhibit a higher suscep-
tibility to fragmentation, the rate of decrease in aver-
age fragment length with impact velocity appears to be
similar for both printed AlSi10Mg and FAST titanium
samples.

Figure9 shows the distributions of fragments length
L � corresponding to monolithic specimens, see Tables
8 to 23. Orange, red and green blocks correspond to
Ti6Al4V-970, Ti6Al4V-1100, and Ti5Al5V5Mo3Cr-
970, respectively (the same color coding used in Fig.8).
The height of a colored block within a bar of the his-
togram provides the number of fragments for a given
interval of fragments length. The results are collected
as a function of the impact velocity: (a) range 1Ñ
248 m/ s � vz � 267 m/ s and (b) range 2Ñ354 m/ s �
vz � 390 m/ s. The presentation of data for grades
Ti6Al4V-970, Ti6Al4V-1100, and Ti5Al5V5Mo3Cr-
970 in the same graph ensures statistically signiÞcant
results. However, since data from different materials
processed at different dwell temperatures are utilized,
the interpretation of Fig.9 should be qualitative rather
than quantitative (note that the experimental results pre-
sented in the paper do not provide deÞnitive conclu-
sions regarding the inßuence of material microstructure
on the fragmentation mechanisms of titanium alloys
produced via FAST). The range of fragment lengths
narrows as the impact velocity increases, resulting in
a reduction of both the mean(µ ) and the standard
deviation (SD) in the distribution of fragmentsÑrefer
to Table 2 for details. The trend is consistent with
the results obtained byNieto-Fuentes et al.(2023a)
with AlSi10Mg cylindersÑsee Fig. 24 therein. The
decrease in fragment size with the loading rate might
be explained by the theory ofMott (1947b), which
suggests that as the loading rate increases, the release
waves originating from initial fractures have less time
to propagate, thereby limiting the extent of unloading

and enabling the initiation of additional fractures at
nearby locations.Mott (1947b) assumes that the frac-
ture sites correspond to material points with low failure
strain, which is attributed to the presence of defects
(such as microvoids), statistical variations in mate-
rial properties, and microstructure differences. Fur-
thermore, the fragments length distributions have been
Þtted to a Weibull Probability Distribution Function
(PDF) represented by a black solid line, see equation
(1), with � and � being the scale and shape param-
eters, which are included in the upper-right part of
Figs.9a and b. The decrease in the scale parameter with
increasing impact velocity is consistent with the ring
expansion experiments performed byZhang and Ravi-
Chandar(2006) on aluminum 6061-O samples, illus-
trating a reduction in the distance between fractures as
the loading rate rises. Moreover, note that the explo-
sively driven fragmentation experiment conducted by
Bolis et al.(2013) on a Ti6Al4V hemispherical shell at a
strain rate of 17000 sŠ1 resulted in an average fragment
size of 150 mm2 (no information was provided on the
shellÕs thickness or diameter). Assuming the fragments
are approximately square, the average fragment length
is 12.25 mm. This value is similar to the average frag-
ment lengths observed in the cylinder expansion tests
reported in this study, see Table2.

f =
k
�

�
L �

�

� kŠ1

eŠ(L � /�) k
(1)

Figure10illustrates the fragment mass distributions
m for monolithic specimens, see Tables8 to 23. The
presentation of results is similar to that in Fig.9, using
the same color coding and displaying the data as a func-
tion of loading speed. Experiments for impact velocity
ranges 1 and 2 are shown in subplots10a and b, respec-
tively. Both the mean (µ ) and standard deviation (SD)
of the fragment mass distribution decrease with increas-
ing impact velocity, see Table3. The results have been
Þtted to a Weibull distribution function, indicated by
the solid black line. The scale parameter of the distribu-
tion function decreases with increasing impact velocity,
supporting the notion that the distance between frac-
tures diminishes as the loading rate rises. The compar-
ison of Figs.9 and10 reveals that whether assessing
fragment length or mass, the results are qualitatively
the same, indicating that the fragments are smaller with
increasing impact velocity. Moreover, the thickness
measurements of the fragments presented in Tables8
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Fig. 8 Variation of the average fragments circumferential length
L̄ � with respect to the axial impact velocityvz. Results cor-
responding to monolithic cylindrical specimens, see Table1.
Orange circles correspond to C-Ti6Al4V-970-S, red squares to
C-Ti6Al4V-1100-S, and green triangles to C-Ti5Al5V5Mo3Cr-
970-S. The experimental data for C-Ti6Al4V-1100-S and C-
Ti5Al5V5Mo3Cr-970-S are Þtted to straight lines. The results
obtained with the monolithic titanium specimens fabricated with

FAST are compared with tests reported byNieto-Fuentes et al.
(2023a) on additive manufactured AlSi10Mg samples. The black
squares correspond to samples fabricated with standard quality
and� 6% porosity, and the black circles to samples fabricated
with performance quality and� 2% porosity. For interpretation
of the references to color in this Þgure, the reader is referred to
the web version of this article

Fig. 9 Distributions of fragments circumferential lengthL � cor-
responding to monolithic cylindrical specimens, see Tables8 to
23. Orange, red and green blocks correspond to C-Ti6Al4V-970-
S, C-Ti6Al4V-1100-S, and C-Ti5Al5V5Mo3Cr-970-S samples,
respectively. The results are collected as a function of the axial
impact velocity:a range 1Ñ248 m/ s � vz � 267 m/ s and

b range 2Ñ354 m/ s � vz � 390 m/ s. A Weibull probability
density function, see equation (1), was Þtted to the experimental
measurements (black solid line). For interpretation of the refer-
ences to color in this Þgure, the reader is referred to the web
version of this article
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Table 2 Mean (µ ) and standard deviation (SD) of the distribu-
tion of fragments lengthL � corresponding to monolithic cylin-
drical specimens, see Tables8 to 23. Impact velocity range 1Ð
248 m/ s � vz � 267 m/ s. Impact velocity range 2Ð354 m/ s �
vz � 390 m/ s

Impact velocity range 1 Impact velocity range 2

µ ( µm) 11.34 9.39

SD (µm) 4.94 4.33

Table 3 Mean (µ ) and standard deviation (SD) of the distribu-
tion of fragments massm corresponding to monolithic cylin-
drical specimens, see Tables8 to 23. Impact velocity range
1 Ð 248 m/ s � vz � 267 m/ s. Impact velocity range 2 Ð
354 m/ s � vz � 390 m/ s

Impact velocity range 1 Impact velocity range 2

µ ( g) 1.26 0.98

SD (g) 0.89 0.88

to 23demonstrate that the nominal strain at failure for
the specimens tested is relatively low, with thickness
reductions of less than 5% in most cases. However, the
variability in thickness measurements observed across
experiments complicates the ability to draw deÞnitive
conclusions regarding potential differences in failure
strain among the titanium alloys investigated.

Figure11 shows snapshots of the impact test on
specimen C-Ti6Al4V-970-S-2 for different loading
times. Recall that the sample was made of Ti6Al4V,
and FAST processing was conducted at a dwell temper-
ature of 970� C, see Sect.2.1and Table1 for details on
the specimen processing and designation, respectively.
The striker velocity isvz = 267.6 m/ s (impact velocity
range 1), and the estimated strain rate is 13216.8 sŠ1.
This particular experiment has been selected to show-
case the impact process due to the high-quality image
recording and clear identiÞcation of the onset of frac-
ture. The images obtained by camera 1 are on the left
side of the sequence, while those obtained by cam-
era 2 are on the right side. The Þrst pair of images,
snapshots (a)-(aÕ), corresponds to the time of impact
t = 0 µs. Observe the precise alignment between the
conical nose of the projectile and the longitudinal axis
of the cylinder. The uniform impact of the striker on
the inner circumference of the cylinder is essential to
ensure homogeneous deformation along the circum-
ferential direction of the specimen. Images (b)-(bÕ) at

t = 15 µs showcase the radial expansion and axial
bending of the cylinder, which develops a funnel-like
shape as the projectile advances. The Þrst fracture,
indicated by a white arrow in snapshot (cÕ), forms at
t = 25µs and is preceded by a neck-like local thinning
of the specimen thickness due to the circumferential
stretching of the cylindrical casing. The crack initially
extends in the axial direction of the specimen, as seen
in (dÕ), and then bifurcates into two att = 50 µs, as
shown in (eÕ), eventually giving rise to a petal-shaped
fragment indicated with a white arrow in image (fÕ).
At t = 70 µs, the fragmentation process is complete.
Subsequently, upon unloading the sample, the resulting
fragments undergo radial expansion and (sometimes)
bending during their free ßight, most likely due to the
sudden momentum change resulting from the violent
fracture process. Postmortem photographs of the three
recovered fragments are shown in Fig.12 (only 81.4%
of the cylinder mass was recovered). The fragments are
numbered the same as in Table8 of Appendix A. The
impacted end shows several necked sections pointed
out with red arrows, which were formed during the
expansion of the cylinder. As one moves away from the
impacted end, fractures are not preceded by the forma-
tion of well-deÞned necks. Instead, cracks propagate at
an oblique angle in relation to the circumferential direc-
tion of the ring. Note that slant fracture is commonly
observed in Ti6Al4V sheets and shells subjected to high
strain rates (Verleysen and Peirs 2017). The cracks are
observed to initiate parallel to the projectile trajectory,
then proceed to zigzag and twist (most likely due to
the axial bending of the cylinder), ultimately resulting
in the cylinder breaking perpendicular to the loading
direction. Figure13 shows a high-magniÞcation SEM
micrograph of the fracture surface indicated in Fig.12b
with a blue arrow. The fracture surface exhibits two
distinct tiers, linked by a step indicating transient crack
propagation perpendicular to the image, likely resulting
from either the convergence of initially separate cracks
or the bifurcation of an initial crack into branches.
Notice the equiaxed dimplesÑßat dimple rupture (Bar-
soum and Faleskog 2007)Ñ, characteristic of ductile
tensile-dominated fracture (Tang et al. 2020) caused
by the stretching of the material during the expansion
and fragmentation of the cylinder. The larger dimples
are likely caused by voids formed at prior beta grain
boundaries and alpha/beta subgrain interfaces, while
smaller dimples of varying sub-micron sizes may have
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Fig. 10 Distributions of fragments massm corresponding to
monolithic cylindrical specimens, see Tables8to23. Orange, red
and green blocks correspond to C-Ti6Al4V-970-S, C-Ti6Al4V-
1100-S, and C-Ti5Al5V5Mo3Cr-970-S samples, respectively.
The results are collected as a function of the axial impact veloc-
ity: (a) range 1Ñ248 m/ s � vz � 267 m/ s and (b) range

2Ñ354 m/ s � vz � 390 m/ s. A Weibull probability density
function, see equation (1), was Þtted to the experimental mea-
surements (black solid line). For interpretation of the references
to color in this Þgure, the reader is referred to the web version of
this article

formed at different stages of the deformation and dam-
age process (Pineau et al. 2016).

Figure14displays a series of snapshots correspond-
ing to the impact test on specimen C-Ti6Al4V-1100-
S-3. The material was FAST-processed at a dwell tem-
perature of 1100� C, differing from the 970� C used
for specimen C-Ti6Al4V-970-S-2 depicted in Figs.11,
12, 13. Recall that the effect of the dwell tempera-
ture on the stressÐstrain characteristic and microstruc-
ture of Ti6Al4V was discussed in Sect.2.1. The striker
velocity is vz = 256.4 m/ s (impact velocity range
1), which isonly 4% less compared to specimen C-
Ti6Al4V-970-S-2. The snapshots illustrate the impact
process from the time at which the projectile hits the
target until complete fragmentation of the cylindrical
specimen. Images (a)-(aÕ) show the uniform contact of
the striker on the inner circumference of the cylinder,
while images (b)-(bÕ) depict the axial penetration of
the striker into the specimen, resulting in radial expan-
sion and axial bending of the cylinder wall. Several
cracks are formed at the impacted end at t= 25µs, as
indicated in (c). The speciÞc locations where the Þrst
cracks form are likely determined by the presence of
material defects or by local perturbations in the stress
Þeld caused by the projectile impact. The white arrows
in (c), (d), and (e) indicate fractures initially propa-
gating toward the axial direction of the specimen due

to circumferential stretching of the cylindrical casing
but gradually twisting and eventually progressing at a
certain inclination with respect to the specimen axis,
likely due to bending of the cylinder wall. These two
fractures ultimately meet at t= 80 µs leading to the
formation of a triangular-shape fragment (number 4 in
Fig.16and Table14). The red arrow in (c) and (d) high-
lights a crack that forms between the two indicated by
white arrows. It progressed only a short distance before
arrest, see Fig.16a, likely due to unloading caused by
the fast-propagating neighboring fractures, which pre-
vent the specimen portion between them from continu-
ing to deform. The Þve fragments recovered correspond
to 72.1% of the mass of the specimen and are shown in
Fig.16. Note that none of the fragments cover the entire
length of the cylinder, and both fragments correspond-
ing to the impacted and clamped ends tend to exhibit
slant fracture and sharp corners due to the intersec-
tion of cracks diagonally traversing the specimen. Fig-
ure18a shows a high-magniÞcation SEM micrograph
of the fracture surface indicated in Fig.16b with a blue
arrow. The fracture surface displays both equiaxial dim-
ples (nearly spherical) and elongated shallow dimples
(nearly elliptical) of largely varying sizes. This obser-
vation suggests that the material experienced a combi-
nation of tensile and shear stress states (Barsoum and
Faleskog 2007), likely arising from the stretching and
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Fig. 11 Sequence of images of the impact test for specimen C-
Ti6Al4V-970-S-2 for different loading times:aÐa’ t = 0 µs,
b–b’ t = 15µs,c–c’ t = 25µs,d–d’ t = 35µs,e–e’t = 50µs
andf–f’ t = 70 µs. Images obtained by camera 1 are on the left
side of the sequence, while those obtained by camera 2 are on
the right side. The impact velocity isvz = 267.6 m/ s (impact
velocity range 1). For interpretation of the references to color in
this Þgure, the reader is referred to the web version of this article

bending of the cylinder, which is instrumental for the
twisting of the cracks during the fragmentation pro-
cess, and the slanted fracture occurring along planes
oriented at� 45� with respect to the circumferential
direction of the cylinder. Moreover, fractography anal-
ysis of both C-Ti6Al4V-970-S-2 and C-Ti6Al4V-1100-
S-3 samples, as depicted in Figs.13 and18a, reveals
evident signs of ductile fracture characterized by exten-
sive plastic deformation. This underscores the ability
of FAST-processed Ti6Al4V alloys to absorb energy
under impact loading.

Figure15presents a sequence of snapshots recorded
during the impact experiment on specimen C-Ti6Al4V-
1100-S-4. The distinction from the test in Fig.14is the
higher impact velocity:vz = 364.5 m/ s (impact veloc-
ity range 2). The sequence of images captures the time
at which the impact occurs (a)-(aÕ), followed by the
uniform radial expansion of the specimen and axial
bending of the cylinder wall (b)-(bÕ), the formation of
fractures (c)-(cÕ), and their subsequent propagation (d)-
(dÕ)-(e)-(eÕ), ultimately leading to the fragmentation of
the sample (f)-(fÕ). In comparison to the test on sample
C-Ti6Al4V-1100-S-3, an increase in impact velocity
leads to the formation of a greater number of cracks.
The fractures display a zigzag propagation pattern,
where some appear to intersect, while others traverse
the entire sample, resulting in longer and more regu-
lar fragments compared to the tests performed at lower
speed (for projectile velocities within the impact speed
range 1). An increase in impact velocity makes cracks
less likely to twist and crisscross. This suggests that the
axial bending of the cylinder wall diminishes with the
loading rate, or is at least less pronounced compared
to the radial expansion of the tube, which is responsi-
ble for the circumferential stretching of the cylindrical
casing and the axial trajectory of the cracks. The same
effect of impact velocity on cracks path was obtained
in the tests performed byNieto-Fuentes et al.(2023a)
on printed AlSi10Mg cylinders. The nine fragments
recovered from the test on sample C-Ti6Al4V-1100-
S-4 are shown in Fig.17. These fragments correspond
to 91.6% of the total mass of the cylinder. Fragments
7 and 8 encompass the entire length of the cylinder,
see Table15. Although the cracks shaping these two
fragments followed a zigzag path (and the fragments
are slightly bent since the specimen develops a funnel
shape during the test), they did not intersect but instead
traversed the cylinder from end to end, leading to the
formation of slender strips with arelatively uniform
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Fig. 12 Post-mortem photography of the recovered fragments
corresponding to specimen C-Ti6Al4V-970-S-2:a outer surface,
b inner surface. The impact velocity isvz = 267.6 m/ s (impact

velocity range 1). The fragments are numbered the same as in
Table8 of Appendix A. Millimeter graph paper is used as a ref-
erence for the dimensions

Fig. 13 High-magniÞcation SEM micrograph of fracture sur-
face corresponding to fragment 1 of specimen C-Ti6Al4V-970-
S-2 indicated in Fig.12b with a blue arrow. The impact velocity is
vz = 267.6 m/ s (impact velocity range 1). For interpretation of
the references to color in this Þgure caption, the reader is referred
to the web version of this article

cross-section. Fragment 9 is also notably long, cover-
ing more than three-Þfths of the sample length, see
Table15. While there are some short, triangle-shaped
fragments (e.g., numbers 2, 3, and 4), a comparison
with Fig.16 reveals that an increase in impact speed

tends to generate (some) longer fragments, which are
also narrower due to the formation of more cracks at
the impacted end of the sample (the size of Figs.16
and 17 is practically the same, as observed on the
millimeter paper, enabling a visual comparison of the
fragment sizes in both experiments). Note that spec-
imens C-Ti6Al4V-1100-S-5 and C-Ti6Al4V-1100-S-
6, which were also tested within the impact veloc-
ity range 2, exhibited a similar fragmentation pattern
with multiple slender fragments, see Tables16and17.
Note also that the impact tests conducted byNieto-
Fuentes et al.(2023a) on printed AlSi10Mg cylinders
also showed that higher impact velocities lead to the
formation of longer fragments. Figure18b depicts a
high-magniÞcation SEM micrograph of the fracture
surface of sample C-Ti6Al4V-1100-S-4, indicated by
the blue arrow in Fig.17b. The fractography analy-
sis shows a multitude of ßat sheared dimples, reveal-
ing a locally shear-dominated fracture (Liao and Duffy
1998; Xu et al. 2019). The formation of slant fractures,
accompanied by elongated sheared dimples, is likely
attributed to the sensitivity of Ti6Al4V to shear local-
ization development at high loading rates (Da Silva and
Ramesh 1997; Peirs et al. 2010). Upon reviewing the
fractography analyses depicted in Figs.13 and 18, it
seems that distinct segments of the cracks demonstrate

123



   32 Page 20 of 57 T. Virazels et al.

Fig. 14 Sequence of
images of the impact test for
specimen
C-Ti6Al4V-1100-S-3 for
different loading times:aÐa’
t = 0 µs,bÐb’ t = 15µs,
cÐc’ t = 25µs,dÐd’
t = 40 µs,eÐe’ t = 50 µs
andf Ðf’ t = 80 µs. Images
obtained by camera 1 are on
the left side of the sequence,
while those obtained by
camera 2 are on the right
side. The impact velocity is
vz = 256.4 m/ s (impact
velocity range 1). For
interpretation of the
references to color in this
Þgure, the reader is referred
to the web version of this
article

123



High-velocity fragmentation of titanium alloy rings Page 21 of 57    32 

Fig. 15 Sequence of
images of the impact test for
specimen
C-Ti6Al4V-1100-S-4 for
different loading times:aÐa’
t = 0 µs,b–b’ t = 15µs,
c–c’ t = 25µs,d–d’
t = 40 µs,e–e’t = 50 µs
andf–f’ t = 80 µs. Images
obtained by camera 1 are on
the left side of the sequence,
while those obtained by
camera 2 are on the right
side. The impact velocity is
vz = 364.5 m/ s (impact
velocity range 2). For
interpretation of the
references to color in this
Þgure, the reader is referred
to the web version of this
article
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Fig. 16 Post-mortem photography of the recovered fragments
corresponding to specimen C-Ti6Al4V-1100-S-3: (a) outer sur-
face, (b) inner surface. The impact velocity isvz = 256.4 m/ s

(impact velocity range 1). The fragments are numbered the same
as in Table14of Appendix A. Millimeter graph paper is used as
a reference for the dimensions

Fig. 17 Post-mortem photography of the recovered fragments
corresponding to specimen C-Ti6Al4V-1100-S-4: (a) outer sur-
face, (b) inner surface. The impact velocity isvz = 364.5 m/ s

(impact velocity range 2). The fragments are numbered the same
as in Table15of Appendix A. Millimeter graph paper is used as
a reference for the dimensions

dominance either in tensile or shear loading, thereby
revealing a complex stress state at the fracture level.

Figure19 shows a series of images of the impact
test on specimen C-Ti5Al5V5Mo3Cr-970-S-4 for dif-
ferent loading times. Note that the cylinder is made
out of Ti5Al5V5Mo3Cr instead of the Ti6Al4V alloy
used to produce the samples tested in the experi-
ments shown in Figs.11 to 18. Recall that the effect
of the titanium alloy grade on the stressÐstrain char-
acteristic and microstructure of the cylindrical spec-

imens was discussed in Sect.2.1. The impact veloc-
ity is vz = 374.5 m/ s (impact velocity range 2).
Notably, the fragmentation process closely resembles
that observed in the experiment conducted on sam-
ple C-Ti6Al4V-1100-S-4, as analyzed in Figs.15 to
17, where the impact velocity was (only) 3% smaller.
The cracks initiated at the impacted end of the cylinder
propagate axially towards the clamped end, zigzagging
and branching as they traverse the specimen. Several
of these fractures intersect each other, leading to the
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Fig. 18 High-magniÞcation SEM micrographs of fracture sur-
faces corresponding to:a fragment 4 of specimen C-Ti6Al4V-
1100-S-3 indicated in Fig.16b with a blue arrow andb frag-
ment 7 of specimen C-Ti6Al4V-1100-S-4 indicated in Fig.17b
with a blue arrow. The samples C-Ti6Al4V-1100-S-3 and C-

Ti6Al4V-1100-S-4 are tested at impact velocities of 256.4 m/ s
(impact velocity range 1) and 364.5 m/ s (impact velocity range
2), respectively. For interpretation of the references to color in
this Þgure caption, the reader is referred to the web version of
this article

formation of short fragments, while some other span
the cylinder from end to end and lead to the formation
of long, slender fragments (similar fragmentation pro-
cess was observed for specimens C-Ti5Al5V5Mo3Cr-
970-S-5 and C-Ti5Al5V5Mo3Cr-970-S-6 which were
also tested within the impact velocity range 2). These
Þndings suggest that the impact speed is a critical
factor governing the fragmentation of titanium cylin-
ders within the loading rates considered in this inves-
tigation. Despite the differences in material compo-
sition between specimens C-Ti6Al4V-1100-S-4 and
C-Ti5Al5V5Mo3Cr-970-S-4, the observed fragmen-
tation mechanisms show remarkable similarity, likely
attributed to the fact that both samples were tested at
similar speed. Figure20shows photographs of the eight
fragments recovered from sample C-Ti5Al5V5Mo3Cr-
970-S-4 which correspond to 91.4% of the total mass
of the cylinder. All fragments show slanted fracture
surfaces. Fragments numbered 1, 4, and 8 cover the
entire length of the specimen, while fragment 5 is
three-Þfths of the specimenÕs length, see Table21. The
dimensions of Figs.17 and20 are nearly identical, as
demonstrated by the millimeter paper, illustrating the
comparable distributions of fragment sizes observed in
both experiments. Figure21displays a secondary elec-

tron microscope image of the fracture surface refer-
enced in Fig.20b by a blue arrow. Observe the severely
stretched dimples, elongated and displaying distinctive
parabolic patterns. The material has ßowed in the direc-
tion of maximum shear, resulting in a slant shear frac-
ture inclined approximately 45� relative to the circum-
ferential direction of the specimen (Bron et al. 2004).

3.2 Multimaterial samples

Figures22 and 23 show the fragmentation process
for specimens C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-
PP-2 and C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-6,
respectively. The samples consist of two halves com-
posed of Ti6Al4V-970 and Ti5Al5V5Mo3Cr-970, which
divide the cylinder along a plane perpendicular to its
axis, see Fig.1 and Table1. The distinction between
these experiments is the impact velocity which is
261.4 m/ s for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-
PP-2 (velocity range 1) and 374.2 m/ s for C-Ti6Al4V
/Ti5Al5V5Mo3Cr-970-D-PP-6 (velocity range 2). The
section made of Ti6Al4V is positioned on the impacted
side of the specimens. The interface between the
two materials is indicated with a red dashed line
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Fig. 19 Sequence of
images of the impact test for
specimen C-
Ti5Al5V5Mo3Cr-970-S-4
for different loading times:
a–a’ t = 0 µs,b–b’
t = 15µs,c–c’ t = 25µs,
d–d’ t = 35µs,e–e’
t = 45µs andf–f’
t = 65µs. Images obtained
by camera 1 are on the left
side of the sequence, while
those obtained by camera 2
are on the right side. The
impact velocity is
vz = 374.5 m/ s (impact
velocity range 2). For
interpretation of the
references to color in this
Þgure, the reader is referred
to the web version of this
article
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Fig. 20 Post-mortem photography of the recovered fragments
corresponding to specimen C-Ti5Al5V5Mo3Cr-970-S-4:aouter
surface,b inner surface. The impact velocity isvz = 374.5 m/ s

(impact velocity range 2). The fragments are numbered the same
as in Table21of Appendix A. Millimeter graph paper is used as
a reference for the dimensions

in snapshots22a and23a. The mechanisms govern-
ing crack formation and propagation closely resem-
ble those observed in the experiments discussed in
Sect.3.1. The fractures initiated at the impacted end
of the sample traverse the cylinder, exhibiting a dis-
tinct crisscross pattern. Some cracks interact, lead-
ing to the formation of short fragments, while oth-
ers extend across the entire sample, forming long
strips. Notably, the interface between the two mate-
rials exhibits no discernible impact on the propa-
gation path of the fractures. The fragments recov-
ered from these two experiments are included in
Fig.24. In the post-mortem photograph of specimen C-
Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-2, the Ti6Al4V
and Ti5Al5V5Mo3Cr sections are identiÞed by motifs
painted in purple and green, respectively, while in the
case of sample C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-
PP-6, the two alloys are marked with black and green
motifs. Note that it is only in fragment 5 of sample
C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-2 that a crack
(partially) propagates through the interface between
the two materials. None of the other cracks forming
the fragments extend along the boundary between the
two specimen sections. Similar observations have been
made for specimens C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-
D-PP-1, C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-3, and
C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-4. However,

the detailed results for these samples are not presented
here to maintain brevity.

Figures25 and26 showcase images captured dur-
ing the fragmentation tests performed on specimens C-
Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-3 and C-Ti6A
l4V/Ti5Al5V5Mo3Cr-1100-D-PL-1, respectively. The
samples consist of two halves composed of Ti6Al4V
and Ti5Al5V5Mo3Cr which divide the cylinder along
a plane parallel to its axis, see Fig.1 and Table1,
so that the striker impacts both materials simultane-
ously. The interface between the two titanium alloy
grades is indicated with a red dashed line in snap-
shots25a and26a. The projectile speed lies within
the impact velocity range 1: 261.4 m/ s in Fig.25 and
266.0 m/ s in Fig.26. Note that the main distinction
between these specimens is that the dwell temperature
is 970� for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-
3 and 1100� for C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-
D-PL-1. The video footage of Figs.25 and26 show-
case that the interface has no noticeable effect on the
specimens fragmentation; cracks neither preferentially
form at the interface nor propagate along the materials
boundary. Instead, the fractures exhibit the same zigzag
pattern observed in all other specimens previously ana-
lyzed in Sects.3.1 and3.2, with some of these cracks
intersecting as they propagate towards the clamped end
of the cylinder. The fragments recovered from spec-
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Fig. 21 High-magniÞcation SEM micrographs of frac-
ture surface corresponding to fragment 2 of specimen C-
Ti5Al5V5Mo3Cr-970-S-4 indicated in Fig.20b with a blue
arrow. The impact velocity isvz = 256.4 m/ s (impact veloc-
ity range 1). For interpretation of the references to color in this
Þgure caption, the reader is referred to the web version of this
article

imens C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-3 and
C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-1 are shown
in Fig.27a and b, respectively. Five fragments corre-
sponding to 87.6% of the total specimen mass were
recuperated for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-
PL-3. The Ti6Al4V and Ti5Al5V5Mo3Cr sections
were colored with black dots and blue lines, respec-
tively. The cracks do not propagate through the material
interface; instead, they repeatedly traverse the bound-
ary between the two halves of dissimilar materials. Sim-
ilar observations are made based on the four fragments
recovered for specimen C-Ti6Al4V/Ti5Al5V5Mo3Cr-
1100-D-PL-1, which correspond to 53.4% of the total
cylinder mass. The Ti6Al4V and Ti5Al5V5Mo3Cr sec-
tions were colored with blue circles and purple squares,
respectively. None of the cracks appears to progress
through the material interface; and it is only in the
case of fragment 4 that a fracture initiates near the
boundary (albeit not directly at the boundary). These
observations underscore that, in the tube expansion
experiments conducted in this work, the fragmenta-
tion dynamics are largely independent of the mate-
rial interface. Similar results have been obtained for all
other multimaterial cylinders tested, although the video
footage and fragments photographs are not presented
for brevity.

4 Ring expansion tests

The impact fragmentation campaign for ring-shaped
specimens includes 27 tests. Table4 presents detailed
information on each experiment: specimen designa-
tion, axial impact velocity (vz), estimated circumfer-
ential strain rate (�� � ), average fragments length mea-
sured in the circumferential direction of the specimen
along with its standard deviation (L � ± SD), average
fragments width along with its standard deviation (w±
SD), average fragments thickness along with its stan-
dard deviation (t± SD), average fragments mass along
with its standard deviation (m± SD), average necks
spacing measured in the circumferential direction of
the specimen along with its standard deviation (L

neck
� ±

SD), number of fragments based on the video record-
ings (Nv), number of fragments recovered (Nr ), num-
ber of necks in the fragments recovered including the
necks that developed into fractures (Nneck

r ), and per-
centage of mass recovered relative to the complete ring
(�m). The dimensions and mass of all recovered frag-
ments are provided in Tables37 to 63, of Appendix B.
The circumferential length, width and thickness of each
fragment were measured following the same procedure
applied to the cylinder-shape specimens, see Sect.3.
Despite recovering all visible fragments in some exper-
iments, the mass of the fragments never matches the
mass of the ring before testing. This discrepancy is
likely attributed to the ejection of material particles
and debris during crack formation and fragmentation.
The criterion to consider that a neck is formed is that
the square root of the quadratic sum of the engineer-
ing strains in both circumferential and axial directions
at the necked section is greater than 5%. Note that
the engineering strains are computed using the thick-
ness and width of the specimen before and after test-
ing. This necking criterion is arbitrary, yet we have
checked that the number of necks considered is hardly
sensitive to the cutoff value of strain chosen. Note that
all the fractures originated at necked sections of the
ring, see Sects.4.1 and 4.2. The tests on monolithic
and multimaterial samples are presented in Sects.4.1
and4.2, respectively. The notation used for designat-
ing the specimens is the same as that employed for
cylinders, except the initial C has been replaced by an
R, indicating a reference to rings.
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Fig. 22 Sequence of images of the impact test for specimen
C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-2 for different loading
times:a t = Š 45 µs,b t = 0 µs,c t = 20 µs,d t = 40 µs and
e t = 75 µs. Images obtained by camera 1. The impact velocity

is vz = 261.4 m/ s (impact velocity range 1). For interpretation
of the references to color in this Þgure, the reader is referred to
the web version of this article

Fig. 23 Sequence of images of the impact test for specimen
C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-6 for different loading
times:a t = Š 45 µs,b t = 0 µs,c t = 20 µs,d t = 40 µs and
e t = 75 µs. Images obtained by camera 1. The impact velocity

is vz = 374.2 m/ s (impact velocity range 2). For interpretation
of the references to color in this Þgure, the reader is referred to
the web version of this article

Fig. 24 Post-mortem photography of the outer sur-
face of recovered fragments corresponding to speci-
mens: (a) C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-2 tested
at vz = 261.4 m/ s (impact velocity range 1) and

(b) C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-6 tested at
vz = 374.2 m/ s (impact velocity range 2). The fragments
are numbered the same as in Tables25 and28 of Appendix A.
Millimeter graph paper is used as a reference for the dimensions
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Table 4 The impact fragmentation campaign on ring-shape
specimens consists of 27 experiments: specimen designation (see
Sect.2.1), axial impact velocity (vz), estimated circumferential
strain rate (�� � ), average fragments length measured in the cir-
cumferential direction of the specimen along with its standard
deviation (L � ± SD), average fragment width along with its stan-
dard deviation (w ± SD), average fragments thickness along with
its standard deviation (t ± SD), average fragments mass along

with its standard deviation (m ± SD), average necks spacing
measured in the circumferential direction of the specimen along

with its standard deviation (L
neck
� ± SD), number of fragments

based on video recordings (Nv), number of fragments recovered
(Nr ), number of necks in the fragments recovered including the
necks that developed into fractures (Nneck) and percentage of
mass recovered relative to the complete ring (�m)

Fig. 25 Sequence of images of the impact test for specimen
C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-3 for different loading
times:a t = Š 45 µs,b t = 0 µs,c t = 20 µs,d t = 40 µs and
e t = 75 µs. Images obtained by camera 1. The impact velocity

is vz = 261.4 m/ s (impact velocity range 1). For interpretation
of the references to color in this Þgure, the reader is referred to
the web version of this article

Fig. 26 Sequence of images of the impact test for specimen
C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-1 for different load-
ing times:a–a’ t = 0 µs, b–b’ t = 15 µs, c–c’ t = 25 µs,
d–d’ t = 35 µs, e–e’ t = 45 µs andf–f’ t = 65 µs. Images
obtained by camera 1 are on the left side of the sequence, while

those obtained by camera 2 are on the right side. The impact
velocity isvz = 266.0 m/ s (impact velocity range 1). For inter-
pretation of the references to color in this Þgure, the reader is
referred to the web version of this article
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4.1 Monolithic samples

Figure28shows the normalized average necks spacing
L

neck
� / t0 versus the estimated circumferential strain

rate �� � for the tests conducted on monolithic speci-
mens: green triangles, orange circles, red squares, and
purple diamonds correspond to R-Ti5Al5V5Mo3Cr-
970-S, R-Ti6Al4V-970-S, R-Ti6Al4V-1100-S and R-
Ti5Al5V5Mo3Cr-1100-S, respectively. The results for
the normalized average necks spacing vary between
3.4 and 7.6, with an average value of 5.5. While these
experiments do not show deÞnite trend regarding the
effect of loading velocity onL

neck
� / t0 (more tests at

different projectile velocities are needed), the aver-
age value of the necks spacing is slightly lower in
the impact velocity range 2 than in range 1 (see the
discussion below). Since data from different materials
are utilized, this interpretation should be approached
with caution (e.g., the results for R-Ti6Al4V-970-S are
slightly higher than those for the other titanium alloys,
see also Fig.8). Nevertheless, the decrease in the dis-
tance between necks with the loading rate is consistent
with experimental results obtained from ring expan-
sion tests in the literature. For instance, Fig.28includes
experimental data obtained from the tests conducted by
Zhang and Ravi-Chandar(2006, 2008) using an elec-
tromagnetic loading scheme on Al 60610-O, Al 1100-
H14 and Cu 101 rings (black and white diamonds, cir-
cles and squares). Note that normalizing the average
neck spacing by the thickness enables a meaningful
comparison of samples with different cross-sections
(the samples tested inZhang and Ravi-Chandar(2006,
2008) have a thickness of 0.5 mm). The results obtained
from the monolithic titanium specimens fabricated with
FAST are quantitatively very close to the experimen-
tal data obtained byZhang and Ravi-Chandar(2006,
2008) for the three materials they tested. The compar-
ison with the experiments ofZhang and Ravi-Chandar
(2006, 2008) suggests that the ring expansion tests con-
ducted in this paper do not exhibit a clear trend regard-
ing the effect of loading rate on reducing neck spacing
of titanium alloys, likely due to the relatively narrow
range of impact velocities investigated (within the same
range of loading rates, the tests ofZhang and Ravi-
Chandar(2006, 2008) also show a mild decrease of
the neck spacing).

The experimental results have also been compared
with the predictions of the 1D linear stability analy-

sis developed byZhou et al.(2006). The linear sta-
bility approach involves introducing a small perturba-
tion to the fundamental analytical solution of the ring
expansion problem at a speciÞed loading time (Fres-
sengeas and Molinari 1985, 1994). The perturbation
grows for strains greater than the Consid•re criterion at
a rate denoted as� + , within a Þnite number of modes
which are assumed to deÞne the range of neck spac-
ings observed in the localization pattern (Vaz-Romero
et al. 2017). The mode that exhibits the fastest growth
rate, denoted as� +

c , is characterized by a perturbation
wavenumber referred to as the critical wavenumber
� c, which is used to compute the average neck spac-

ing L
neck
� =

2	
� c

. The critical wavenumber evolves

with the sample straining during the ring expansion
(under dynamic loading, necking localization occurs
for strains greater than the Consid•re criterion due to
inertia effects (Vaz-Romero et al. 2017)). Therefore, the
comparison between experiments and linear stability
analysis requires to deÞne a criterion for the perturba-
tion mode to turn into a necking mode (NÕsouglo et al.
2020, 2021). For that purpose,Dudzinski and Moli-
nari (1991) introduced the concept of effective insta-
bility, which is based on the assumption that a local-
ized neck is triggered when the cumulative instability
index I =

� t
tconsid̀ere

� + dt reaches a critical value (Vaz-
Romero et al. 2017; NÕsouglo et al. 2020), which is
known as the critical cumulative instability indexIc. In
this study, we set the critical value atIc = 0.18, cali-
brated to Þt the experiments conducted on Ti6Al4V-970
samples tested within the higher velocity range (Vaz-
Romero et al. 2017). In the linear stability analysis, the
mechanical behavior of the material is considered to
follow rate-independent von Mises plasticity with the

yield stress evolution given by
 Y = 
 0

�
1 + � p

� 0

� n
,

where
 0 = 807.48 MPa is the reference yield stress,
� 0 = 0.0051 is the reference strain, andn = 0.060 is
the strain hardening exponent. The values of
 0, � 0, and
n have been adjusted to Þt the stressÐstrain characteris-
tic of Ti6Al4V-970 shown in Fig.2. The stability analy-
sis predictions are represented in Fig.28by a light-blue
solid line. The analytical results Þnd satisfactory qual-
itative correlation with the experimental data obtained
from the FAST-processed titanium samples, showing
a mild decrease of the average necks spacing within
the range of loading rates investigated in this work.
Despite the analytical predictions presented here being
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Table 5 Mean (µ ) and standard deviation (SD) of the dis-
tribution of necks spacingLneck

� corresponding to monolithic
ring specimens, see Tables37 to 54. Impact velocity range
1 Ð 248 m/ s � vz � 267 m/ s. Impact velocity range 2 Ð
354 m/ s � vz � 390 m/ s

Impact velocity range 1 Impact velocity range 2

µ ( µm) 10.77 9.97

SD (µm) 6.88 5.29

only partially validated by the experiments, they can be
further assessed through independent tests that will be
published in future work on multiple necking in tita-
nium alloys (this is work in progress). Moreover, the
observed underestimation of the average neck spacing
at lower strain rates may be attributed to decreased iner-
tia effects, leading to a necking pattern that is less con-
trolled by the development of speciÞc unstable necking
wavelengths and more inßuenced by the formation of
necks in the weaker sections of the specimens, likely
due to material defects or deviations from perfectly uni-
form radial loading (NÕsouglo et al. 2018).

Figure29 shows the distributions of necks spac-
ing Lneck

� corresponding to monolithic FAST-processed
titanium ring specimens, see Table4. Arrested necks
and fractured necks are considered. Orange, red, green
and purple blocks correspond to R-Ti5Al5V5Mo3Cr-
970-S, R-Ti6Al4V-970-S, R-Ti6Al4V-1100-S and R-
Ti5Al5V5Mo3Cr-1100-S samples, respectively. The
results are collected as a function of the striker speed,
with tests performed for impact velocity ranges 1 and 2
included in subplots29a and b, respectively. Combin-
ing data for R-Ti5Al5V5Mo3Cr-970-S, R-Ti6Al4V-
970-S, R-Ti6Al4V-1100-S, and R-Ti5Al5V5Mo3Cr-
1100-S in a single graph enhances statistical signiÞ-
cance of results, yet the interpretation of Fig.29should
be qualitative due to the inclusion of data from two tita-
nium grades processed at two different dwell tempera-
tures. The range of necks spacing narrows as the impact
velocity increases, leading to a (slight) reduction in
both the mean (µ ) and the standard deviation (SD) in
the distribution of neck-free segments, see Table5. Fur-
thermore, the necks spacing distributions have been Þt-
ted to a Weibull probability distribution function, see
equation (1), represented in Fig.29by a black solid line.
The numerical values of the scale and shape parameters
are provided in the upper-right part of subplots29a and
b. Similar to the experiments conducted on cylinder-

shaped specimens, the decrease in the scale parameter
with the striker speed illustrates the reduction in the dis-
tance between necks as the loading rate increases. This
Þnding might be rationalized using the theory proposed
by Mott (1947b), suggesting that necks form at spe-
ciÞc locations in the specimen due to statistical ßuctu-
ations in the critical necking strain resulting from mate-
rial heterogeneity at the microstructural scale (Zhang
and Ravi-Chandar 2006). The release wave emanat-
ing from necks that nucleate at a lower strain level is
assumed to inhibit the nucleation of additional necks
in nearby sections, so that the length of the neck-free
segments is determined by the distance traveled by the
unloading wave. Increasing the loading rate causes the
release wave to cover a shorter distance, potentially
explaining the decrease in neck spacing as the projec-
tile speed increases (Zhang and Ravi-Chandar 2006). In
addition, the stabilizing effect of inertia on long neck-
ing wavelengths may also contribute to the decrease in
neck spacing with the loading rate. The stability anal-
ysis used to predict the experimental data in Fig.28
states that inertia leads to a decrease in the average
neck spacing as the loading rate increases (Mercier
and Molinari 2003; Rodr’guez-Mart’nez et al. 2013,
2017), favoring the formation of more necks nucle-
ating at shorter distances due to the development of
unstable necking modes. In this work, we assume that
both defects and inertia interact to determine the Þnal
characteristics of the necking pattern in the ring expan-
sion experiments, with their relative contributions dic-
tated by the speciÞc loading rate. The role of defects as
preferential nucleation sites for necks, combined with
the unloading waves generated by early necks, consti-
tutes a mechanism of growing importance in control-
ling the spacing between adjacent necks as the strain
rate decreases. Conversely, the effect of inertia, which
promotes the growth of speciÞc necking wavelengths
that determine the spacing between consecutive necks,
becomes more pronounced as the strain rate increases.
When both defects and inertia contribute to the frag-
mentation of the rings, defects likely establish preferen-
tial sites for plastic localization, some of which evolve
into necks, with spacing inßuenced by unstable wave-
lengths driven by inertia. Note that the inertia param-
eter H̄Š1, as deÞned in equation(3.28) of NÕsouglo
et al. (2018), has a value of approximately 0.025 for
the experiments conducted in this study, while numeri-
cal simulations reported inNÕsouglo et al.(2018) indi-
cated that the effect of defects on multiple necking for-
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Fig. 27 Post-mortem photography of the outer sur-
face of recovered fragments corresponding to speci-
mens: a C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-3 tested
at vz = 261.4 m/ s (impact velocity range 1) and

b C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-1 tested at
vz = 266.0 m/ s (impact velocity range 1). The fragments
are numbered the same as in Tables31 and33 of Appendix A.
Millimeter graph paper is used as a reference for the dimensions

mation is important for inertia parameter values below
0.1 (therefore, it appears plausible that both defects and
inertia contribute to the formation of the multiple neck-
ing pattern observed in the experiments conducted in
this study).

Figure30illustrates the fragment mass distributions
m for monolithic specimens, see Tables37 to 54.
The results follow the format of Fig.29, using the
same color coding to differentiate the tested alloys
and showing the data as a function of loading speed,
with impact velocity ranges 1 and 2 illustrated in sub-
plots 30a and b, respectively. The mass of the frag-
ments decreases with increasing velocity, leading to
a distribution that exhibits greater uniformity in frag-
ment mass as the impact velocity rises. For instance,
Table6 shows that the mean fragment mass decreases
from 0.38 g to 0.29 g as the loading speed increases
from range 1 to range 2, while the standard deviation
drops from 0.21 g to 0.14 g. The experimental data
has been Þtted to a Weibull probability function, rep-
resented by the solid black line. The scale parameter,
� , decreases from 0.43 to 0.33 as the impact velocity
increases from 1 to 2, consistent with experiments on
cylinders, see Fig.10, and illustrating a reduction in
fracture spacing with higher loading rates. Note that
the decrease in fragment size with increasing loading
rate has been documented in the literature for most

tested materials and appears to be independent of the
materialÕs microstructure (Grady and Benson 1983;
Zhang and Ravi-Chandar 2006; Nieto-Fuentes et al.
2023b). Moreover, the fragment sizes observed in the
tests presented in this paper are consistent with experi-
mental data reported in previous studies. For instance,
Jones et al.(2012) conducted explosively driven ring
fragmentation experiments on Ti6Al4V samples with
thickness-to-length aspect ratios of 1: 1, 1 : 2, and
1 : 4. The strain rate in the tests was approximately
104 sŠ1 (this value is similar to the experiments in this
paper). The inner diameter and wall thickness of all
specimens were 49 mm and 3 mm, respectively. The
samples of three different thickness-to-length aspect
ratios tested byJones et al.(2012) yielded average frag-
ment sizes of 23.10 mm, 12.82 mm, and 18.17 mm,
respectively. These results are relatively similar to those
obtained in this study, where the average fragment size
for samples tested within the impact velocity ranges 1
and 2 is 30.60 mm and 22.46 mm, respectively.

Fig.31 shows the distributions of neck-to-fragment
ratio Nneck/ Nv corresponding to monolithic ring spec-
imens. The data only consider experiments in which all
fragments were recovered (�m > 98% in Table4). The
results for impact velocity ranges 1 and 2 are included in
subplots31a and b, respectively. The experimental data
has been Þtted to a Weibull probability density function.
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Table 6 Mean (µ ) and standard deviation (SD) of the distri-
bution of fragments massm corresponding to monolithic ring
specimens, see Tables37 to 54. Impact velocity range 1 Ð
248 m/ s � vz � 267 m/ s. Impact velocity range 2 Ð 354 m/ s �
vz � 390 m/ s

Impact velocity range 1 Impact velocity range 2

µ ( g) 0.38 0.29

SD (g) 0.21 0.14

Increasing the loading speed leads to a narrower distri-
bution, where the ratioNneck/ Nv decreases toward 1,
indicating that higher loading rates result in a greater
proportion of necks developing into fractures. For the
impact velocity range 1, the mean neck-to-fragment
ratio is 3.14, while in the higher impact velocity range,
this value drops to 2.10, see Table7. The increased pro-

portion of necks producing fractures at higher applied
velocities is attributed to inertia effects, which promote
uniform necks growth and fracture rates (Vaz-Romero
et al. 2019). Additionally, increasing the applied veloc-
ity reduces the time for release waves from early necks
and fractures to halt the development of adjacent necks
before they break (Zhang and Ravi-Chandar 2006).
It seems that, despite the microstructural differences
between the tested titanium alloys, the distribution of
neck and fragment sizes, as well as the evolution of
the number of necks and fragments with the loading
speed, can likely be analyzed using macromechani-
cal theories based on the unstable growth of speciÞc
necking modes and the propagation of release waves
from early necks and fractures. Further experimental
investigations are likely needed to identify the speciÞc
effects of microstructure on the fragmentation charac-

Fig. 28 Variation of the normalized average necks spacing

L
neck
� / t0 with respect to the estimated circumferential strain

rate�� � . Results corresponding to monolithic ring specimens, see
Table4. Green triangles correspond to R-Ti5Al5V5Mo3Cr-970-
S, orange circles to R-Ti6Al4V-970-S, red squares to R-Ti6Al4V-
1100-S and purple diamonds to R-Ti5Al5V5Mo3Cr-1100-S. The
results obtained with the monolithic titanium specimens fabri-
cated with FAST are compared with ring expansion tests con-
ducted byZhang and Ravi-Chandar(2006, 2008) using an elec-
tromagnetic loading scheme on Al 60610-O, Al 1100-H14 and
Cu 101 samples. For this comparison, the strain rate has been cal-

culated by computing the ratio between the expansion velocity in
Table 1 fromZhang and Ravi-Chandar(2006) and Tables 1 and
2 fromZhang and Ravi-Chandar(2008), and the mean radius of
the specimens. The average neck spacing has been determined
by calculating the ratio between the specimensÕ perimeter before
testing and the number of necks reported in Table 1 fromZhang
and Ravi-Chandar(2006) and Tables 1 and 2 fromZhang and
Ravi-Chandar(2008). The results obtained from the monolithic
titanium specimens fabricated with FAST are also compared with
the predictions of 1D linear stability analysis developed byZhou
et al.(2006). For interpretation of the references to color in this
Þgure, the reader is referred to the web version of this article
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Fig. 29 Distributions of necks spacingLneck
� corresponding to

monolithic ring specimens, see Tables37 to 54. Green, orange,
red and purple blocks correspond to R-Ti5Al5V5Mo3Cr-970-S,
R-Ti6Al4V-970-S, R-Ti6Al4V-1100-S and R-Ti5Al5V5Mo3Cr-
1100-S samples, respectively. The results are collected as a func-
tion of the impact velocity: (a) range 1Ñ 248 m/ s � vz �

267 m/ s and (b) range 2Ñ354 m/ s � vz � 390 m/ s. A Weibull
probability density function, see equation (1), was Þtted to the
experimental measurements (black solid line). For interpretation
of the references to color in this Þgure, the reader is referred to
the web version of this article

Fig. 30 Distributions of fragments massm corresponding to
monolithic ring specimens, see Tables37 to 54. Green, orange,
red and purple blocks correspond to R-Ti5Al5V5Mo3Cr-970-S,
R-Ti6Al4V-970-S, R-Ti6Al4V-1100-S and R-Ti5Al5V5Mo3Cr-
1100-S samples, respectively. The results are collected as a func-
tion of the impact velocity: (a) range 1Ñ 248 m/ s � vz �

267 m/ s and (b) range 2Ñ354 m/ s � vz � 390 m/ s. A Weibull
probability density function, see equation (1), was Þtted to the
experimental measurements (black solid line). For interpretation
of the references to color in this Þgure, the reader is referred to
the web version of this article
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Fig. 31 Distributions of neck-to-fragment ratioNneck/ Nv cor-
responding to monolithic ring specimens, see Tables37 to
54. Green, orange, red and purple blocks correspond to R-
Ti5Al5V5Mo3Cr-970-S, R-Ti6Al4V-970-S, R-Ti6Al4V-1100-
S and R-Ti5Al5V5Mo3Cr-1100-S samples, respectively. The
results are collected as a function of the impact velocity: (a)

range 1Ñ 248 m/ s � vz � 267 m/ s and (b) range 2Ñ
354 m/ s � vz � 390 m/ s. A Weibull probability density func-
tion, see equation (1), was Þtted to the experimental measure-
ments (black solid line). For interpretation of the references to
color in this Þgure, the reader is referred to the web version of
this article

Table 7 Mean (µ ) and standard deviation (SD) of the distri-
bution of neck-to-fragment ratioNneck/ Nv corresponding to
monolithic ring specimens, see Tables37 to 54. Impact velocity
range 1 Ð 248 m/ s � vz � 267 m/ s. Impact velocity range 2 Ð
354 m/ s � vz � 390 m/ s

Impact velocity range 1 Impact velocity range 2

µ 3.14 2.10

SD 1.72 1.22

teristics of titanium alloys. Moreover, note that similar
to the experiments on cylindrical samples, the thick-
ness and width measurements of the ring fragments
suggest that the nominal strain at failure is relatively
low, with reductions in thickness and width being less
than 10% in most cases, see Tables37 to 54. Notably,
the thickness and width reductions are consistent across
most fragments, suggesting that the mechanical behav-
ior is nearly isotropic between the radial and axial direc-
tions. The average nominal strain at failure for the rings,
based on the reduction in cross-sectional area, closely
matches that of the cylinders, which is determined by
the reduction in thickness, with both around 5%.

Figure32 shows snapshots of the impact test on
specimen R-Ti6Al4V-970-S-2 for different loading
times. The striker velocity isvz = 252.6 m/ s (impact

velocity range 1), and the estimated strain rate is
10135.2 sŠ1. This speciÞc experiment has been chosen
due to the high-quality image recording and the clear
identiÞcation of the uniform expansion, necking local-
ization, and fragmentation processes. The Þrst pair of
images, snapshots (a)-(aÕ), was taken att = Š 49 µs,
showing the striker approaching the pusher over which
the ring specimen is inserted. The moment when the
striker impacts the pusher is depicted in images (b)-
(bÕ). Observe the uniform contact of the projectile nose
with the inner circumference of the pusher. Following
the impact, the projectile penetrates the hollow cylin-
der, expanding it and driving the metal ring outward in
a radial direction, see (c)-(cÕ). To ensure homogeneous
deformation in the ring during radial expansion, it is
necessary for the contact between the projectile and the
tube to remain uniform throughout the loading process.
On the other hand, any deviation from perfect radial
loading perturbs the mechanical Þelds in the ring and
disrupts the symmetry of the problem, thereby favor-
ing the formation of necks and cracks. Snapshots (e)-
(eÕ) corresponding to loading timet = 49µs illustrate
the nucleation of a series of necks throughout the cir-
cumference of the ring which are indicated with white
arrows. Some of these necks develop into fractures, ulti-
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Fig. 32 Sequence of images of the impact test for specimen R-
Ti6Al4V-970-S-2 for different loading times:a–a’ t = Š 49 µs,
b–b’ t = 0 µs, c–c’ t = 43 µs, d–d’ t = 49 µs ande–e’
t = 103µs. Images obtained by camera 1 are on the left side of
the sequence, while those obtained by camera 2 are on the right
side. The impact velocity isvz = 252.6 m/ s (impact velocity
range 1). For interpretation of the references to color in this Þgure,
the reader is referred to the web version of this article

mately resulting in the complete fragmentation of the
ring and the free-ßight of the fragments, as depicted in
(f)-(fÕ). The non-uniform spatial distribution of necks
and fractures is likely attributable to spatial microstruc-
tural variations in the specimen, activating sections
with lower necking strain, and to departures from per-
fect radial loading that may favor earlier localization of
strains at speciÞc sections of the specimen. Figure33
shows images obtained from the video recording cor-
responding to specimen R-Ti6Al4V-970-S-3. The dif-
ference from the test in Fig.32 is the increased impact
velocity tovz = 374.2 m/s. The mechanics of the ring
expansion remain consistent, wherein the striker pene-
trates the pusher, causing the specimen to expand radi-
ally until a series of necks form (indicated with white
arrows), and some of these develop into fractures. Sim-
ilar observations are noted across all recordings involv-
ing monolithic ring specimens listed in Table4, which
are not presented here for the sake of brevity.

Figure34 presents postmortem photographs of the
fragments recovered from the tests on samples R-
Ti6Al4V-970-S-2 and R-Ti6Al4V-970-S-3, correspond-
ing to the video recordings in Figs.32 and33, respec-
tively. The fragments and necks are numbered the same
as in Tables42 and43 of Appendix B. Similar to the
case of the cylinder-shape samples, the fragments are
labeled with single digits, while the arrested necks
are labeled with two digits. The color of the necks
corre33sponds to that of their respective fragments.
Millimeter graph paper is used as a reference for the
dimensions. Figure34a shows the three fragments recu-
perated from ring R-Ti6Al4V-970-S-2 which corre-
sponds to 88.9% of the total mass of the specimen.
The fractures develop in necked sections of the ring,
characterized by localized thinning of the specimenÕs
cross-section, ultimately resulting in cup-cone ductile
failure (Tvergaard and Needleman 1984). Recall that
at the fracture sites, the reduced sample cross-section
satisÞes the necking criterion introduced in the Þrst
paragraph of Sect.4. The development of well-deÞned
necks, as opposed to the tests on cylindrical specimens,
is likely attributed to the (relatively small) square cross-
section of the samples which favorseasyidentiÞcation
of necks. Note that, in addition to the necks leading to
fractures, an arrested neck is observed within fragment
1, indicated by a red arrow and numbered 1.1. Figure35
shows high-magniÞcation SEM micrographs of the
fracture surfaces marked with red arrows in Fig.34a.
Both the fracture of fragment 1 and the fracture between
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Fig. 33 Sequence of images of the impact test for specimen R-
Ti6Al4V-970-S-3 for different loading times:a–a’ t = Š 34 µs,
b–b’ t = 0 µs, c–c’ t = 26 µs, d–d’ t = 37 µs ande–e’
t = 82µs. Images obtained by camera 1 are on the left side of the
sequence, while those obtained by camera 2 are on the right side.
The impact velocity isvz = 374.2 m/ s (impact velocity range
2). For interpretation of the references to color in this Þgure, the
reader is referred to the web version of this article

fragments 2 and 3 exhibit moderately elongated dim-
ples, indicating a fracture mode characterized by ten-
sile loading and eventual shear failure. This observa-
tion is consistent with the macroscopically observed
cup-cone fracture pattern, where initial void growth in
the center of the sample generally evolves into local-
ized shear fracture along the maximum shear directions
(Tvergaard and Needleman 1984). Figure34b displays
the three fragments formed in the test on sample R-
Ti6Al4V-970-S-3, constituting 99.5% of the total mass
of the ring. Recall that the mass of the fragments does
not match the mass of the ring before testing due to
debris ejected during crack propagation and fragmen-
tation. In addition to the necked sections where frac-
tures occur, fragment 1 features two arrested necks,
and fragment 2 presents three more. Note that the frac-
tures between fragments 1-3 and 2-3 display a cup-
cone shape, whereas the fracture between fragments
1-2 resembles a shear-dominated failure. Fractures dis-
playing the cup-cone pattern typically align with more
developed necks, which induce larger hydrostatic stress
in the center of the specimen cross-section, conse-
quently promoting void growth. Subsequent cracking
in the center arises from the coalescence of voids under
further strain, generating deformation shear bands at
45� from the tensile axis and ultimately leading to the
cup-cone pattern (Chen et al. 2018). Fractures display-
ing shear-dominated failure generally correspond to
less developed necks. The fracture initiates near the
specimenÕs surface and propagates through the cross-
section, following the direction of maximum shear
stress. High-magniÞcation SEM micrographs of the
fracture surfaces marked in Fig.34b with red arrows
are shown in Fig.36. While the images indicate duc-
tile failure in both the fracture between fragments 1
and 2 and the fracture between fragments 1 and 3, the
dimples exhibit shallow and elongated characteristics,
highlighting local shear localization and failure.

The formation of multiple necks and the coexis-
tence of cup-cone fractures and shear-dominated frac-
tures are observed in most of the tested rings. For
instance, Fig.37 shows post-mortem photography of
the recovered fragments corresponding to specimens
R-Ti5Al5V5Mo3Cr-1100-S-1 tested at 254.0 m/ s and
R-Ti5Al5V5Mo3Cr-1100-S-3 tested at 371.4 m/ s. The
difference with the specimens in Fig.34 is that the
rings are made of Ti5Al5V5Mo3Cr and FAST pro-
cessed at a higher dwell temperature of 1100� C.
Notably, in contrast to specimens FAST-processed at
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Fig. 34 Post-mortem photography of the recovered fragments
corresponding to specimens:a R-Ti6Al4V-970-S-2 tested at
vz = 252.6 m/ s (impact velocity range 1) andb R-Ti6Al4V-
970-S-3 tested atvz = 374.2 m/ s (impact velocity range 2). The
fragments and necks are numbered the same as in Tables42and

43of Appendix B. The fragments are labeled with single digits,
while the arrested necks are labeled with two digits, the Þrst of
which corresponds to the fragment number. The color code is
such that the necks match the color of their respective fragments.
Millimeter graph paper is used as a reference for the dimensions

Fig. 35 High-magniÞcation SEM micrographs of fracture sur-
faces corresponding to specimen R-Ti6Al4V-970-S-2 tested at
vz = 252.6 m/ s (impact velocity range 1):a fracture of frag-
ment 1 andb fracture between fragments 2 and 3. The fractures

analyzed are indicated in Fig.34a with red arrows. For interpre-
tation of the references to color in this Þgure caption, the reader
is referred to the web version of this article
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Fig. 36 High-magniÞcation SEM micrographs of fracture sur-
faces corresponding to specimen R-Ti6Al4V-970-S-3 tested at
vz = 374.2 m/ s (impact velocity range 2):a fracture between
fragments 1 and 2 andb fracture between fragments 1 and 3. The

fractures analyzed are indicated in Fig.34b with red arrows. For
interpretation of the references to color in this Þgure caption, the
reader is referred to the web version of this article

Fig. 37 Post-mortem photography of the recovered fragments
corresponding to specimens: (a) R-Ti5Al5V5Mo3Cr-1100-S-1
tested atvz = 254.0 m/ s (impact velocity range 1) and (b) R-
Ti5Al5V5Mo3Cr-1100-S-3 tested atvz = 371.4 m/ s (impact
velocity range 2). The fragments and necks are numbered the
same as in Tables50 and52 of Appendix B. The fragments are

labeled with single digits, while the arrested necks are labeled
with two digits, the Þrst of which corresponds to the fragment
number. The color code is such that the necks match the color of
their respective fragments. Millimeter graph paper is used as a
reference for the dimensions
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Fig. 38 High-magniÞcation SEM micrographs of fracture sur-
faces corresponding to specimen R-Ti5Al5V5Mo3Cr-1100-S-3
tested atvz = 371.4 m/ s (impact velocity range 2):a fracture
between fragments 2 and 4 andb fracture between fragments 3

and 4. The fractures analyzed are indicated in Fig.37b with red
arrows. For interpretation of the references to color in this Þgure
caption, the reader is referred to the web version of this article

970� C, the surfaces of these samples after deformation
exhibit a rough appearance reminiscent of anorange
peel. This distinct texture, also known as deformation-
induced surface roughening (Nie et al. 2021), appears
consistent across other specimens FAST-processed
at 1100 � C. The four recovered fragments of ring
R-Ti5Al5V5Mo3Cr-1100-S-1 are shown in Fig.37a.
There is one arrested neck in fragments 2, 3, and 4.
The fractures between fragments 1-2 and 3-4 exhibit
the cup-and-cone shape, while the fractures in 1-4
and 2-3 resemble a shear-dominated failure. The four
recovered fragments of ring R-Ti5Al5V5Mo3Cr-1100-
S-3 are shown in Fig.37b. Fragment 4 contains 2
arrested necks. Considering that all fractures occur at
necked sections, more than half of the total number
of necks nucleated develop into fractures. The frac-
ture between fragments 3-4 displays the cup-and-cone
shape (and eventually shear fracture), while the rest of
the fractures exhibit shear-dominated failures accom-
panied by relatively less cross-section reduction. High-
magniÞcation SEM micrographs of the fracture sur-
faces indicated in Fig.37b with red arrows are shown
in Fig.38. The images display large elliptical shallow
dimples, which are representative of shear localization
and fracture, akin to the fractography analysis depicted

in Figs.35and36for samples R-Ti6Al4V-970-S-2 and
R-Ti6Al4V-970-S-3. Moreover, the crack perpendicu-
lar to the main fracture surface in Fig.38a bears resem-
blance to observations found byDraelos-Hagerty et al.
(2023) in fracture surfaces of additively manufactured
Ti6Al4V notched tensile specimens. The crack may
stem from either a pre-existing material defect (similar
cracks are commonly observed in mechanical tests of
Ti6Al4V samples at the prior-beta grain boundary) or
as a consequence of ejected debris during fragmenta-
tion.

4.2 Multimaterial samples

Figures 39 and 40 show video recordings corre-
sponding to the tests on specimens R-Ti6Al4V/Ti5
Al5V5Mo3Cr-1100-D-PL-1 and R-Ti6Al4V/Ti5Al5
V5Mo3Cr-1100-D-PL-3, respectively. The samples
consist of two halves composed of Ti6Al4V and
Ti5Al5V5Mo3Cr, which divide the ring along a plane
parallel to its axis, see Fig.1 and Table4. The interface
between the two materials is indicated with a red arrow
in snapshots39b-bÕ and40b-bÕ. The difference between
the two experiments is the projectile impact velocity
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Fig. 39 Sequence of images of the impact test for specimen
R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-1 for different load-
ing times:a–a’ t = Š 54µs,b–b’ t = 0 µs,c–c’ t = 17µs,d–d’
t = 29µs ande–e’t = 123µs. Images obtained by camera 1 are
on the left side of the sequence, while those obtained by camera
2 are on the right side. The impact velocity isvz = 258.1 m/ s
(impact velocity range 1). For interpretation of the references to
color in this Þgure, the reader is referred to the web version of
this article

Fig. 40 Sequence of images of the impact test for specimen
R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-3 for different load-
ing times:a–a’ t = Š 46µs,b–b’ t = 0 µs,c–c’ t = 14µs,d–d’
t = 23µs ande–e’t = 74µs. Images obtained by camera 1 are
on the left side of the sequence, while those obtained by camera
2 are on the right side. The impact velocity isvz = 368.5 m/ s
(impact velocity range 2). For interpretation of the references to
color in this Þgure, the reader is referred to the web version of
this article
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which is 258.1 m/ s for R-Ti6Al4V/Ti5Al5V5Mo3Cr-
1100-D-PL-1 (impact velocity range 1), and 368.5 m/ s
for R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-3 (impact
velocity range 2). The mechanisms governing ring
expansion, necking formation and fragmentation are
the same observed in the experiments discussed in
Sect.4.1. Notably, the interface between the two mate-
rials shows no apparent inßuence on the spatial location
of necks and fractures (the same observation applies
to all other multimaterial rings tested). Notice the
orange peeltexture on the specimensÕ surface, akin
to that observed in Fig.37 for post-mortem rings that
underwent FAST processing at a dwell temperature
of 1100 � C. The orange peel texture is likely due
to grain rotation during deformation, favored by the
large grain size of the material. The four fragments
recovered from sample R-Ti6Al4V/Ti5Al5V5Mo3Cr-
1100-D-PL-1 corresponding to 99.7% of the total mass
of the ring are shown in Fig.41a. The Ti6Al4V and
Ti5Al5V5Mo3Cr sections were colored with brown
and blue lines, respectively. The necks do not seem to
be preferentially located in either of the two materials
used to produce the sample, and neither the necks nor
the fractures are situated at the interface between the
two materials (as mentioned earlier). Figure42 shows
high-magniÞcation SEM micrographs of the fracture
surfaces indicated in Fig.41a with red arrows. The
fracture between fragments 1 and 3 correspond to
Ti5Al5V5Mo3Cr, and the fracture between fragments
2 and 4 to Ti6Al4V. There are no signiÞcant differ-
ences observed in the morphology of the fracture sur-
faces between the two materials. Both the fractures
in Ti6Al4V and Ti5Al5V5Mo3Cr exhibit large shal-
low elliptical dimples of comparable size and shape.
Similar observations were obtained from the fractogra-
phy analysis of all multi-material rings tested; however,
the results are not shown for the sake of brevity. Fig-
ure41b shows the Þve fragments recuperated from sam-
ple R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-3. Blue
and red dots were used to identify Ti6Al4V and
Ti5Al5V5Mo3Cr sections, respectively. Fragment 2
contains a neck and fragment 5 two more. Similar to the
results presented in Figs.34 and37, more than half of
the total number of necks nucleated develop into frac-
tures (considering that all fractures occur at necked sec-
tions). As for specimen R-Ti6Al4V/Ti5Al5V5Mo3Cr-
1100-D-PL-1, none of the necks or fractures coincide
with the interface between the two materials. These
Þndings emphasize the notion that, in the fragmentation

tests presented in this paper, the bonding between the
two materials in the multimaterial specimens does not
appear to be a weak link that promotes specimen frag-
mentation. This conclusion is in line with the results
presented byPope et al.(2019), showing that dur-
ing tensile testing, failure predominantly occurs within
the weaker alloy rather than at the interface of multi-
material specimens.Levano-Blanch et al.(2021) also
observed this behavior during the tensile testing of
multi-material FAST-DB samples, demonstrating that
strain localization occurs in the weaker alloy.

5 Concluding remarks

This paper investigates the mechanics of high-velocity
fragmentation in titanium alloys fabricated through
Field-Assisted Sintering Technology. Dynamic expan-
sion tests were conducted on rings and cylinders at
strain rates varying from� 10050 sŠ1 to � 19125 sŠ1.
Two alloys, Ti6Al4V and Ti5Al5V5Mo3Cr, processed
at different dwell temperatures, were tested, includ-
ing both monolithic and multi-material samples. Frag-
ments were collected, weighed, sized, and analyzed
using scanning electron microscopy. The experiments
revealed that as the expansion velocity increases, the
number of necks and fragments, as well as the pro-
portion of necks developing into fragments, generally
increase, while the range of fragment lengths and neck
spacings narrows. This results in a reduction in both
the mean and standard deviation of the fragment size
and neck-free segment distributions. The average dis-
tance between necks was compared with predictions
from linear stability analysis, showing good agreement
between theory and experiments. The fractographic
analysis revealed that the fracture of both rings and
cylinders is essentially ductile, caused by the micro-
void nucleation, growth, and coalescence. The fracture
surfaces exhibit a morphology that combines nearly
spherical dimples typical of tensile cup-cone failure
with shallow elliptical dimples characteristic of shear-
dominated failure. Various fractures exhibit varying
degrees of dominance in spherical and elliptical dim-
ples, indicating that the stress state at the fracture level
varies from one crack to another. The cup-cone frac-
ture is usually observed in well-developed necked sec-
tions, while the shear fracture is generally accompa-
nied by relatively less cross-sectional reduction of the
samples. The formation of shear fractures inclined at
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Fig. 41 Post-mortem photography of the recovered fragments
corresponding to specimens:a R-Ti6Al4V/Ti5Al5V5Mo3Cr-
1100-D-PL-1 tested atvz = 258.1 m/ s (impact velocity range
1) and b R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-3 tested at
vz = 368.5 m/ s (impact velocity range 2). The fragments and
necks are numbered the same as in Tables60and62of Appendix
B. The fragments are labeled with single digits, while the arrested

necks are labeled with two digits, the Þrst of which corresponds
to the fragment number. The color code is such that the necks
match the color of their respective fragments. The interface
between the two halves of the specimen made with Ti6Al4V
and Ti5Al5V5Mo3Cr is indicated with black arrow. Millimeter
graph paper is used as a reference for the dimensions

Fig. 42 High-magniÞcation SEM micrographs of fracture sur-
faces corresponding to specimen R-Ti6Al4V/Ti5Al5V5Mo3Cr-
1100-D-PL-1 tested atvz = 258.1 2 m/ s (impact velocity
range 1):a fracture between fragments 1 and 3 corresponding
to Ti5Al5V5Mo3Cr andb fracture between fragments 2 and 4

corresponding to Ti6Al4V. The fractures analyzed are indicated
in Fig.41a with red arrows. For interpretation of the references
to color in this Þgure caption, the reader is referred to the web
version of this article
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45� with respect to the circumferential direction of
the specimens is attributed to the susceptibility of tita-
nium alloys to develop shear plastic localization. On
the other hand, no discernible differences have been
observed in the deformation and fracture mechanisms
between Ti6Al4V and Ti5Al5V5Mo3Cr. Furthermore,
in all tests conducted with multi-material specimens,
necks and fractures nucleated away from the interface
between the two alloys, highlighting the strength of the
bond between Ti6Al4V and Ti5Al5V5Mo3Cr, which
exhibited no signs of structural weakness. These out-
comes underscore the efÞcacy of the FAST technique in
fabricating titanium multi-material structural systems
resilient to impact loads.

Additional future work will involve comparing the
fragmentation experiments performed on FAST spec-
imens with tests conducted on titanium samples man-
ufactured using other techniques, such as forging and
3D printing, to investigate the effect of microstructure
on the dynamic fracture behavior and energy absorp-
tion capacity of titanium alloys under high-velocity
impacts.

Acknowledgements The contributions of Mr. Sergio Puerta
and Mr. David Pedroche to the development of the experimental
setup and the performance of the tests are greatly acknowledged.
The authors acknowledge Dr. Daniel Su‡rez-Fern‡ndez for use-
ful discussions.

Author contributions T. Virazels: Conceptualization; Method-
ology; Formal analysis; Investigation; Roles/Writing - origi-
nal draft; Writing - review & editing. S. Lister: Formal analy-

sis; Investigation; Visualization; Writing - original draft; Writ-
ing - review & editing. O. Levano-Blanch: Conceptualiza-
tion; Methodology; Investigation. M. Jackson: Conceptualiza-
tion; Funding acquisition; Project administration; Resources;
Supervision; Writing - review & editing. J. A. Rodr’guez-Mart’nez:
Conceptualization; Formal analysis; Funding acquisition; Inves-
tigation; Methodology; Project administration; Resources; Super-
vision; Validation; Visualization; Writing - original draft; Writ-
ing - review & editing. J. C. Nieto-Fuentes: Conceptualization;
Methodology; Formal analysis; Investigation; Writing - Original
draft; Writing - review & editing, Visualization, Supervision.

Funding The research leading to these results has received fund-
ing from the European Research Council (ERC) under the Euro-
pean UnionÕs Horizon 2020 research and innovation programme.
Project PURPOSE, grant agreement 758056.
J. C. Nieto-Fuentes acknowledges support from the CONEX-
Plus programme funded by Universidad Carlos III de Madrid
and the European UnionÕs Horizon 2020 research and innovation
programme, under the Marie Sk·odowska-Curie grant agreement
801538.
This work was supported through the Engineering and Physi-
cal Sciences Research Council (EPSRC), grant EP/T024992/1
Doing More With Less. The EPSRC for funding equipment
in the Henry Royce Institute at ShefÞeld, grant numbers
EP/R00661X/1 and EP/P02470X/1, is gratefully acknowledged.

Data availability No datasets were generated or analysed during
the current study.

Declarations

Con�ict of interest The authors declare that they have no con-
ßict of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium
or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or
other third party material in this article are included in the articleÕs
Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the articleÕs Cre-
ative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder. To view
a copy of this licence, visithttp://creativecommons.org/licenses/
by/4.0/.

123



   32 Page 44 of 57 T. Virazels et al.

Appendix A. List of fragments from cylinder expan-
sion tests

This section provides the circumferential lengthL � (mm),
axial lengthLz (mm), thicknesst (mm) and massm(g)

of all fragments recovered from the impact experi-
ments performed on FAST-processed titanium cylin-
drical specimens.

Table 8 List of fragments size and mass for C-Ti6Al4V-970-S-2. The impact velocity isvz = 267.6 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 22.84 19.52 0.97 3.613

2 7.29 9.60 0.98 0.341

3 18.05 12.79 1.03 1.980

Table 9 List of fragments size and mass for C-Ti6Al4V-970-S-4. The impact velocity isvz = 355.3 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 10.31 28.74 0.92 1.418

2 6.52 6.56 0.88 0.184

3 18.49 28.37 0.93 4.074

Table 10 List of fragments size and mass for C-Ti6Al4V-970-S-5. The impact velocity isvz = 362.7 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 5.18 11.12 1.03 0.305

2 32.06 30.39 0.93 5.587

Table 11 List of fragments size and mass for C-Ti6Al4V-970-S-6. The impact velocity isvz = 370.1 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 20.69 21.10 0.90 2.577

2 6.63 28.96 1.03 0.679

3 16.21 12.22 1.00 1.509

4 13.52 34.89 0.92 2.017

Table 12 List of fragments size and mass for C-Ti6Al4V-1100-S-1. The impact velocity isvz = 255.51 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 11.67 38.43 1.01 2.104

2 7.92 19.15 1.00 0.607

3 10.21 23.17 1.02 1.199

4 10.27 25.97 1.05 1.286

4 9.97 29.66 0.99 1.580
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Table 13 List of fragments size and mass for C-Ti6Al4V-1100-S-2. The impact velocity isvz = 261.5 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 18.12 37.62 0.93 3.754

2 7.62 9.34 1.02 0.289

3 10.26 11.89 0.95 0.593

4 9.69 8.34 1.02 0.369

5 7.31 11.63 0.99 0.394

6 6.54 19.49 1.01 0.569

7 6.35 21.30 0.99 0.817

Table 14 List of fragments size and mass for C-Ti6Al4V-1100-S-3. The impact velocity isvz = 256.4 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 11.33 21.10 0.99 1.656

2 8.41 10.38 1.04 0.413

3 8.89 19.62 1.01 0.802

4 12.47 11.73 0.97 0.843

5 13.25 11.99 0.96 1.495

Table 15 List of fragments size and mass for C-Ti6Al4V-1100-S-4. The impact velocity isvz = 364.5 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 12.69 21.38 0.99 1.391

2 5.77 6.25 0.97 0.241

3 6.56 6.04 0.98 0.175

4 6.53 5.80 0.94 0.163

5 9.43 14.70 0.97 0.629

6 6.23 14.66 0.97 0.341

7 8.37 40.00 0.97 1.269

8 8.37 40.00 0.95 1.324

9 8.41 25.83 0.91 1.078

Table 16 List of fragments size and mass for C-Ti6Al4V-1100-S-5. The impact velocity isvz = 354.3 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 9.06 25.18 0.98 1.415

2 15.10 12.19 0.93 1.386

3 7.84 23.78 0.97 0.805

4 7.60 19.19 0.97 0.633

5 12.28 10.47 1.00 0.681

6 4.82 12.19 0.96 0.242

7 9.93 23.28 0.93 1.063
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Table 17 List of fragments size and mass for C-Ti6Al4V-1100-S-6. The impact velocity isvz = 360.7 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 8.31 10.73 0.93 0.379

2 9.00 40.00 0.91 1.452

3 11.72 27.60 0.92 1.274

4 7.11 13.34 0.98 0.368

5 6.48 11.80 0.94 0.241

6 6.89 19.35 0.94 0.522

7 6.56 16.10 0.95 0.387

8 8.26 15.67 0.92 0.548

9 6.72 6.90 0.98 0.233

10 8.72 8.58 0.98 0.340

11 9.32 21.72 0.98 0.826

Table 18 List of fragments size and mass for C-Ti5Al5V5Mo3Cr-970-S-1. The impact velocity isvz = 255.5 m/ s (impact velocity
range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 14.50 40.00 0.89 2.286

2 9.56 40.00 0.88 1.856

3 9.76 19.76 0.99 1.009

4 8.90 22.00 0.97 0.990

5 7.34 24.78 0.96 0.815

Table 19 List of fragments size and mass for C-Ti5Al5V5Mo3Cr-970-S-2. The impact velocity isvz = 261.5 m/ s (impact velocity
range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 12.75 40.00 0.90 2.281

2 10.68 40.00 0.91 2.056

3 8.82 18.49 0.99 1.314

4 9.70 20.40 0.99 0.872

5 9.04 13.91 0.99 0.567

Table 20 List of fragments size and mass for C-Ti5Al5V5Mo3Cr-970-S-3. The impact velocity isvz = 259.1 m/ s (impact velocity
range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 30.76 19.37 0.97 3.048

2 6.79 11.84 1.00 0.345

3 8.58 11.31 1.00 0.436

4 15.99 13.52 0.94 1.234

5 15.16 17.80 0.82 1.957
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Table 21 List of fragments size and mass for C-Ti5Al5V5Mo3Cr-970-S-4. The impact velocity isvz = 374.5 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 10.84 40.00 0.91 1.484

2 10.27 11.03 0.94 0.624

3 7.99 12.80 1.00 0.437

4 7.63 40.00 0.95 1.161

5 8.24 24.66 0.96 0.924

6 7.24 12.99 0.99 0.364

7 5.63 20.01 0.95 0.573

8 7.63 40.00 0.93 1.363

Table 22 List of fragments size and mass for C-Ti5Al5V5Mo3Cr-970-S-5. The impact velocity isvz = 368.8 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 6.10 21.99 0.99 0.752

2 6.26 21.20 0.95 0.645

3 7.92 17.93 1.02 0.628

4 9.65 12.89 0.91 0.735

5 13.90 17.70 0.90 1.682

6 8.43 21.40 0.97 0.759

7 11.70 14.77 0.92 0.742

Table 23 List of fragments size and mass for C-Ti5Al5V5Mo3Cr-970-S-6. The impact velocity isvz = 356.6 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 8.87 40.00 0.93 1.378

2 11.67 8.79 0.89 0.515

3 6.89 22.28 1.00 0.691

4 7.93 40.00 0.93 1.161

5 6.59 8.10 0.97 0.238

6 5.90 18.76 0.96 0.466

7 10.97 24.25 0.87 1.392

8 7.87 40.00 0.94 1.179

Table 24 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-1. The impact velocity isvz = 261.3 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 12.02 16.20 0.85 0.943

2 8.43 10.56 0.98 0.549
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Table 25 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-2. The impact velocity isvz = 261.4 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 12.65 10.98 0.90 1.278

2 9.97 11.41 0.91 0.946

3 11.95 16.55 0.93 1.080

4 5.69 9.00 0.98 0.650

5 11.23 21.57 0.96 1.183

6 8.57 9.19 0.89 0.585

7 9.46 10.25 0.98 0.662

8 7.41 13.24 1.00 0.739

Table 26 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-3. The impact velocity isvz = 354.5 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 17.06 24.91 0.89 2.212

2 9.27 10.57 0.97 1.196

3 27.04 40.00 0.85 3.795

Table 27 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-4. The impact velocity isvz = 255.0 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 13.01 17.19 0.96 1.379

2 11.72 40.00 0.92 2.407

3 9.72 21.15 0.88 1.370

4 4.17 22.95 0.99 0.912

5 6.89 40.00 0.95 1.205

Table 28 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PP-6. The impact velocity isvz = 374.2 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 11.20 40.00 0.91 1.932

2 11.42 16.73 0.95 1.434

3 7.36 19.96 0.96 0.676

4 7.21 8.81 0.94 0.314

5 8.42 13.45 0.94 0.453

6 6.21 7.21 0.94 0.221

7 10.49 11.06 0.99 0.695

8 8.34 31.82 0.91 1.129

9 6.38 11.95 0.99 0.392
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Table 29 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-1. The impact velocity isvz = 362.6 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 12.23 40.00 0.92 2.161

2 5.64 23.92 0.98 0.747

3 8.17 22.54 0.93 0.924

4 6.26 17.25 1.00 0.459

5 9.04 40.00 0.87 1.682

6 6.41 10.75 0.97 0.294

7 6.52 19.43 1.02 0.499

Table 30 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-2. The impact velocity isvz = 254.7 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 11.19 17.63 0.87 1.637

2 7.89 22.65 0.96 0.830

3 14.28 11.36 0.94 1.078

4 8.05 21.10 0.95 0.878

5 14.54 26.46 0.97 2.872

Table 31 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-3. The impact velocity isvz = 248.8 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 11.40 40.00 0.93 2.141

2 12.93 19.14 0.94 2.242

3 4.80 23.47 1.00 0.635

4 6.42 27.53 1.00 0.810

5 12.38 10.91 0.98 0.680

Table 32 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-4. The impact velocity isvz = 389.8 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 11.24 40.00 0.91 2.063

2 9.80 27.70 0.98 0.950

3 7.82 7.43 0.97 0.321

4 11.99 12.66 0.95 0.666

5 6.85 16.54 0.97 0.426

6 6.38 18.77 0.98 0.558

7 11.51 23.25 0.89 1.906
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Table 33 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-1. The impact velocity isvz = 266.0 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 9.70 13.08 1.00 0.765

2 6.72 40.00 0.89 1.128

3 7.42 27.95 0.96 1.091

4 10.13 20.99 0.93 0.975

Table 34 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-2. The impact velocity isvz = 387.5 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 12.68 40.00 0.97 2.145

2 8.52 13.50 0.87 0.858

3 8.07 10.85 1.01 0.445

4 6.03 24.80 1.02 0.729

5 6.59 23.64 0.96 0.772

6 8.34 14.41 0.91 0.563

7 5.50 13.67 0.99 0.285

8 7.00 11.90 1.02 0.457

9 6.38 28.52 0.96 0.737

Table 35 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-3. The impact velocity isvz = 263.7 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 18.07 40.00 0.98 2.729

2 8.46 34.07 0.96 1.236

3 5.87 21.30 0.95 0.566

4 9.62 16.86 0.94 0.737

5 7.86 19.50 0.97 0.603

6 6.66 7.62 0.98 0.243

7 5.84 21.21 0.95 0.544

8 10.41 6.87 0.92 0.342
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Table 36 List of fragments size and mass for C-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-4. The impact velocity isvz = 382.1 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g)

1 5.01 15.02 0.99 0.289

2 5.22 17.94 0.98 0.377

3 8.51 9.82 0.95 0.345

4 5.71 6.22 0.94 0.105

5 7.46 26.06 0.98 0.872

6 7.49 40.00 0.93 1.067

7 8.73 10.50 0.94 0.422

8 9.11 27.41 0.95 1.092

9 8.73 40.00 0.95 1.584

Appendix B. List of fragments from ring expansion
tests

This section provides the circumferential lengthL � (mm),
width w (mm), thicknesst (mm) and massm (g) of all
fragments recovered, and the necks spacing measured

in the recovered fragmentsLneck
� (mm), for the impact

experiments performed on FAST-processed titanium
ring specimens.

Table 37 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-970-S-1. The impact velocity isvz = 254.1 m/ s (impact velocity
range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 61.00 1.93 1.82 0.870 5.25/5.75/13.50/4.75/4.50/21.25/6.00

Table 38 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-970-S-3. The impact velocity isvz = 260.5 m/ s (impact velocity
range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 49.00 1.97 1.93 0.722 7.25/22.75/10.75/8.25

2 17.50 1.92 1.87 0.232 9.50/8.00

Table 39 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-970-S-4. The impact velocity isvz = 369.8 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 36.00 2.00 1.98 0.549 20.00/16.00

2 10.97 1.97 1.98 0.158 10.97

3 13.63 1.99 1.95 0.227 13.63

123



   32 Page 52 of 57 T. Virazels et al.

Table 40 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-970-S-5. The impact velocity isvz = 370.4 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 17.25 1.93 1.81 0.236 9.50/7.75

2 27.50 1.91 1.81 0.393 8.00/19.50

3 18.00 1.91 1.79 0.231 8.25/4.75/5.00

Table 41 List of fragments size and mass for R-Ti6Al4V-970-S-1. The impact velocity isvz = 250.6 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 30.75 1.83 1.76 0.363 14.75/7.75/8.25

2 38.75 1.90 1.88 0.530 31.75/7.00

Table 42 List of fragments size and mass for R-Ti6Al4V-970-S-2. The impact velocity isvz = 252.6 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 13.25 1.88 1.89 0.164 6.50/6.75

2 29.75 1.79 1.78 0.365 29.75

3 18.00 1.80 1.81 0.238 18.00

Table 43 List of fragments size and mass for R-Ti6Al4V-970-S-3. The impact velocity isvz = 374.2 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 29.50 1.81 1.80 0.362 6.50/5.75/17.25

2 33.75 1.84 1.83 0.421 9.25/5.75/6.25/12.50

3 7.18 1.79 1.80 0.084 7.18

Table 44 List of fragments size and mass for R-Ti6Al4V-970-S-4. The impact velocity isvz = 369.5 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 21.25 1.88 1.86 0.245 18.00/15.00/17.50

2 50.50 1.86 1.86 0.637 50.50

Table 45 List of fragments size and mass for R-Ti6Al4V-970-S-5. The impact velocity isvz = 369.5 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 34.75 1.76 1.76 0.411 7.25/6.50/5.50/15.50

2 38.50 1.78 1.76 0.452 6.25/6.50/5.00/4.25/6.00/10.50
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Table 46 List of fragments size and mass for R-Ti6Al4V-1100-S-1. The impact velocity isvz = 256.4 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 18.25 1.97 1.99 0.273 6.50/11.75

2 40.00 1.97 2.00 0.597 28.00/12.00

Table 47 List of fragments size and mass for R-Ti6Al4V-1100-S-2. The impact velocity isvz = 251.0 m/ s (impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 5.83 2.02 1.91 0.077 5.83

2 20.75 2.01 1.97 0.341 20.75

3 32.50 2.01 1.96 0.482 14.25/5.00/13.25

Table 48 List of fragments size and mass for R-Ti6Al4V-1100-S-3. The impact velocity isvz = 371.2 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 13.75 1.94 1.93 0.198 4.75/5.50/3.50

2 15.75 1.92 1.92 0.215 8.00/7.75

3 31.75 1.93 1.92 0.436 23.50/8.25

Table 49 List of fragments size and mass for R-Ti6Al4V-1100-S-4. The impact velocity isvz = 369.8 m/ s (impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 7.00 1.93 1.90 0.118 7.00

2 11.75 1.91 1.92 0.145 6.25/5.50

3 19.00 1.94 1.94 0.257 19.00

4 25.75 1.94 1.95 0.356 4.25/6.25/15.25

Table 50 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-1100-S-1. The impact velocity isvz = 254.0 m/ s (impact velocity
range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 5.48 2.00 1.97 0.095 5.48

2 11.00 1.96 1.95 0.164 5.25/5.75

3 20.50 1.99 1.97 0.287 7.25/13.25

4 27.75 1.97 1.96 0.397 17.5/10.25

Table 51 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-1100-S-2. The impact velocity isvz = 256.0 m/ s (impact velocity
range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 17.50 1.95 1.94 0.224 9.75/7.75

2 43.50 1.93 1.95 0.695 4.00/7.00/5.75/5.50/11.25/4.25/5.75

123



   32 Page 54 of 57 T. Virazels et al.

Table 52 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-1100-S-3. The impact velocity isvz = 371.4 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 7.00 1.94 1.92 0.075 7.00

2 13.25 1.93 1.93 0.223 13.25

3 16.50 1.95 1.94 0.253 16.50

4 25.00 1.96 1.96 0.369 9.50/9.50/6.00

Table 53 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-1100-S-4. The impact velocity isvz = 369.0 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 9.50 1.93 1.94 0.149 9.50

2 17.50 1.93 1.92 0.236 17.50

3 33.25 1.92 1.95 0.526 5.00/28.25

Table 54 List of fragments size and mass for R-Ti5Al5V5Mo3Cr-1100-S-5. The impact velocity isvz = 365.4 m/ s (impact velocity
range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 9.00 1.96 1.92 0.118 9.00

2 9.50 1.95 1.96 0.126 9.50

3 18.25 1.95 1.96 0.277 7.50/10.75

4 26.00 1.95 1.95 0.403 6.50/14.50/5.00

Table 55 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-1. The impact velocity isvz = 250.7 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 16.50 1.85 1.84 0.217 16.50

2 44.75 1.88 1.88 0.653 44.75

Table 56 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-2. The impact velocity isvz = 254.6 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 63.00 1.89 1.88 0.891 23.00/34.00/6.00

Table 57 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-3. The impact velocity isvz = 254.9 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 27.00 1.88 1.87 0.360 10.50/4.00/12.50

2 36.50 1.87 1.85 0.516 36.50
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Table 58 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-4. The impact velocity isvz = 365.2 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 41.75 1.92 1.86 0.600 41.75

Table 59 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-970-D-PL-5. The impact velocity isvz = 368.5 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 14.25 1.90 1.85 0.169 8.75/5.50

2 39.50 1.90 1.86 0.573 22.50/17.00

Table 60 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-5. The impact velocity isvz = 258.1 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 7.50 1.92 1.94 0.103 7.50

2 14.00 1.94 1.97 0.187 6.00/8.00

3 14.50 1.92 1.94 0.199 8.50/6.00

4 29.75 1.94 1.92 0.415 18.00/5.50/6.25

Table 61 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-2. The impact velocity isvz = 254.8 m/ s
(impact velocity range 1)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 12.25 1.89 1.94 0.191 12.25

2 21.75 1.89 1.94 0.279 12.25/9.50

3 29.50 1.92 1.97 0.406 6.50/23.00

Table 62 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-3. The impact velocity isvz = 368.5 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 4.25 1.92 1.96 0.066 4.25

2 10.75 1.93 1.95 0.125 4.75/6.00

3 14.50 1.91 1.92 0.160 14.5

4 17.50 1.90 1.94 0.233 17.50

5 19.00 1.91 1.94 0.261 4.50/5.00/9.50
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Table 63 List of fragments size and mass for R-Ti6Al4V/Ti5Al5V5Mo3Cr-1100-D-PL-4. The impact velocity isvz = 374.3 m/ s
(impact velocity range 2)

Fragment L� (mm) Lz (mm) t (mm) m (g) Lneck
� (mm)

1 10.00 1.90 1.93 0.134 10.00

2 17.25 1.93 1.95 0.150 5.00/12.25

3 12.00 1.92 1.91 0.248 5.50/6.50/5.75
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