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Abstract This paper explores the mechanics of high- are frequently exposed to intense mechanical loading,
velocity impact fragmentation in titanium alloys pro- including high-velocity impacts. However, despite the
duced by Field-Assisted Sintering Technology. For scientibc and technological signibcance of Ti6AI4V
that purpose, we have utilized the experimental setupsand Ti5AI5V5Mo3Cr, and the extensive research on
recently developed by Nieto-Fuentes et al. (J Mech their mechanical and fracture behaviors, to the best
Phys Solids 174:105248, 2023a; Int J Impact Eng of the authorsO knowledge, no systematic study has
180:104556, 2023b) for conducting dynamic expan- been conducted thus far on the dynamic fragmentation
sion tests on rings and cylinders. The experiments behavior of these alloys. Hence, this paper presents
involve bring a conical-nosed cylindrical projectile an ambitious fragmentation testing program, encom-
using a single-stage ight-gas gun against the stationarypassing a total of 27 and 29 experiments on rings and
ring/cylinder at velocities ranging from 248 n s to cylinders, respectively. Monolithic and multimaterial
390 m's, corresponding to estimated strain rates in the samplesNhalf specimen of Ti6AI4V and half specimen
specimen varying from 10050 $1to 191251 of Ti5AI5V5Mo3CrNhave been tested, taking advan-
The diameter of the cylindrical part of the projec- tage of the ability of Field-Assisted Sintering Technol-
tile exceeds the inner diameter of the ring/cylinder, ogy to produce multimaterial parts. The fragments have
causing the latter to expand as the projectile movesbeen collected, weighed, sized, and analyzed using
forward, resulting in the formation of multiple necks scanning electron microscopy. The experiments have
and fragments. Two different alloys have been tested: shown that the number of necks, the number of frag-
Ti6Al4V and Ti5AI5V5Mo3Cr. These materials are ments, and the proportion of necks developing into
widely utilized in aeronautical and aerospace industries fragments generally increase with expansion velocity.
for constructing structural elements such as compres-The average distance between necks has been assessed
sor parts (discs and blades) and Whipple shields, whichagainst the predictions of a linear stability analysis
(Zhou et al. in Int J Impact Eng 33:880D891 2006;
T. Virazels- J. A. Rodrguez-MartnezB) - J. C. Nieto-Fuentes ~ Vaz-Romero et al. in Int J Solids Struct 125:232D243,
Department of Continuum Mechanics and Structural Analysis, 2017), revealing satisfactory agreement between the-
University Carlos 11l of Madrid, Avda. de la Universidad, 30,  gretical predictions and experimental results. In addi-
ii?éﬁ: ?:?ni‘gif@?f]?ﬂfésﬁn tion, the experimental _results have bee_n compared with
. tests reported in the literature for various metals and
S. Lister- O. Levano-Blanch M. Jackson alloys (Nieto-Fuentes et al. in J Mech Phys Solids
Department of Materials Science and Engineering, ) .
The University of Shefbeld, Mappin Street, Shefpeld S1 3JD, 174:105248, 2023a; Zhang and Ravi-Chandar in Int
UK J Fract 142:183D217, 2006, Zhang and Ravi-Chandar
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in Int J Fract 150:3D36, 2008) to examine the inBuencesize and the distribution of fragment sizes of certain
of material behavior on the statistics of fragments size types of steel bomb and shell. The reports were even-
and necks spacing. tually compiled into a paper published in the open lit-
erature in 1947 Nlott 19473. This article featured a
Keywords Titanium alloys- Field-Assisted Sintering  one-dimensional model that considered the onset of
Technology- Impact fragmentationRing expansion fractures as a random process resulting from spatial
Tube expansion 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.
1 Introduction After World War II, and continuing to the present
day, there has been a growing development of research
The historical perspective ometallurgical effects of  on the dynamic fragmentation of metallic structures,
high strain-rate deformation and fabricatioelabo- extending beyond military applications to encompass
rated byRinehar{1981) dated the brst scientibc exper- both fundamental and applied aspects of the subject.
iments on dynamic fragmentation of metallic materials The goal is to unravel the mechanisms that control the
at the beginning of the fcentury. French ordnance energy absorption performance of protective structures
engineers started a program to detonate hollow spher-in the automotive, aircraft, aerospace, and civilian-
ical steel cannon balls under controlled loading con- security industries. In these sectors, structural elements
ditions with the aim of establishing the geometrical are often subjected to a wide range of unusually severe
and material properties which provide the optimal per- mechanical solicitations. For instance, components for
formance of the casing$iZlie 1884. The explosions  satellites must be designed to withstand hyperveloc-
were conducted in a pit with adamp clay Roor, designed ity impacts of space debriRyan et al. 2011Wen
as a soft-recovery system to capture the ejected frag-et al. 202(. Crashworthiness structures of ground and
ments. The velocity of the fragments was estimated marine vehicles are intended to absorb energy in acci-
by recording their penetration depth into the clay and dents and crasheB#ik and Seo 20QMujeeb-Ahmed
comparing it to reference values obtained by bring pis- et al. 2020. Protective structures of critical build-
tol bullets of known velocity and mass into the same ings, such as embassies and governmental facilities,
clay. The experiments revealed that the velocity and are required to safeguard high-ranking ofbcials and key
number of fragments increase with the weight of the infrastructures from blasts and attaclBy (vik et al.
exploding charge and decrease with the thickness and2008 Aune et al. 2015 The increasing technological
failure strength of the casing. Similar trends have been interest in the fragmentation of metallic structures has
observed in nearly all fragmentation tests conducted led to the design of modern experimental techniques
on metallic shells over the last 200 years, highlighting conceived to perform fragmentation tests in a labora-
the extreme care and precision with which this initial tory environment. In tandem, materials other than steel
attempt to determine the mechanics of dynamic frag- started to be investigated.
mentation was executed. Notably, the ring expansion test developed\igrd-
Over the next 100 years, research on the high- son(1965 revolutionized the experimental investiga-
velocity impact fragmentation of metallic materials tion of dynamic fragmentation, opening the possibility
remained primarily driven by military requirements, totest materials at strain rates abové 40 without the
with a notable increase in activity during World War need for explosives, and under spatially uniform condi-
II. A turning point was the series of reports elabo- tions of deformation. The technique involves expand-
rated by Sir Nevill F. Mott iott and Linfoot 1943 ing a thin circular ring at velocities up to several hun-
Mott 1943ac, b) for the Ministry of Supply of the UK dred meters per second through the application of tran-
between January and May 1943 in which the main fea- sientmagnetic belds. The high testing speed is achieved
tures of a theory to describe the process of fragmenta-by rapidly discharging a current pulse from a capaci-
tion resulting from the explosive rupture of cylindrical tor bank into a solenoid through which the specimen
structures were presented. The theory was applicableis inserted. The current Rowing through the solenoid
to materials which deform plastically before rupture, creates an electromagnetic beld that induces a current
and provided formulas to compute the mean fragment in the ring. The interaction of these two currents gener-
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ates repulsive forces between the ring and the solenoid,be accelerated, encompassing both the pusher and the
resulting in the rapid radial expansion of the specimen. specimen.

The nearly radial symmetry of the expansion virtu- An alternative to conducting fragmentation exper-
ally eliminates the propagation of waves throughout iments with electromagnetic loading systems is the
the circumference of the sample before the occurrenceuse of gas guns. Mechanical loading setups have the
of multiple necking (in ductile metals) and fragmen- advantage of not imposing limitations on the materials
tation. This reveals theue dynamic properties of the  that can be tested. For instan®dinter and Prestidge
material since the conditions of deformation are spa- (1978 conducted an experimentinwhich agas gunwas
tially uniform before necking (in ductile metals) and utilized to expand thin-walled mild steel tubes with a
fracture. In addition, for rings with a large radius-to- thickness of 1 mm. The test involved a hollow cylin-
thickness ratio, the radial stress is negligible comparedder Plled with rubber and positioned against a rigid
to the circumferential stress, resulting in a predomi- anvil. When a short nylon rod was bred into the cylin-
nantly uniaxial stress beld. This essentially makes theder at a velocity of 630 s, the radial momentum
problem one-dimensional, facilitating the interpreta- imparted to the specimen near the interface between
tion of experimental bndings. The expansion veloc- the projectile and inbll material caused the cylinder
ity is adjusted by varying the frequency and intensity to bulge. The tests were recorded by high speed pho-
of the current pulse discharged into the solenoid. This tography, which allowed to estimate that the range
technique is particularly suitable for testing materials of strain rates in the specimen varied from* 10
with high electrical conductivity; however, Joule heat- 5-10*s>1. Multiple cracks initiated around the peak of
ing effects induced by the high current density Rowing the bulge, propagating along the axial direction of the
through the ring can elevate the temperature of the spec-cylinder and leading to the fragmentation of the spec-
imen. Note that speeds of up to 200 sirequire cur- imen. The circumferential and longitudinal strains at
rents of up to 20 kA to accelerate samples with approx- which the cracks formed were estimated to be approx-
imately 1 mm thicknessZhang and Ravi-Chandar imately 33% and 11%, respectively. Similar experi-
2006. Expanding larger specimens necessitates evenmental arrangement was used ygler et al.(2003
higher currents, intensifying resistive heating and, con- to investigate the fragmentation of AerMet 100 steel
sequently, thermal softening of the material, which and U6N uranium alloy tubes. The specimens were
may lead to eventual local melting. The electromag- 50.8 mm long with an inner diameter of I2 mm,
netic scheme proposed iordson (1965 was later and they had different outer diameters ranging from
adapted byWesenberg and Sagart¥977) to expand 14.71 mmto 1944 mm. The specimen rested on a thick
thin-walled cylinders. The objective was to investigate copper anvil backed by a foam of 19 mm thickness
the bi-dimensional features of multiple necking (induc- and 14 mm of steel, and it was blled with a.2%nm

tile metals) and fragmentation processes. Electromag-length polycarbonate solid cylinder. A two-stage gas
netically driven expansion of rings and cylinders has gun was used to bre a polycarbonate projectile into the
typically been conducted on copper, aluminum, and test tube, striking the polycarbonate insert. The defor-
magnesium specimens. This is primarily because thesemation of the projectile and insert caused the test tube
three materials exhibit the highest electrical conductiv- to expand outward, bulging and eventually breaking
ity among structural metal$5fady and Benson 1983  into multiple fragments. The projectile impact veloc-
Altynova et al. 1996 Tamhane et al. 199&hang and ities ranged between.83 knYs and 194 km's. The
Ravi-Chandar 20062008 201Q Kahana et al. 2015  experiments were recorded with high-speed photogra-
Cliche and Ravi-Chandar 201.®ther metallic materi-  phy and instrumented with a VISAR system and PDVF
als have been tested rarely. Exceptions include the ringgauges to measure both the radial expansion velocity
expansion experiments conducted®sady and Olsen  of the test tube and the fracture strain of the speci-
(2003 with UBN uranium alloy,Janiszewsk{2012 men. The evolution of the radial velocity with time
with barrel steel, antlVood et al(2021) with tungsten exhibited a concave-downward shape, reaching a max-
heavy alloy and Inconel 718. These tests required aimum value of approximately 200/ for both AerMet
copper pusher ring to carry the induced electric current 100 steel and U6N uranium samples. The circumferen-
and launch the specimen, resulting in a reduced expan-tial strain at fracture, measured near the peak of the
sion speed due to the increased total mass that musbulge, was estimated to be 18% for AerMet 100 steel.
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In the case of UGN uranium alloy tubes, it varied sig- lizing rings made of 35NiCrMo16 high-strength steel,
nibcantly from specimen to specimen, ranging between S455 mild steel, CuC2 pure copper, and aluminum
12% and 24%. Soft-recovery of the fragments was con- alloy AA2017. The ring specimens had a mean diam-
ducted by surrounding the specimen with foam and eter of 40 mm and a square cross-section of 1°mm
paper padding. The collected fragments were weighed Two high-speed cameras were used to record the tests,
and sized, revealing that the U6N uranium alloy tubes obtaining high-resolution images of the necking and
produced much smaller and more numerous fragmentsfragmentation of the specimens. The time evolution of
compared to the AerMet 100 steel specimens. More the specimensO radial velocity was measured using a
recently,Jones et al2013 modibed the setup &in- PDV system which showed that the maximum speed
ter and Prestidgé1978 and Vogler et al.(2003 by of the rings varied between 310 m's for aluminum
placing a steel ogive inside the test tube instead of aalloy AA2017 and 200 ni s for 35NiCrMo16 high-
cylindrical polymer, and the ogive was impacted by a strength steel. The average number of fragments varied
polycarbonate projectile bred with a gas gun, deform- with the specimen, ranging from 25 for AA2017 to 11,
ing around the insert and driving radial expansioninthe 8, and 7 for CuC2, S455, and 35NiCrMo16, respec-
test tube. The uniform radial expansion created had atively, while the average strain at fragmentation was
less complex interface than the previous setifvioiter 0.16, 047, 030, and 018 for the corresponding mate-
and Prestidg€1978 andVogler et al.(2003, as only rials. All the tests performed per material yielded sim-
one material was imparting momentum to the cylinder ilar results for the time evolution of the velocity pro-
wall. Jones et a2013 tested 6061-T6 aluminum and  Ple, the number of fragments, and the samplesO ductil-
Ti6Al4V samples. The 6061-T6 cylinders had an inner ity, showing the reliability of the setup to control the
diameter of 30 mm and a wall thickness of 2 mm, and loading conditions and to provide compelling results.
the projectile impact velocity in the experiments was Very recently,Nieto-Fuentes et a{20233 developed
915 m's. The tests on Ti6AI4V were performed with  an experiment which used a single-stage light-gas gun
cylinders having 50 mm of inner diameter and 4 mm of to bre a conical nosed cylindrical projectile into a thin-
wall thickness, and the projectile impact velocity was walled metal cylinder. The cylindrical samples were
1000 ni s. The dimensions of the specimens and the printed by Selective Laser Melting out of aluminum
impact velocities were chosen to achieve a maximum alloy AISi10Mg, using two sets of printing parameters
strain rate on the order of >1. Five identical tests  which led to two different levels of residual porosity
were conducted with 6061-T6 aluminum, employing in the specimens, 2% and 6%, respectively. The sam-
a high-speed camera and X-ray radiography to cap- ples were produced with two different outer diameters,
ture time-resolved images of the deformation of the 12 mm and 14 mm, and two different wall thicknesses,
polycarbonate projectile and its interaction with the 1 mm and 2 mm. The diameter of the cylindrical part
testtube. The experiments conducted with the Ti6Al4V of the projectile was approximately twice that of the
specimens were recorded using a high-speed camerainner diameter of the cylindrical target. As the projec-
and a PDV system with four probes was employed to tile moved forward, the target expanded, developing a
measure the radial velocity at various locations along trumpet-like shape, and eventually breaking into frag-
the length of the cylinders. The fragmentation of the ments. The tests were conducted with projectile impact
Ti6Al4V specimens was shown to be preceded by the velocities ranging from approximately 180/mto
formation of strain localization bands parallel to the 390 nT's, resulting in circumferential strain rates in the
axis of the testtubes that ultimately developed into mul- cylindrical target estimated to range between approx-
tiple fractures. Building upon the concept proposed by imately 9000 §1 and 23500 %L, The experiments
Jones et al(2013, Gant et al (2021, 2024 designed  were recorded with two high-speed cameras, providing
an experiment in which a steel curved-nosed projec- time-resolved information on the fragmentation mech-
tile is launched using a single-stage gas gun against aanisms. Additionally, the recovered fragments were
nearly incompressible high-density polyethylene disk. sized, weighed, and analyzed using X-ray tomography,
The disk is crushed onto a steel anvil, deforming and revealing the inBuence of porous microstructure, spec-
imparting radial momentum to a circular ring, which imen dimensions, and loading velocity on the number
expands ata high strain rate. The experiments were con-of fragments and the distribution of fragment sizes.
ducted with a projectile impact velocity of 150 sy uti- Fragmentation occurred without noticeable necking,
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and the trajectory of cracks appeared to be guided by (2012 investigated the blast-driven radial expansion
the large pores in the microstructure. The experimental of six Ti6Al4V rings with different length-to-thickness
setup ofNieto-Fuentes et a(20233 was shortly after  ratios). To the authorsO knowledge, this paper presents
adapted byNieto-Fuentes et 820231 to performring the most ambitious investigation on the fragmentation
expansion tests. The specimen was placed over a ducbehavior of titanium alloys performed to date, includ-
tile thin-walled tube made of AISI 316 L steel, which ing 27 and 29 tests on expanding rings and cylinders,
was expanded by a cylindrical conical-nosed projectile respectively. The tests have been performed for expan-
Pred with a gas gun. This expansion pushed the ringsion estimated strain rates varying from10050 st
radially outwards, eventually causing it to break into to 19125 1. The fragments have been collected,
multiple fragments (i.e., the test specimenNieto- weighed, sized, and analyzed using scanning electron
Fuentes et al20233 is fabricated from wrought AISI  microscopy to investigate the fragmentation mecha-
316L steel inNieto-Fuentes et a(2023h to serve as  nisms. The number of necks, the number of frag-
the pusher). Similarly tdieto-Fuentes et a{20233, ments, and the proportion of necks developing into
the rings were manufactured by 3D-printing technol- fragments have been observed to increase (slightly)
ogy out of AISi10Mg. The samples had an outer diam- with expansion velocity across the range of loading
eter of 18 mm and a square cross sectionxf22mnt. rates tested. The average distance between necks has
The range of projectile impact velocities tested was been compared with the predictions of a linear sta-
the same investigated ieto-Fuentes et a(20233. bility analysis Zhou et al. 2006Vaz-Romero et al.
The increase of the impact velocity was shown to shift 2017, and satisfactory qualitative agreement has been
the fragments size distribution towards smaller frag- obtained between theoretical predictions and experi-
ments, and towards narrower distributions. The evolu- ments. In addition, the experimental results for the
tion of the number of fragments with the impact veloc- number of necks and fragments have been compared
ity was modeled with the theory dfipp and Grady  with tests conducted biieto-Fuentes et a(20233
(1989, coupled with the fracture energy criterion by on additively-manufactured AlSilOMg cylinders and
Thomasor(1970, and quantitative agreement with the byZhang and Ravi-Chandé&006 2008 on Al 60610-
experiments was obtained for the whole range ofimpact O, Al 1100-H14 and Cu 10rings. This comparison aims
velocities investigated. to investigate the inRuence of material behavior on the
In this paper, we use the experimental setups statistics of fragment sizes and neck spacings.
developed byNieto-Fuentes et al(2023ab) to per-
form dynamic fragmentation tests on titanium rings
and cylinders produced by Field-Assisted Sintering 2 Materials characterization and testing methods
Technology (FAST). This manufacturing process is
widely used in research laboratories as a rapid andThis research involves manufacturing titanium alloy
cost-effective process to consolidate powders, and itrings and cylinders using Field-Assisted Sintering
is arousing the interest of different industrial sec- Technology (FAST), followed by the microstructural
tors as an alternative to Hot Isostatic Pressing or analysis of the specimens and the execution of high-
conventional melt-wrought processing. Two differ- speedimpacttests. Sectidrioffers an overview of the
ent alloys are investigated in this work, Ti6Al4V titanium alloy grades under investigation, presenting
and Ti5AI5V5Mo3Cr. These materials are extensively their chemical composition, processing methodology,
used in aeronautical and aerospace industries becauserystallographic microstructure, and basic mechanical
of their high strength, excellent hardenability, frac- properties. Sectio?.2 details the impact testing setup
ture toughness and high fatigue resistance. However,used for the fragmentation experiments.
despite the scientibc and technological interest of tita-
nium alloys, the only article cited in this introduction
that included experiments on titanium is the work of 2.1 Materials and specimens
Jones et al(2013 Nand only one experiment was
reported thereinRolis et al.(2013 reported adynamic  Two titanium alloys were selected for this investi-
fragmentation experiment on a Ti6Al4V hemispheri- gation: Ti6Al4V and Ti5AI5V5Mo3Cr. Both alloys
cal shell using explosive loading, whildones et al.  are utilized in aerospace applications. For instance,
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Ti6AI4V is commonly employed as fan-disc and blade ing 2x 2 mn?, while the cylinder-shaped samples have
material for jet engines, while Ti5AI5V5Mo03Cr is adiameter of 14 mm, a thickness of 1 mm, and a length
used in aerostructural parts such as landing gear forg-of 40 mm.
ings. Ti6AI4V is an alpha+ beta titanium alloy, The tensile stressbstrain characteristics of both of
accounting for over 50% of the worldOs titanium use. the alloys investigated, at each processing tempera-
Ti5AI5V5M03Cr, on the other hand, is a metastable ture, are shown in Fi@. The Ti6Al4V processed at
beta alloy, with high strength or fracture toughness a dwell temperature of 97C, below the beta-transus,
achievable through various heat treatments. demonstrates the highest yield strength and ultimate
Thering-shape and cylinder-shape specimens inves-tensile strength among the four material conditions.
tigated in this high-velocity impact fragmentation In contrast, Ti6AlI4V processed at a dwell tempera-
study were machined from 80 mm billets consolidated ture of 1100C, above the beta-transus, shows lower
from powder via Field Assisted Sintering Technol- ultimate tensile strength, yield strength, and elonga-
ogy (FAST) using a FCT HP D 25 FAST/SPS fur- tion. For Ti5AI5V5Mo03Cr, the sample processed at
nace housed at the Royce Discovery Centre of the Uni- 970 C has higher strength, but lower elongation than
versity of Shefpeld. The Ti6Al4V powder was pro- the sample processed at 1100 In this case, both
duced byPuris LLC with a particle size distribution  samples were processed within the beta region, and
of 75S 500 um, while the Ti5AI5V5Mo3Cr pow-  therefore, the higher temperature sample had enhanced
der was manufactured b&P&C and had a particle  grain growth, leading to an increase in the elongation
size distribution of 455 100 um. FAST is a solid-  to failure at the expense of reducing the material Row
state powder consolidation method where a pulsed DCstrength. Fig2 compares the stressbstrain characteris-
current is applied concurrently with uniaxial pressure. tics of the Ti6AI4V and Ti5AI5V5Mo3Cr alloys stud-
This creates a joule heating effect in the graphite tool- ied here with those reported IBettaieb et al(2014),
ing stack causing the mould and its contents (powder) which were produced by forging and tested in uniax-
to heat up. The combined effects of heat and pressureial tension under quasi-static loading conditions. The
allow full density to be achieved, with high heating FAST-manufactured Ti5AI5V5Mo3Cr alloys studied
rates and short processing times. The advantages oflemonstrate lower yield stress but notably higher duc-
FAST over other solid-state consolidation techniques tility, whereas the FAST-manufactured Ti6AI4V alloys
such as Hot Isostatic Pressing are that the tooling is exhibit slightly reduced Row strength with comparable
reusable and heating occurs directly within the mould. elongation (for the case of Ti6AI4V-970).
Both the cylinders and rings were extracted from billets =~ The samples were subjected to a standard titanium
of either alloy that had been processed at different dwell alloy preparation routine before being etched with
temperatures of 97€ and 1100C. These process- KrollOs Reagent to reveal the microstructure under opti-
ing temperatures were chosen with respect to the beta-cal light microscopy. The microstructure of each of the
transus temperature of TiBAI4Y 990 C), wherethe  four conditions is shown in Fi@. Subplot3a shows
allotropic phase transformation between alpha and betathe microstructure of the Ti6Al4V processed below the
occurs. Therefore, by processing with these two tem- beta transus temperature, with a bimodal microstruc-
peratures, two different microstructures were achieved, ture shown made up of equiaxed primary alpha grains
further increasing the extent to which this study inves- and a course transformed beta structure, owing to the
tigates the fragmentation behaviour based on chem-relatively slow cooling rate during the FAST process. In
istry and also microstructure. Monolithic samples of comparison, subpl@b shows the microstructure of the
either alloy were machined as well as multi-material Ti6Al4V processed above the beta transus temperature,
samples which contained both alloys, see Eidgn the here a lamellar microstructure can be seen, made up of
cylinders, multimaterial specimens contained a diffu- similarly-oriented alpha colonies separated by retained
sion bond either perpendicular (PP) or parallel (PL) to beta, with alpha along the prior beta grain bound-
the impact direction, as shown schematically in E&. aries. Subplot8c and d show the Ti5AI5V5Mo3Cr
For the rings, samples which contained a diffusion bond at the two different processing temperatures, a simi-
were extracted alongside the monolithic alloy samples, lar microstructure is shown in both cases with larger
see Figlb. The ring-shaped specimens have an outer grains in the higher temperature processed sample (as
diameter of 18 mm and a square cross-section measuranticipated in previous paragraph).
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(a) Cylinder-shaped specimens (b) Ring-shaped specimens

Ti5AI5V5Mo3Cr

Ti6Al4V

PP = Bond perpendicular to impact
PL = Bond parallel to impact

Ti6Al4V

Ti5AI5V5Mo3Cr

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

Ti5AI5V5Mo3Cr-970 (this work)

----- Ti5AI5V5M03Cr-1100 (this work)
= Ti6AI4V-970 (this work)
----- Ti6AI4V-1100 (this work)
1500 : :
1200 B
©
o
=
o 900 .
%)
17
o
7 600 f
(&)
2
l_
300 — — TiBAI4V (Bettaieb et al. 2014) -
Ti5AI5V5M03Cr-1 (Bettaieb et al. 2014)
- —.— Ti5AI5V5M03Cr-3 (Bettaieb et al. 2014)
0 | \ !

0 0.05 0.1 0.15 0.2
True strain, ¢

Fig. 2 Tensile stressBstrain characteristics of the tita- alloy was processed. Comparison with the stressbstrain charac-
nium alloy grades investigated: Ti6AI4V-970, Ti6Al4V-1100, teristics of forged Ti6Al4V and Ti5AI5V5Mo3Cr alloys reported
Ti5AI5V5M03Cr-970 and Ti5AI5V5M03Cr-1100. The numbers by Bettaieb et al(2014)

970 and 1100 correspond to the dwell temperature at which the

Figureda and b show two micrographs of the diffu- der particle morphology during the mould lay-up. In
sion bond between Ti6AI4V-970 and Ti5AI5V5Mo03Cr-  both cases, the diffusion bond region appears darker
970, and between Ti6Al4V-1100 and Ti5AI5V5Mo03Cr- in colour than the bulk material, this is an etching
1100, respectively. Both micrographs show the irreg- effect related to the Pne-scale microstructure in the
ular bond morphology running vertically in the cen- bond region between Ti6Al4V and Ti5AI5V5Mo3Cr,
tre. The uneven interface can be attributed to the pow- as previously reported Byope et al(2019. The bond
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Fig. 3 Light optical micrographs of FAST-manufactured titanium allogSi6Al4V-970, b Ti6Al4V-1100, ¢ Ti5AI5V5M03Cr-970
andd Ti5AI5V5M03Cr-1100. The numbers 970 and 1100 correspond to the dwell temperature at which the alloy was processed

width is considerably greater in the sample processed2.2 Impact testing setup
at 1100 C due to the enhanced levels of diffusion at this
temperatureMotyka et al.(2020 reported similar bne  The experimental conbgurations utilized in this study
microstructural features in the diffusion bond between mirror those employed iNieto-Fuentes et a{20233
conventional CP-Ti and Til5V3AI3Cr3Sn material, andNieto-Fuentes et a{2023h for conducting frag-
however the Frenkel pore effect reported in their study mentation tests on cylinders and rings, respectively.
was not observed in the current or previous FAST dif- Note that the testing methodology for ring-shaped sam-
fusion bonding studies. 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 a(2023ab).
A single-stage helium-driven gas gun, located at
the Impact Laboratory of the University Carlos llI

123



High-velocity fragmentation of titanium alloy rings

Page 9 of 57 32

um é
G DR

Fig. 4 Light optical micrographs of difussion bond of multi-
material FAST-manufactured titanium alloys:Ti6Al4V-970 /
Ti5AI5V5M03Cr-970 andb Ti6Al4V-1100 / Ti5AI5V5Mo3Cr-

500 pm  §
BSRREL

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 € Cylinder-shape specimensThe sample is posi-

cylindrical projectile towards the specimen at velocities
within two different ranges: 248hs v, 267 nis
(range 1) and 354 hs v, 390 m's (range 2).
The bore diameter of the gas gun barrel is 25 mm. The
projectileNalso referred to as striker throughout this
manuscriptNis machined from a hardened alloy steel
bar to prevent deformation during impact. It measures
64 mm in length, with a cone angle of 2@nd a base
diameter of 24 mmNsee Fig. 2 iNieto-Fuentes et al.
(20233. 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
Sect2.1 The estimated nominal circumferential strain
rate on the specimeniis = ‘!m' wherev, denotes the
radial expansion velocity, anRy, is the radius of the
specimen at half thickness. The radial expansion veloc-
ity, given byv, = % where = 70 isthe com-
plement to the cone angle (see Fig. Nieto-Fuentes

et al.(202393), 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 projectileNrefer
to Fig. 2 inNieto-Fuentes et a(20233Nto stabilize

the strikerOs motion within the gun barrel and achieve

tioned with one end afbxed to a printed PLA pyra-
midal support (referred to as the clamped end),
while the opposite end is cantilevered (known as the
impacted end)Nsee Fig. The PLA supportis situ-
ated onan XYZ assembly, incorporating an XY pre-
cision table and a height regulator jack. This setup
enables the alignment of the cylindrical specimenOs
axis with the gun barrel before conducting the tests.
The XYZ assembly is attached to an aluminum
structure that is bxed to the laboratory Roor, see
number 11 in Fig7. RePnements 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 inBuences the num-
ber of cracks and the size of the fragments.

axial impact on the specimen. The combined mass of € Ring-shape specimensThe specimen is inserted

the projectile-sabot assembly is 157 g.

over a thin-walled tube made of 316L steel which
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32 Page 10 of 57 T. Virazels et al.

is impacted axially by the conical-nose cylindrical raphy analysis using a FEI Inspect F FEG-SEM system

projectileNsee Fig6. The difference with respect  in secondary electron mode with an accelerating volt-

to the setup used for the fragmentation of cylinder- age of 5 kV, located at the Sorby Centre for Electron

shape specimens lies in the role of the steel tube, Microscopy at the University of Shefpeld. The aimisto

which serves as a pusher (the steel tube will gaininsightsintothe effectofimpactvelocity and mate-

be also referred to as the pusher throughout this rials selection on the dynamic localization and frag-

manuscript), propelling the ring radially outward, mentation behavior of FAST-manufactured titanium

causing it to break into multiple fragments. The samples.

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- 3 Cylinder expansion tests

mens. Moreover, a thin layer of grease is applied

between the ring and the pusher to minimize fric- The impact fragmentation campaign for cylinder-

tion effects during the tests. Note that the PLA sup- shaped specimens comprised a total of 29 tests. Table

port, into which the pusher is inserted, features 8 1 presents detailed information on each experiment:

thin petals embracing the steel tube and extending specimen designation, axial impact velociy)( esti-

to the rear of the specimen, preventing the airBow mated circumferential strain rate {, average frag-

generated by the gas-gun to displace the ring beforements length measured in the circumferential direc-

the projectile impacts the pusherNsee Fig. tion of the specimen along with its standard devia-

tion (L + SD), average fragments length measured

The impact tests were recorded with two high-speed in the axial direction of the specimen along with its
cameras Photron Fastcam SA-Z 2100 K using frame standard deviatiori(;+ SD), average fragments thick-
rates of 200000 fps and 350000 fps for the experi- ness along with its standard deviatida: (SD), aver-
ments on tubes and rings, respectively, resolutions of age fragments mass along with its standard deviation
256 pxx 232 px and 128 px 152 px for the tests  (mz SD), number of fragments recoverel, §, and
on tubes and rings, respectively, and a shutter speedpoercentage of mass recovered relative to the complete
of 1/2880000 s, see numbers 8 and 9 in Figiwo cylinder (m). The dimensions and mass of all recovered
1800-W open-face lampheads were utilized to provide fragments are provided in Tabl8go 36 of Appendix
sufpbcient lighting for capturing clear images, see num- A. The circumferential length, axial length and thick-
ber 10 in Fig7. The video recordings provide real- ness of each fragment were measured at three different
time insights into the localization and fracture mech- locations using a digital caliper with a resolution of
anisms of rings and cylinders, as well as the num- 0.01 mm. The mean values of these three readings cor-
ber and location of necks and fractures formed. The respond toL , L, andt in the data sets of Appendix
recordings are also used to calculate the impact veloc-A. Note that the circumferential and axial length mea-
ity by establishing a reference length prior to the test surements account for the curvature of the fragments
and determining the time it took for the projectile (i.e., the length was determined by accounting for the
to cover this distance in the video footage. Further- curvature of the fragments, rather than measuring along
more, the recordings enabled us to verify whether the a straight line). Averaging the values bf, L., andt
projectile impacted the target uniformly. The exper- for all fragments recovered from each sample yields
iments in which the striker trajectory deviated more the average fragments length along the circumferential
than 02 mm from the specimen axis were discarded direction,L , the average fragments length along the
(Nieto-Fuentes et al. 202Bahe fragments were soft-  axial direction,L,, and the average fragments thick-
recovered using atunnel-shaped casing lined with poly- ness,t, as included in Tabld. We performed Pnite
mer foam placed around the specimen, see number 6 inelement calculations of the cylinder expansion tests,
Figs.5, 6 and 7. The collected fragments were pho- which indicated that the stress state in the specimen
tographed, measured, and weighed to determine theclose to the impact zone is nearly uniaxial tension prior
spacing between necks and compile statistics on the dis-to neck formation. However, the results of these calcu-
tribution of fragment sizesNsee Secgand4. Addi- lations are not shown here for the sake of brevity. The
tionally, selected fragments were subjected to fractog- tests on monolithic and multimaterial samples are pre-
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Fig. 5 Experimental setup. Cylinder-shape specimens: (1) sam- table, (6) tunnel-shaped aluminum casing (the polymer foam has
ple, (2) conical-nosed cylindrical projectile, (3) printed PLA been removed to lighten the picture) and (7) gun barrel
pyramidal support, (4) height regulator jack, (5) XY precision

Fig. 6 Experimental setup. Ring-shape specimens: (1) sample jack, (5) XY precision table, (6) tunnel-shaped aluminum casing
(with a black striped pattern), (2) conical-nosed cylindrical pro- (the polymer foam has been removed to lighten the picture), (7)
jectile, (3) printed PLA pyramidal support, (4) height regulator gun barrel and (12) pusher

123



32 Page 12 of 57 T. Virazels et al.

Fig. 7 Experimental setup: (3) printed PLA pyramidal support, to lighten the picture), (7) gun barrel, (8) high-speed camera 1,
(4) height regulator jack, (5) XY precision table, (6) tunnel- (9) high-speed camera 2, (10) lampheads and (11) aluminum
shaped aluminum casing (the polymer foam has been removedstructure screwed to the laboratory 3oor

sented in Sect8.1and3.2 respectively. The notation to the nonuniform impact of the striker on the inner
used for the specimens designation is as follows: C circumference of the cylinder, see S&f

refers to cylinder, Ti6Al4V and Ti5AI5V5Mo3Cr indi-

cate the titanium alloy grades used to produce the spec-

imens, and 970 and 1100 are the dwell temperatures at3 1 pMonolithic samples

which the FAST process was conducted (as mentioned

in Se_ct2.1)_. Moreover, S and D_determine whether Fhe Figure8 shows the average fragments circumferen-
specimen is manufactured using one or two titanium tia| length T versus the axial impact velocity,
alloy grades, and PP and PL dePne, in the case of SpeCtor the tests conducted on monolithic specimens:
imens produced with two grades, whether the diffusion ,range circles, red squares and green triangles corre-
bond between the two different grades was placed Per-spond to C-TiBAI4V-970-S, C-Ti6AI4V-1100-S, and
pendicular or paral!el to the axis of the cy'linder.(see C-Ti5AI5V5M03Cr-970-S, respectively. The experi-
Sect2.1). The specimens manufactured with a single ental data for C-Ti6AI4V-1100-S and C-TiSAI5V5M
titanium grade will be referred to as monolithic along 43c1-970-S are btted to straight lines, and the corre-
this manuscript, while those produced with two tita-  sponding coefbcients are provided in the bgure leg-
nium grades will be referred to as multimaterial (s eng. Despite the limited number of experiments for
mentioned in Seck.1). The last digitin the specimens  g5ch material, the tests on C-Ti6Al4V-1100-S and
designation, ranging from 1to 6, identiPes the test num- ~_Tis AI5V5M03Cr-970-S specimens reveal a clear
ber for the same material(s) system. Missing numbers gecrease in the fragments circumferential length with
correspond to failed tests that have been discarded dugy, increase in impact velocity. Based on the btted

curves, for an impact velocity of 250/rs, the aver-
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Table 1 The impact fragmentation campaign on cylinder-shape axial direction of the specimen along with its standard deviation
specimens consists of 29 experiments: specimen designation (se€L .+ SD), average fragments thickness along with its standard
Sect2.1), axial impact velocity \(;), estimated circumferential ~ deviation {+ SD), average fragments mass along with its stan-
strain rate ( ), average fragments length measured in the cir- dard deviationf+ SD), number of fragments recoverel, §,
cumferential direction of the specimen along with its standard and percentage of mass recovered relative to the complete cylin-
deviation { + SD), average fragments length measured in the der (m)

Specimen vz (m/s) (s§1) L £SD(mm) Lz+ SD(mm) t+ SD(mm) m+ SD (mm) Ny m (%)
C-Ti6AI4V-970-S-2 267.6 132168 1606 650 1397 413 099 003 1978 1336 3 814
C-Ti6AI4V-970-S-4 3553 175619 1177 500 2122 1037 091 002 1892 1623 3 786
C-Ti6AI4V-970-S-5 3627 178718 1862 1344 2075 964 098 005 2946 2641 2 817
C-Ti6AI4V-970-S-6 3701 182725 1426 510 2429 851 096 005 1696 0698 4 929
C-Ti6AI4V-1100-S-1 2555 125891 1001 120 2727 655 101 002 1355 Q490 5 935
C-Ti6AI4V-1100-S-2 2615 128877 941 382 1709 955 099 003 0969 1149 7 941
C-Ti6AI4V-1100-S-3 2564 126401 1087 192 1496 446 100 003 1042 0464 5 72.1
C-Ti6Al4V-1100-S-4 3645 179669 804 202 1941 1280 096 002 0735 0498 9 916
C-Ti6AI4V-1100-S-5 3543 174585 952 311 1804 584 096 002 0889 0394 7 86.4
C-Ti6Al4V-1100-S-6 360.7 177733 810 151 1743 916 095 003 0597 0395 11 90.8
C-Ti5AI5V5M03Cr-970-S-1 2555 125704 1001 240 2931 888 094 004 1391 Q575 5 918
C-Ti5AI5V5M03Cr-970-S-2 2615 129075 1020 143 2656 1117 096 004 1418 0661 5 935
C-Ti5AI5V5M03Cr-970-S-3 2591 127558 1545 845 1477 324 094 007 1404 1010 5 92.7
C-Ti5AI5V5M03Cr-970-S-4 3745 184238 818 156 2519 1219 095 003 0866 0403 8 914
C-Ti5AI5V5M03Cr-970-S-5 3688 181399 914 264 1827 325 095 004 0849 0344 7 783
C-Ti5AI5V5M03Cr-970-S-6 356.6 175512 834 193 2527 1260 094 004 0877 0423 8 925
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-1 2613 129118 1023 179 1338 282 091 006 0746 0197 2 20.2
C-Ti6Al4V/Ti5AI5V5M03Cr-970-D-PP-2 2614 128986 9.62 220 1277 403 094 004 0890 0250 8 88.6
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-3 3545 175100 1779 7.27 2516 1201 090 005 2401 1069 3 973
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-4 2550 125900 910 321 2826 977 094 003 1454 Q505 5 98.0
C-Ti6Al4V/Ti5AI5V5M03Cr-970-D-PP-6 3742 184757 856 190 17.89 1047 095 003 0805 0545 9 975
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-1 3626 178813 775 213 2484 1036 096 005 0967 0646 7 914
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-2 2547 125615 1119 288 1984 510 094 003 1459 Q762 5 98.6
C-Ti6Al4V/Ti5AI5V5M03Cr-970-D-PL-3 2488 122909 959 332 2421 963 097 003 1301 Q730 5 87.6
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-4 3898 192672 937 216 2091 993 095 003 0984 0660 7 99.7
C-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-1 2660 130902 849 145 2551 988 094 004 0990 0141 4 534
C-Ti6Al4V/Ti5AI5V5M03Cr-1100-D-PL-2 3875 191249 7.68 203 2014 926 097 005 0777 0514 9 941
C-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-3 2637 130205 910 373 2093 1078 096 002 0875 0754 8 947
C-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-4 3821 188778 7.33 153 2144 1195 096 002 0684 0463 9 832

age fragments circumferential length for C-Ti6Al4V- 970-S. On the other hand, a notable observation is
1100-S and C-Ti5AI5V5M03Cr-970-S is b mm the consistently larger fragments circumferential length
and 1220 mm, respectively. For 370/rg, these values  for C-Ti6AI4V-970-S when compared to C-Ti6Al4V-
drop to 835 mm and &7 mm. However, the results 1100-S and C-Ti5AI5V5Mo03Cr-970-S. Establishing a
for C-Ti6AI4V-970-S do not exhibit a distinct trend depPnitive correlation between the mechanical behav-
concerning impact velocity, primarily due to the large ior of the three alloys and the size of the result-
value of L for v, = 3627 mVs. Upon excluding ing fragments proves challenging. Nonetheless, these
this outlier, it seems like the average fragments cir- results suggest that the increased Row strength of C-
cumferential length might be getting shorter as the Ti6Al4V-970-S compared to C-Ti6Al4V-1100-S and
impact speed increases, similar to what it is observed C-Ti5AI5V5M03Cr-970-S leads to a reduction in frag-
for C-Ti6AI4V-1100-S and C-Ti5AI5V5M03Cr-970-  ment count, see Fi§.

S. However, additional tests are required to ensure sta- The results obtained with the monolithic titanium
tistically signibcant results and establish clear patternsspecimens fabricated with FAST are compared with
in howL varies with impact velocity for C-TiBAI4V-  tests reported byNieto-Fuentes et al(20233 on
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additive manufactured AlSi10Mg samples. The black and enabling the initiation of additional fractures at
squares correspond to samples fabricated with standardhearby locationsMott (19478 assumes that the frac-
qualityand 6% porosity, and the black circlesto sam- ture sites correspond to material points with low failure
ples fabricated with performance quality and 2% strain, which is attributed to the presence of defects
porosity. The AlSi10Mg printed specimens exhibit a (such as microvoids), statistical variations in mate-
smaller value for the average fragment length than therial properties, and microstructure differences. Fur-
titanium samples manufactured with FAST across the thermore, the fragments length distributions have been
entire range of impact velocities tested. The likely rea- btted to a Weibull Probability Distribution Function
son is the signibcant presence of porosity defects in (PDF) represented by a black solid line, see equation
the additive manufactured AlSi10Mg cylindefdiéto- (1), with  and being the scale and shape param-
Fuentes et al. 2023awhich promote the formation of  eters, which are included in the upper-right part of
cracks favoring multiple fragmentation. However, note Figs.9a and b. The decrease in the scale parameter with
that, while AISi10Mg cylinders exhibita higher suscep- increasing impact velocity is consistent with the ring
tibility to fragmentation, the rate of decrease in aver- expansion experiments performedZiyang and Ravi-
age fragment length with impact velocity appears to be Chandar(2006 on aluminum 6061-O samples, illus-
similar for both printed AISi10Mg and FAST titanium trating a reduction in the distance between fractures as
samples. the loading rate rises. Moreover, note that the explo-
Figure9 shows the distributions of fragments length  sively driven fragmentation experiment conducted by
L corresponding to monolithic specimens, see Tables Bolis etal.(2013 on a Ti6Al4V hemispherical shell ata
8 to 23. Orange, red and green blocks correspond to strain rate of 17000% resulted in an average fragment
Ti6AI4V-970, Ti6AI4V-1100, and Ti5AI5V5Mo3Cr-  size of 150 mrf (no information was provided on the
970, respectively (the same color codingused in®ig.  shellOs thickness or diameter). Assuming the fragments
The height of a colored block within a bar of the his- are approximately square, the average fragment length
togram provides the number of fragments for a given is 1225 mm. This value is similar to the average frag-
interval of fragments length. The results are collected ment lengths observed in the cylinder expansion tests
as a function of the impact velocity: (a) range 1N reported in this study, see Talfte
248m's v, 267 sand (b)range 2N354 s .
2 390 m's. The presentation of data for grades .| k L kS1 S(L /) K
Ti6AI4V-970, Ti6AI4V-1100, and Ti5AI5V5Mo03Cr- f=- — €
970 in the same graph ensures statistically signibcant
results. However, since data from different materials  FigurelOillustrates the fragment mass distributions
processed at different dwell temperatures are utilized, m for monolithic specimens, see Tabl@$o 23. The
the interpretation of Fid should be qualitative rather  presentation of results is similar to that in Fgusing
than quantitative (note that the experimental results pre-the same color coding and displaying the data as a func-
sented in the paper do not provide debnitive conclu- tion of loading speed. Experiments for impact velocity
sions regarding the inBuence of material microstructure ranges 1 and 2 are shown in subptbia and b, respec-
on the fragmentation mechanisms of titanium alloys tively. Both the meany() and standard deviation (SD)
produced via FAST). The range of fragment lengths ofthe fragment mass distribution decrease with increas-
narrows as the impact velocity increases, resulting in ing impact velocity, see Tabl& The results have been
a reduction of both the meafu) and the standard Pbtted to a Weibull distribution function, indicated by
deviation (SD) in the distribution of fragmentsNrefer  the solid black line. The scale parameter of the distribu-
to Table 2 for details. The trend is consistent with tionfunction decreases with increasingimpactvelocity,
the results obtained biieto-Fuentes et al20233 supporting the notion that the distance between frac-
with AISi10Mg cylindersNsee Fig. 24 therein. The tures diminishes as the loading rate rises. The compar-
decrease in fragment size with the loading rate might ison of Figs9 and 10 reveals that whether assessing
be explained by the theory d¥lott (1947h, which fragment length or mass, the results are qualitatively
suggests that as the loading rate increases, the releasthe same, indicating that the fragments are smaller with
waves originating from initial fractures have less time increasing impact velocity. Moreover, the thickness
to propagate, thereby limiting the extent of unloading measurements of the fragments presented in Tables
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Fig. 8 Variation of the average fragments circumferential length FAST are compared with tests reportedigto-Fuentes et al.

L with respect to the axial impact velocity,. Results cor- (20233 on additive manufactured AlSi10Mg samples. The black
responding to monolithic cylindrical specimens, see Table squares correspond to samples fabricated with standard quality
Orange circles correspond to C-Ti6AI4V-970-S, red squares to and 6% porosity, and the black circles to samples fabricated
C-Ti6Al4V-1100-S, and green triangles to C-Ti5AI5V5Mo3Cr-  with performance quality and 2% porosity. For interpretation
970-S. The experimental data for C-Ti6AI4V-1100-S and C- of the references to color in this bgure, the reader is referred to
Ti5AI5V5M03Cr-970-S are btted to straight lines. The results the web version of this article

obtained with the monolithic titanium specimens fabricated with

0.25 0.25
e Weibull PDF (A =12.80 and k = 2.36) e Weibull PDF (A =10.60 and k = 2.22)
C-Ti6Al4V-970-S C-Ti6Al4V-970-S
C-Ti6Al4V-1100-S C-Ti6Al4V-1100-S
0.20 - C-Ti5AI5V5M03Cr-970-S 0.20 4 C-Ti5AI5V5M03Cr-970-S
0.15 4 0.15 4
z >
g g
E] E]
H g
£ £
0.10 4 0.10 4
0.05 4 0.05 1
0.00 T T T T T T 0.00
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Lg (mm) Lg (mm)
(a) (b)
Fig.9 Distributions of fragments circumferential lendth cor- b range 2N354 nis v, 390 nmi's. A Weibull probability

responding to monolithic cylindrical specimens, see Ta8les density function, see equatioh)( was btted to the experimental
23. Orange, red and green blocks correspond to C-Ti6AI4V-970- measurements (black solid line). For interpretation of the refer-
S, C-Ti6AI4V-1100-S, and C-Ti5AI5V5M03Cr-970-S samples, ences to color in this bgure, the reader is referred to the web
respectively. The results are collected as a function of the axial version of this article

impact velocity:a range 1N248 nis v, 267 mi's and
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Table 2 Mean (1) and standard deviation (SD) of the distribu- t = 15 pus showcase the radial expansion and axial
tion of fragments length. corresponding to monolithic cylin- hending of the cylinder, which develops a funnel-like
gzga#gec\'/r?enszge;?ﬁf:;’cf?\;‘e'lg'ggcrta"ne;gc%égzgme B shape as the projectile advances. The prst fracture,
v, 390m's indicated by a white arrow in snapshot (cO), forms at
t = 25us andis preceded by a neck-like local thinning
of the specimen thickness due to the circumferential
p(pm) 1134 939 stretching of the cylindrical casing. The crack initially
SD(um) 4.94 433 extends in the axial direction of the specimen, as seen
in (dO), and then bifurcates into twatat 50 ps, as
shown in (e0), eventually giving rise to a petal-shaped
Table 3 Mean (1) and standard deviation (SD) of the distribu-  fragment indicated with a white arrow in image (fO).
tion of fragments masm corresponding to monolithic cylin- At t = 70 us, the fragmentation process is complete.
drical specimens, see Tabl8sto 23. Impact v&_alocity range Subsequently, upon unloading the sample, the resulting
%52 éts ”\‘/SZ 209 m5267 mfs. Impact velocity range 2 ® ¢ yments undergo radial expansion and (sometimes)
bending during their free RBight, most likely due to the
sudden momentum change resulting from the violent
(g 1.26 098 fracture process. Postmortem photographs of the three
SD(g) 0.89 088 recovered fragments are shown in Hig(only 814%
of the cylinder mass was recovered). The fragments are
numbered the same as in TaBlef Appendix A. The
impacted end shows several necked sections pointed
to 23 demonstrate that the nominal strain at failure for out with red arrows, which were formed during the
the specimens tested is relatively low, with thickness expansion of the cylinder. As one moves away from the
reductions of less than 5% in most cases. However, theimpacted end, fractures are not preceded by the forma-
variability in thickness measurements observed acrosstion of well-dePned necks. Instead, cracks propagate at
experiments complicates the ability to draw dePnitive an oblique angle in relation to the circumferential direc-
conclusions regarding potential differences in failure tion of the ring. Note that slant fracture is commonly
strain among the titanium alloys investigated. observedin Ti6Al4V sheets and shells subjected to high
Figurell shows snapshots of the impact test on strain ratesVerleysen and Peirs 201 7The cracks are
specimen C-Ti6Al4V-970-S-2 for different loading observed to initiate parallel to the projectile trajectory,
times. Recall that the sample was made of Ti6Al4V, then proceed to zigzag and twist (most likely due to
and FAST processing was conducted at a dwell temper-the axial bending of the cylinder), ultimately resulting
ature of 970 C, see SecR.1and Tablél for details on in the cylinder breaking perpendicular to the loading
the specimen processing and designation, respectivelydirection. Figured.3 shows a high-magnibcation SEM
The striker velocity is/; = 267.6 v s (impact velocity micrograph of the fracture surface indicated in High
range 1), and the estimated strain rate is 132%6". with a blue arrow. The fracture surface exhibits two
This particular experiment has been selected to show-distinct tiers, linked by a step indicating transient crack
case the impact process due to the high-quality imagepropagation perpendicular to the image, likely resulting
recording and clear identibcation of the onset of frac- from either the convergence of initially separate cracks
ture. The images obtained by camera 1 are on the leftor the bifurcation of an initial crack into branches.
side of the sequence, while those obtained by cam-Notice the equiaxed dimplesNRat dimple ruptuBs(-
era 2 are on the right side. The Prst pair of images, soum and Faleskog 20fN, characteristic of ductile
snapshots (a)-(a0), corresponds to the time of impactensile-dominated fractureTgng et al. 202pcaused
t = 0 us. Observe the precise alignment between the by the stretching of the material during the expansion
conical nose of the projectile and the longitudinal axis and fragmentation of the cylinder. The larger dimples
of the cylinder. The uniform impact of the striker on are likely caused by voids formed at prior beta grain
the inner circumference of the cylinder is essential to boundaries and alpha/beta subgrain interfaces, while
ensure homogeneous deformation along the circum-smaller dimples of varying sub-micron sizes may have
ferential direction of the specimen. Images (b)-(b0) at
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and green blocks correspond to C-Ti6AI4V-970-S, C-Ti6Al4V-
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surements (black solid line). For interpretation of the references
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1100-S, and C-Ti5AI5V5M03Cr-970-S samples, respectively. to color in this Pgure, the reader is referred to the web version of
The results are collected as a function of the axial impact veloc- this article
ity: (a) range 1N248 nis v, 267 m's and (b) range

formed at different stages of the deformation and dam- to circumferential stretching of the cylindrical casing
age processRineau et al. 2006 but gradually twisting and eventually progressing at a
Figurel4displays a series of snapshots correspond- certain inclination with respect to the specimen axis,
ing to the impact test on specimen C-Ti6Al4V-1100- likely due to bending of the cylinder wall. These two
S-3. The material was FAST-processed at a dwell tem- fractures ultimately meet att 80 us leading to the

perature of 1100C, differing from the 970 C used
for specimen C-Ti6Al4V-970-S-2 depicted in Fid4,
12, 13. Recall that the effect of the dwell tempera-

formation of a triangular-shape fragment (hnumber 4 in
Fig.16and Tablel4). The red arrow in (c) and (d) high-
lights a crack that forms between the two indicated by

ture on the stressBbstrain characteristic and microstruc-white arrows. It progressed only a short distance before

ture of Ti6AI4V was discussed in Se2tl The striker
velocity isv; = 2564 m/s (impact velocity range
1), which isonly 4% less compared to specimen C-
Ti6AI4V-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

arrest, see Fid.6a, 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 bve 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

specimen. Images (a)-(a0) show the uniform contact olength of the cylinder, and both fragments correspond-
the striker on the inner circumference of the cylinder, ing to the impacted and clamped ends tend to exhibit
while images (b)-(bO) depict the axial penetration of slant fracture and sharp corners due to the intersec-
the striker into the specimen, resulting in radial expan- tion of cracks diagonally traversing the specimen. Fig-
sion and axial bending of the cylinder wall. Several urel8a shows a high-magnibPcation SEM micrograph
cracks are formed at the impacted endat25us, as of the fracture surface indicated in Fighb with a blue
indicated in (c). The specibc locations where the brst arrow. The fracture surface displays both equiaxial dim-
cracks form are likely determined by the presence of ples (nearly spherical) and elongated shallow dimples
material defects or by local perturbations in the stress (nearly elliptical) of largely varying sizes. This obser-
Peld caused by the projectile impact. The white arrows vation suggests that the material experienced a combi-
in (c), (d), and (e) indicate fractures initially propa- nation of tensile and shear stress staBargoum and
gating toward the axial direction of the specimen due Faleskog 200) likely arising from the stretching and
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Fig. 11 Sequence of images of the impact test for specimen C-
Ti6AI4V-970-S-2 for different loading timesabr’ t = 0 us,
b-b't= 15us,c—c't= 25us,d-d’ t = 35us,e—e't= 50us
andf—f' t = 70 us. Images obtained by camera 1 are on the left

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 Fi@g8.and 18a, 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.

Figurel5presents a sequence of snapshots recorded
during the impact experiment on specimen C-Ti6Al4V-
1100-S-4. The distinction from the test in Fighis the
higher impact velocityv; = 3645 nv s (impact veloc-
ity range 2). The sequence of images captures the time
at which the impact occurs (a)-(a0), followed by the
uniform radial expansion of the specimen and axial
bending of the cylinder wall (b)-(bO), the formation of
fractures (c)-(cO), and their subsequent propagation (d)-
(dO)-(e)-(ed), ultimately leading to the fragmentation of
the sample (f)-(fO). In comparison to the test on sample
C-Ti6AI4V-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 hylieto-Fuentes et a(20233
on printed AISi10Mg cylinders. The nine fragments
recovered from the test on sample C-Ti6AlI4V-1100-
S-4 are shown in Fid.7. 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 Tablel5. Although the cracks shaping these two
fragments followed a zigzag path (and the fragments

side of the sequence, while those obtained by camera 2 are ongre slightly bent since the specimen develops a funnel

the right side. The impact velocity i, = 267.6 m/ s (impact
velocity range 1). For interpretation of the references to color in

this bgure, the reader is referred to the web version of this article
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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 eelatively uniform
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Necks Necks

Fracture surface
analyzed in Fig. 13

Crack perpendicular
to the cylinder axis

(a) (b)

Fig. 12 Post-mortem photography of the recovered fragments velocity range 1). The fragments are numbered the same as in
corresponding to specimen C-Ti6Al4V-970-Saduter surface, Table8 of Appendix A. Millimeter graph paper is used as a ref-
b inner surface. The impact velocityvs = 267.6 m/ s (impact erence for the dimensions

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.
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 Tablé&sand17.
Note also that the impact tests conductedNigto-
Fuentes et al20233 on printed AlSi1OMg cylinders
also showed that higher impact velocities lead to the
formation of longer fragments. Figut&b depicts a
high-magnibcation SEM micrograph of the fracture
Fig. 13 High-magnibcation SEM micrograph of fracture sur- surface of sample C-Ti6AI4V-1100-S-4, indicated by
face corresponding to fragment 1 of specimen C-Ti6Al4v-970- the blue arrow in Figl7b. The fractography analy-
S-2indicated in Figl2b with a blue arrow. The impact velocityis  sjs shows a multitude of Rat sheared dimples, reveal-
vz, = 267.6 m/'s (impac; vel_ocity range 1_). For interpretgtion of ing a locally shear-dominated fractutdgo and Duffy
the references to color in this bgure caption, the reader is referred .
to the web version of this article 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-

cross-section. Fragment 9 is also notably long, cover- ization developmentat high loading rat@s(Silva and
ing more than three-pfths of the sample length, see Ramesh 1997Peirs et al. 2010 Upon reviewing the

Table 15. While there are some short, triangle-shaped fractography analyses depicted in Fi8.and 18, it
fragments (e.g., numbers 2, 3, and 4), a comparisonSeems that distinct segments of the cracks demonstrate

with Fig.16 reveals that an increase in impact speed
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Fig. 14 Sequence of
images of the impact test for
specimen
C-Ti6Al4V-1100-S-3 for
different loading timesaba’
t=0us,bEb’ t= 15us,
ckc’'t = 25us,dBed’

t= 40us,ebe’t= 50us
andfef’ t = 80us. 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, = 2564 m/' s (impact
velocity range 1). For
interpretation of the
references to color in this
Pgure, the reader is referred
to the web version of this
article
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Fig. 15 Sequence of
images of the impact test for
specimen
C-Ti6Al4V-1100-S-4 for
different loading timesaba’
t=0us,b—b t= 15us,
c—C't= 25us,d-d’

t= 40us,e—e’t= 50pus
andf—f' t = 80 us. 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, = 3645 /s (impact
velocity range 2). For
interpretation of the
references to color in this
bgure, the reader is referred
to the web version of this
article
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Impacted end Impacted end
Fracture surface
4 .
5 5 4 analyzed in Fig. 18a
3 3
2 1 1 2
Clamped end Clamped end

(a) (b)

Fig. 16 Post-mortem photography of the recovered fragments (impact velocity range 1). The fragments are numbered the same
corresponding to specimen C-Ti6Al4V-1100-S-3: (a) outer sur- as in Tablel4 of Appendix A. Millimeter graph paper is used as

face, (b) inner surface. The impact velocityis= 2564 nv's a reference for the dimensions
Impacted end Impacted end
c 5
2 2
6 6
5 9
7 8 1 1 8 7 Fracture surface
4 3 3 4 analyzed in Fig. 18b
Clamped end Clamped end

(a) (b)

Fig. 17 Post-mortem photography of the recovered fragments (impact velocity range 2). The fragments are numbered the same
corresponding to specimen C-Ti6Al4V-1100-S-4: (a) outer sur- as in Tablel5 of Appendix A. Millimeter graph paper is used as
face, (b) inner surface. The impact velocityis= 3645 nVs a reference for the dimensions

dominance either in tensile or shear loading, thereby imens was discussed in Se&tl. The impact veloc-
revealing a complex stress state at the fracture level. ity is v; = 3745 nVs (impact velocity range 2).
Figurel9 shows a series of images of the impact Notably, the fragmentation process closely resembles
test on specimen C-Ti5AI5V5M03Cr-970-S-4 for dif- that observed in the experiment conducted on sam-
ferent loading times. Note that the cylinder is made ple C-Ti6Al4V-1100-S-4, as analyzed in Fid& to
out of Ti5AI5V5Mo3Cr instead of the Ti6AI4V alloy 17, where the impact velocity was (only) 3% smaller.
used to produce the samples tested in the experi-The cracks initiated at the impacted end of the cylinder
ments shown in Figd1 to 18. Recall that the effect  propagate axially towards the clamped end, zigzagging
of the titanium alloy grade on the stressBbstrain char-and branching as they traverse the specimen. Several
acteristic and microstructure of the cylindrical spec- of these fractures intersect each other, leading to the
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Fig. 18 High-magnibcation SEM micrographs of fracture sur- Ti6AI4V-1100-S-4 are tested at impact velocities of 266V s
faces corresponding ta fragment 4 of specimen C-Ti6Al4V- (impact velocity range 1) and 36t s (impact velocity range
1100-S-3 indicated in Fid6b with a blue arrow and frag- 2), respectively. For interpretation of the references to color in
ment 7 of specimen C-Ti6Al4V-1100-S-4 indicated in Higb this bgure caption, the reader is referred to the web version of
with a blue arrow. The samples C-Ti6Al4V-1100-S-3 and C- this article

formation of short fragments, while some other span tron microscope image of the fracture surface refer-
the cylinder from end to end and lead to the formation enced in Fig20b by a blue arrow. Observe the severely
of long, slender fragments (similar fragmentation pro- stretched dimples, elongated and displaying distinctive
cess was observed for specimens C-Ti5AI5V5Mo3Cr- parabolic patterns. The material has 3owed in the direc-
970-S-5 and C-Ti5AI5V5M03Cr-970-S-6 which were tion of maximum shear, resulting in a slant shear frac-
also tested within the impact velocity range 2). These ture inclined approximately 45elative to the circum-
bPndings suggest that the impact speed is a critical ferential direction of the specimeBion et al. 2003
factor governing the fragmentation of titanium cylin-

ders within the loading rates considered in this inves-

tigation. Despite the differences in material compo- 3 2 Multimaterial samples

sition between specimens C-Ti6Al4V-1100-S-4 and

C-TiSAISVSMo3Cr-970-S-4, the observed fragmen-  Figures 22 and 23 show the fragmentation process
tation mechanisms show remarkable similarity, likely for specimens C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-
attributed to the fact that both samples were tested atpp.2 and C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-6,
similar speed. Figur20shows photographs of the eight  respectively. The samples consist of two halves com-
fragments recovered from sample C-Ti5AISVSMo3Cr-  posed of Ti6AI4V-970 and Ti5AI5V5Mo3Cr-970, which
970-S-4 which correspond to 96 of the total mass  divide the cylinder along a plane perpendicular to its
of the cylinder. All fragments show slanted fracture ayis see Figl and Tablel. The distinction between
surfaces. Fragments numbered 1, 4, and 8 cover thehese experiments is the impact velocity which is
entire length of the specimen, while fragment 5 iS 2614 m/s for C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-
three-pfths of the specimenOs length, see PAblkhe PP-2 (velocity range 1) and 324V s for C-Ti6Al4V
dimensions of Figsl7 and20 are nearly identical, as  /Ti5AI5V5M03Cr-970-D-PP-6 (velocity range 2). The
demonstrated by the millimeter paper, illustrating the section made of Ti6AI4V is positioned on the impacted
comparable distributions of fragment sizes observed in sige of the specimens. The interface between the

both experiments. Figu& displays a secondary elec-  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-
Ti5AI5V5M03Cr-970-S-4
for different loading times:
a—a't= Opus,b—b’

t= 15us,c—c't= 25us,
d—d' t= 35us,e—€’

t= 45us andf-f’

t = 65us. 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, = 3745 m/' s (impact
velocity range 2). For
interpretation of the
references to color in this
bgure, the reader is referred
to the web version of this
article
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Fig. 20 Post-mortem photography of the recovered fragments (impact velocity range 2). The fragments are numbered the same
corresponding to specimen C-Ti5AI5V5Mo3Cr-970-&duter as in Table21 of Appendix A. Millimeter graph paper is used as
surfacep inner surface. The impact velocityvs = 3745 nm/s a reference for the dimensions

in snapshot®2a and23a. The mechanisms govern- the detailed results for these samples are not presented
ing crack formation and propagation closely resem- here to maintain brevity.

ble those observed in the experiments discussed in Figures25 and26 showcase images captured dur-
Sect3.1 The fractures initiated at the impacted end ing the fragmentation tests performed on specimens C-
of the sample traverse the cylinder, exhibiting a dis- Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-3 and C-Ti6A
tinct crisscross pattern. Some cracks interact, lead-14V/Ti5AI5V5Mo03Cr-1100-D-PL-1, respectively. The
ing to the formation of short fragments, while oth- samples consist of two halves composed of Ti6AI4V
ers extend across the entire sample, forming long and Ti5AI5V5Mo3Cr which divide the cylinder along
strips. Notably, the interface between the two mate- a plane parallel to its axis, see Flgand Tablel,

rials exhibits no discernible impact on the propa- so that the striker impacts both materials simultane-
gation path of the fractures. The fragments recov- ously. The interface between the two titanium alloy
ered from these two experiments are included in grades is indicated with a red dashed line in snap-
Fig.24. In the post-mortem photograph of specimen C- shots25a and26a. The projectile speed lies within
Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-2, the Ti6Al4V  the impact velocity range 1: 264nV s in Fig.25 and

and Ti5AI5V5Mo3Cr sections are identibed by motifs 2660 nVs in Fig.26. Note that the main distinction
painted in purple and green, respectively, while in the between these specimens is that the dwell temperature
case of sample C-Ti6AI4V/Ti5AI5V5M03Cr-970-D- is 970 for C-Ti6Al4V/Ti5AI5V5M03Cr-970-D-PL-
PP-6, the two alloys are marked with black and green 3 and 1100 for C-Ti6Al4V/Ti5AI5V5Mo03Cr-1100-
motifs. Note that it is only in fragment 5 of sample D-PL-1. The video footage of Fig85 and 26 show-
C-Ti6AI4VITi5AI5V5M03Cr-970-D-PP-2 thatacrack  case that the interface has no noticeable effect on the
(partially) propagates through the interface between specimens fragmentation; cracks neither preferentially
the two materials. None of the other cracks forming form at the interface nor propagate along the materials
the fragments extend along the boundary between theboundary. Instead, the fractures exhibit the same zigzag
two specimen sections. Similar observations have beenpattern observed in all other specimens previously ana-
made for specimens C-Ti6Al4V/Ti5AI5V5Mo03Cr-970- lyzed in Sects3.1and3.2, with some of these cracks
D-PP-1, C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-3,and intersecting as they propagate towards the clamped end
C-Ti6Al4VITi5AI5V5M03Cr-970-D-PP-4. However, of the cylinder. The fragments recovered from spec-
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4 Ring expansion tests

The impact fragmentation campaign for ring-shaped
specimens includes 27 tests. Tablpresents detailed
information on each experiment: specimen designa-
tion, axial impact velocity \(;), estimated circumfer-
ential strain rate (), average fragments length mea-
sured in the circumferential direction of the specimen
along with its standard deviatio (+ SD), average
fragments width along with its standard deviati@ny
SD), average fragments thickness along with its stan-
dard deviationi+ SD), average fragments mass along
with its standard deviationmix SD), average necks
spacing measured in the circumferential direction of

. . . - oyl k
the specimen along with its standard dewaﬂbHef +
Fig. 21 High-magnibcation SEM micrographs of frac- SD), nhumber of fragments based on the video record-
ture surface corresponding to fragment 2 of specimen C- jngs (Ny), number of fragments recoverell(), num-

TI5AI5V5M0o3Cr-970-S-4 indicated in Figlb with a blue 1,00 ot hocks in the fragments recovered including the
arrow. The impact velocity is; = 2564 m/'s (impact veloc-

i C
ity range 1). For interpretation of the references to color in this Ne€Cks that developed into fracu.jrd\grr(e Y, and per- _
Pgure caption, the reader is referred to the web version of this centage of mass recovered relative to the complete ring

article (m). The dimensions and mass of all recovered frag-
ments are provided in Tabl&3 to 63, of Appendix B.

. . _ The circumferential length, width and thickness of each
imens C-Ti6AI4V/TiSAI5V5Mo3Cr-970-D-PL-3 and  fragment were measured following the same procedure

C-Ti6Al4V/Ti5AI5V5M03Cr-1100-D-PL-1 are shown apphed to the Cy|inder-shape Specimensl see Sect.

in Fig.27a and b, respectively. Five fragments corre- Despite recovering all visible fragments in some exper-

sponding to 8% of the total specimen mass were iments, the mass of the fragments never matches the
recuperated for C-Ti6AI4V/Ti5AISV5M03Cr-970-D-  mass of the ring before testing. This discrepancy is

PL-3. The Ti6AI4V and TiSAISVSMo3Cr sections  likely attributed to the ejection of material particles
were colored with black dots and blue lines, respec- and debris during crack formation and fragmentation.
tively. The cracks do not propagate through the material The criterion to consider that a neck is formed is that

interface; instead, they repeatedly traverse the bound-the square root of the quadratic sum of the engineer-
ary between the two halves of dissimilar materials. Sim- ing strains in both circumferential and axial directions

ilar observations are made based on the four fragmentsat the necked section is greater than 5%. Note that
recovered for specimen C-Ti6AI4V/Ti5AI5SV5Mo3Cr-  the engineering strains are computed using the thick-
1100-D-PL-1, which correspond to 336 of the total ~ ness and width of the specimen before and after test-
cylinder mass. The Ti6AI4V and Ti5AI5V5Mo3Cr sec- |ng This necking criterion is arbitrary’ yet we have
tions were colored with blue circles and purple squares, checked that the number of necks considered is hardly
respectively. None of the cracks appears to progresssensitive to the cutoff value of strain chosen. Note that
through the material interface; and it is only in the gaJ| the fractures originated at necked sections of the
case of fragment 4 that a fracture initiates near the ring, see Sectd.1 and4.2 The tests on monolithic
boundary (albeit not directly at the boundary). These and multimaterial samples are presented in Sdcts.
observations underscore that, in the tube expansionand4.2, respectively. The notation used for designat-
experiments conducted in this work, the fragmenta- ing the specimens is the same as that employed for

tion dynamics are largely independent of the mate- cylinders, except the initial C has been replaced by an
rial interface. Similar results have been obtained for all R, indicating a reference to rings.

other multimaterial cylinders tested, although the video
footage and fragments photographs are not presented
for brevity.
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Fig. 22 Sequence of images of the impact test for specimen isv; = 2614 nV s (impact velocity range 1). For interpretation
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-2 for different loading of the references to color in this bgure, the reader is referred to
times:at=S 45us,bt= Ops,ct= 20ps,dt= 40pus and the web version of this article

et = 75us. Images obtained by camera 1. The impact velocity

Fig. 23 Sequence of images of the impact test for specimen isv; = 3742 nV s (impact velocity range 2). For interpretation
C-Ti6Al4V/Ti5AI5V5M03Cr-970-D-PP-6 for different loading of the references to color in this bgure, the reader is referred to
times:at=S45us,bt= Ops,ct= 20ps,dt= 40us and the web version of this article

et = 75us. Images obtained by camera 1. The impact velocity

Impacted end Impacted end

2
1
5 2 4
4 6
Interface 9
8
8
3 1
5 3
5 7
6
Clamped end Clamped end
C-Ti6Al4V/Ti5A15V5M03Cr-970-D-PP-2 C-Ti6A14V/Ti5A15V5Mo03Cr-970-D-PP-6
(a) (b)

Fig. 24 Post-mortem photography of the outer sur- (b) C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-6  tested at
face of recovered fragments corresponding to speci- v; = 3742 nm/s (impact velocity range 2). The fragments
mens: (a) C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PP-2 tested are numbered the same as in Tal28sand 28 of Appendix A.

at v; = 2614 m/s (impact velocity range 1) and  Millimeter graph paper is used as a reference for the dimensions
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Table 4 The impact fragmentation campaign on ring-shape with its standard deviationn{ + SD), average necks spacing
specimens consists of 27 experiments: specimen designation (seeneasured in the circumferential direction of the specimen along

Sect2.1), axial impact velocity (), estimated circumferential  \ith its standard deviatiorfpeCki SD), number of fragments
strain rate ( ), average fragments length measured in the cir- pased on video recordingsi), number of fragments recovered
cumferential direction of the specimen along with its standard (N ), number of necks in the fragments recovered including the
deviation{ + SD), average fragmentwidth along withits stan-  necks that developed into fracture"eX) and percentage of
dard deviation§ = SD), average fragments thickness alongwith  mass recovered relative to the complete rimj

its standard deviatiort & SD), average fragments mass along

+ SD (mm) m + SD (g) Tp°°* + SD (mm) Nneck =

Specimen ve (m/s) g (s') Tp+SD(mm) w+SD(mm) 7 Ny Ny w
R-Ti5A15V5Mo03Cr-970-S-1 254.1 10248.2 61.00 0.00 1.93 0.00 1.82 0.00 0.870 0.000 8.71 5.88 1 1 7 99.7
R-Ti V -3 260.5 10426.3 33.25 15.75 1.94 0.02 1.90 0.03 0.477 0.245 11.08 5.34 2 2 6 99.9
R-T -4 369.8 14791.4 20.20 11.22 1.98 0.01 1.97 0.01 0.311 0.170 15.15 3.32 3 3 4 98.1
R-Ti -S-5 370.4 14945.8 20.92 4.67 1.92 0.01 1.80 0.01 0.287 0.075 8.96 4.59 3 3 7 99.0

R-Ti6A14V-970-S-1 250.6 10059.6 34.75 4.00 1.86 0.04 1.81 0.06 0.447 0.084 13.90 9.35 3 2 6 99.3
R-Ti6A14V-970-S-2 252.6 10135.2 20.33 6.94 1.82 0.04 1.82 0.05 0.256 0.083 15.25 9.57 4 3 5 88.9
R-Ti6A14V-970-S-3 374.2 14986.4 23.48 11.65 1.81 0.02 1.81 0.01 0.289 0.147 8.80 3.85 3 3 8 99.5
R-Ti6Al14V-970-S-4 369.5 14830.3 35.88 14.63 1.85 0.01 1.86 0.00 0.441 0.196 14.35 3.85 2 2 5 99.8
R-Ti6A14V-970-S-5 369.5 14847.6 36.63 1.88 1.77 0.01 1.76 0.00 0.432 0.021 7.33 3.13 2 2 10 98.1
R-Ti6A14V-1100 256.4 10289.6 29.13 10.88 2.00 0.00 2.00 0.00 0.435 0.160 14.56 8.06 2 2 4 99.3
R-Ti6A14V-1100- 251.0 10064.1 19.69 10.91 1.94 0.02 1.94 0.02 0.300 0.170 11.82 5.83 3 3 5 98.7
R-Ti6A14V-1100 371.2 14887.6 20.42 8.06 1.92 0.01 1.92 0.01 0.283 0.110 8.75 6.25 3 3 7 98.2
369.8 14857.6 15.88 7.13 1.92 0.02 1.92 0.02 0.219 0.090 9.07 5.25 4 3 6 99.3

254.0 10195.4 16.18 8.57 1.96 0.01 1.96 0.01 0.236 0.120 9.88 4.38 4 4 7 99.4

256.0 10272.2 30.50 13.00 1.95 0.00 1.95 0.00 0.460 0.240 6.78 2.30 2 2 9 99.7

371.4 14895.6 15.44 6.49 1.94 0.02 1.94 0.02 0.230 0.100 10.29 3.60 4 4 6 99.2

369.0 14821.0 20.08 9.87 1.94 0.01 1.94 0.01 0.304 0.160 15.06 8.83 3 3 4 98.9

365.4 14682.4 15.69 7.00 1.95 0.01 1.95 0.01 0.231 0.120 8.96 2.88 4 4 7 99.2

-PL-1 250.7 10051.1 30.63 14.13 1.86 0.02 1.86 0.02 0.435 0.220 30.63 14.13 2 2 2 99.0

)\ PL-2 254.6 10213.4 63.00 0.00 1.88 0.00 1.88 0.00 0.891 0.000 21.00 11.52 1 1 3 99.8
5Mo3Cr-970-D-PL-3 254.9 10240.3 31.75 4.75 1.86 0.01 1.86 0.01 0.438 0.080 15.88 12.32 2 2 4 99.4

R- Tl()AMV/TlaAlaVu\IU‘SC! 970-D-PL-4 365.2 14663.7 41.75 0.00 1.86 0.00 1.86 0.00 0.600 0.000 41.75 0.00 2 1 2 66.0
R-’ TlSAH\, /T15A15\/a\103(,r 970-D-PL-5 368.5 14823.9 26.88 12.63 1.85 0.01 1.85 0.01 0.371 0.200 13.44 6.70 3 2 5 81.6
-1 258.1 10356.8 16.44 8.17 1.94 0.02 1.94 0.02 0.226 0.120 8.22 4.02 4 4 T 99.7

-2 254.8 10229.6 21.17 7.05 1.95 0.01 1.95 0.01 0.292 0.090 12.70 5.57 3 3 5 99.7

3 368.5 14798.0 13.20 5.29 1.95 0.02 1.95 0.02 0.169 0.070 8.25 5.34 5 5 T 99.3

-4 374.3 15028.6 13.08 3.06 1.93 0.02 1.93 0.02 0.177 0.050 7.50 2.68 3 3 6 59.6

Fig. 25 Sequence of images of the impact test for specimen isv; = 2614 nV s (impact velocity range 1). For interpretation
C-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-3 for different loading of the references to color in this bgure, the reader is referred to
times:at=S45us,bt= Ops,ct= 20us,dt= 40us and the web version of this article

et = 75us. Images obtained by camera 1. The impact velocity

Fig. 26 Sequence of images of the impact test for specimen those obtained by camera 2 are on the right side. The impact
C-Ti6Al4V/Ti5AI5V5M03Cr-1100-D-PL-1 for different load- velocity isv; = 266.0 v/ s (impact velocity range 1). For inter-
ing times:a—a’'t = Ous,b—-b’t = 15us,c—c't = 25 s, pretation of the references to color in this bgure, the reader is
d—d' t = 35us,e-e't = 45us andf-f’ t = 65 us. Images referred to the web version of this article

obtained by camera 1 are on the left side of the sequence, while
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4.1 Monolithic samples sis developed byhou et al.(2006. The linear sta-
bility approach involves introducing a small perturba-

Figure28shows the normalized average necks spacing tion to the fundamental analytical solution of the ring

"% t0 versus the estimated circumferential strain €xpansion problem at a speciPed loading tifeeg-

rate  for the tests conducted on monolithic speci- sengeas and Molinari 1988.994. The perturbation
mens: green triangles, orange circles, red squares, an@rows for strains greater than the Considsre criterion at
purple diamonds correspond to R-Ti5AI5V5Mo3Cr- & rate denoted as”, within a Pnite number of modes
970-S, R-Ti6AI4V-970-S, R-TiBAI4V-1100-S and R- Which are assumed to debne the range of neck spac-
Ti5AI5V5M03Cr-1100-S, respectively. The results for ings observed in the localization patteiag-Romero

the normalized average necks spacing vary betweenet al. 201%. The mode that exhibits the fastest growth
3.4 and 76, with an average value of® While these  rate, denoted as? , is characterized by a perturbation
experiments do not show dePbnite trend regarding thewavenumber referred to as the critical wavenumber
effect of loading velocity OnjneCk/to (more tests at ¢, Which is used to compute the average neck spac-

. L . — 2
different projectile velocities are needed), the aver- ing L' = Z_. The critical wavenumber evolves

T : c
age.value of thg necks spacing 1S slightly lower in with the sample straining during the ring expansion
the |mp§1ct velocity range 2 than in range 1 (see.the (under dynamic loading, necking localization occurs
discussion below). Since data from different materials ¢ < ~ine greater than the Considere criterion due to
are utilized, this interpretation should be approached
W!th caut!on (e.9., the results for R'T'6A,|4V',97O'S are  comparison between experiments and linear stability
slightly higher than those for the other titanium alloys, 54 \vsis requires to debne a criterion for the perturba-
see also Fid). Nevertheless, the decrease in the dis- tion mode to turn into a necking mods®souglo et al.
tance between necks with the loading rate is consistent2020 2021). For that purposeDudzinski and Moli-

with experimental results obtained from ring expan- nari (1993 introduced the concept of effective insta-

sion testsin the literature. For instance, 2@includes bility, which is based on the assumption that a local-
experimental data obtained from the tests conducted byized neck is triggered when the cumulative instability

Zhang and Ravi-Chand§2006 2008 using an elec- index| = . +dt reaches a critical valua/dz-
tromagnetic loading scheme on Al 60610-0O, Al 1100- Romero ettg?Si%f)];?NOsouglo et al. 20p0which is

H14 and Cu 101 rings (black and Whlt.e.dlamonds, ¢ Lnown as the critical cumulative instability indéx In
cles and squares). Note that normalizing the average,

inertia effects{az-Romero etal. 203Y. Therefore, the

) - ; his study, we set the critical value kt= 0.18, cali-
neck spacing by the thickness enables a me‘"’mmgfu'brated to btthe experiments conducted on Ti6AI4V-970

comparison of samples with differ_ent cross-sections samples tested within the higher velocity ranyaz-
(the samples tested #hang and Ravi-Chand@006 Romero et al. 2017 In the linear stability analysis, the

2008 have athickness of8mm). Theresults obtained o -hanical behavior of the material is considered to

fromthe monollthlctiltamum speumensfabncatec_i with ¢liow rate-independent von Mises plasticity with the
FAST are quantitatively very close to the experimen- p N

tal data obtained biZzhang and Ravi-Chand€2006 yield stress evolution given byy = ¢ 1+ -,

2008 for the three materials they tested. The compar- Where o = 807.48 MPa is the reference yield stress,
ison with the experiments @hang and Ravi-Chandar ~ 0 = 0-0051 is the reference strain, anc= 0.060 is
(2006 2008 suggests that the ring expansion tests con- 1€ strain hardening exponent. The valuesffo, and
ducted in this paper do not exhibit a clear trend regard- " have_ been adjusted to bt th.e stressbstrain characteris-
ing the effect of loading rate on reducing neck spacing ti¢ of TI6AI4V-970 showniin Fig2. The stability analy-

of titanium alloys, likely due to the relatively narrow SIS predictions are represented in 28by a light-blue
range of impact velocities investigated (within the same solid line. The analytical results bnd satisfactory qual-

range of loading rates, the tests Zfiang and Ravi- itative correlation with the experimental data obtained
Chandar(2006 2008 also show a mild decrease of from the FAST-processed titanium samples, showing
the neck spacing). a mild decrease of the average necks spacing within

The experimental results have also been comparedtn€ range of loading rates investigated in this work.
with the predictions of the 1D linear stability analy- Despite the analytical predictions presented here being
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Table 5 Mean {1) and standard deviation (SD) of the dis- shaped specimens, the decrease in the scale parameter
tribution of necks spacing."*** corresponding to monolithic it the striker speed illustrates the reduction in the dis-
_fl'ng ;ﬂgc'r;]nsens’ Viee ng;ﬁ? ?ﬁp;@fig}gﬁ'}?ﬁg;?% tance between necks as the loading rate increases. This
354ms v, 390m's Pnding might be rationalized using the theory proposed
by Mott (1947h, suggesting that necks form at spe-
cibc locations in the specimen due to statistical Ructu-
p(pum) 10.77 997 ations in the critical necking strain resulting from mate-
SD (um) 6.88 529 rial heterogeneity at the microstructural scalddng
and Ravi-Chandar 2006The release wave emanat-
ing from necks that nucleate at a lower strain level is
assumed to inhibit the nucleation of additional necks
only partially validated by the experiments, they can be in nearby sections, so that the length of the neck-free
further assessed through independent tests that will besegments is determined by the distance traveled by the
published in future work on multiple necking in tita- unloading wave. Increasing the loading rate causes the
nium alloys (this is work in progress). Moreover, the release wave to cover a shorter distance, potentially
observed underestimation of the average neck spacingexplaining the decrease in neck spacing as the projec-
atlower strain rates may be attributed to decreased iner-tile speed increasegliang and Ravi-Chandar 2006
tia effects, leading to a necking pattern that is less con- addition, the stabilizing effect of inertia on long neck-
trolled by the development of specibc unstable necking ing wavelengths may also contribute to the decrease in
wavelengths and more inBuenced by the formation of neck spacing with the loading rate. The stability anal-
necks in the weaker sections of the specimens, likely ysis used to predict the experimental data in 2&.
due to material defects or deviations from perfectly uni- states that inertia leads to a decrease in the average
form radial loading KOsouglo et al. 208 neck spacing as the loading rate increaddsrier
Figure29 shows the distributions of necks spac- and Molinari 2003 Rodr'guez-Mart'nez et al. 2013
ing L"¢%kcorresponding to monolithic FAST-processed 2017, favoring the formation of more necks nucle-
titanium ring specimens, see TableArrested necks  ating at shorter distances due to the development of
and fractured necks are considered. Orange, red, greemnstable necking modes. In this work, we assume that
and purple blocks correspond to R-Ti5AI5V5Mo03Cr- both defects and inertia interact to determine the bnal
970-S, R-Ti6AI4V-970-S, R-Ti6AI4V-1100-S and R- characteristics of the necking pattern in the ring expan-
Ti5AI5V5M03Cr-1100-S samples, respectively. The sion experiments, with their relative contributions dic-
results are collected as a function of the striker speed,tated by the specibc loading rate. The role of defects as
with tests performed for impact velocity ranges 1 and 2 preferential nucleation sites for necks, combined with
included in subplot29a and b, respectively. Combin- the unloading waves generated by early necks, consti-
ing data for R-Ti5AI5V5M03Cr-970-S, R-Ti6AI4V-  tutes a mechanism of growing importance in control-
970-S, R-Ti6AI4V-1100-S, and R-Ti5AI5V5Mo03Cr- ling the spacing between adjacent necks as the strain
1100-S in a single graph enhances statistical signip-rate decreases. Conversely, the effect of inertia, which
cance of results, yet the interpretation of 2gshould promotes the growth of specibc necking wavelengths
be qualitative due to the inclusion of data from two tita- that determine the spacing between consecutive necks,
nium grades processed at two different dwell tempera- becomes more pronounced as the strain rate increases.
tures. The range of necks spacing narrows as the impactWhen both defects and inertia contribute to the frag-
velocity increases, leading to a (slight) reduction in mentation of the rings, defects likely establish preferen-
both the meani() and the standard deviation (SD) in tial sites for plastic localization, some of which evolve
the distribution of neck-free segments, see Tabkeur- into necks, with spacing inRuenced by unstable wave-
thermore, the necks spacing distributions have been btdengths driven by inertia. Note that the inertia param-
ted to a Weibull probability distribution function, see eter HS1 as debned in equatiq3.28) of NOsouglo
equation 1), represented in Fi@9by a black solid line. et al. (2018, has a value of approximately(25 for
The numerical values of the scale and shape parametershe experiments conducted in this study, while numeri-
are provided in the upper-right part of subplaga and cal simulations reported iINOsouglo et 82018 indi-
b. Similar to the experiments conducted on cylinder- cated that the effect of defects on multiple necking for-
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Impacted end Impacted end
e iy e
2 3 4
2
3
1
5 . L
Clamped end Clamped end
C-Ti6AI4V/Ti5Al5V5M03Cr-970-D-PL-3 C-Ti6Al14V/Ti5A15V5M03Cr-1100-D-PL-1
(a) (b)
Fig. 27 Post-mortem photography of the outer sur- b C-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-1  tested at
face of recovered fragments corresponding to speci- v; = 2660 m/s (impact velocity range 1). The fragments
mens: a C-Ti6Al4V/Ti5AI5V5M03Cr-970-D-PL-3  tested are numbered the same as in Tal8&sand 33 of Appendix A.

at v, = 2614 m/s (impact velocity range 1) and  Millimeter graph paper is used as a reference for the dimensions

mation is important for inertia parameter values below tested materials and appears to be independent of the
0.1 (therefore, it appears plausible that both defects andmaterialOs microstructur&rady and Benson 1983
inertia contribute to the formation of the multiple neck- Zhang and Ravi-Chandar 200Bieto-Fuentes et al.
ing pattern observed in the experiments conducted in20238. Moreover, the fragment sizes observed in the
this study). tests presented in this paper are consistent with experi-
Figure30illustrates the fragment mass distributions mental data reported in previous studies. For instance,

m for monolithic specimens, see Tabl83 to 54. Jones et al(2012 conducted explosively driven ring
The results follow the format of Fig9, using the fragmentation experiments on Ti6Al4V samples with
same color coding to differentiate the tested alloys thickness-to-length aspect ratios of. 11, 1 : 2, and
and showing the data as a function of loading speed, 1 : 4. The strain rate in the tests was approximately
with impact velocity ranges 1 and 2 illustrated in sub- 10* s>1 (this value is similar to the experiments in this
plots 30a and b, respectively. The mass of the frag- paper). The inner diameter and wall thickness of all
ments decreases with increasing velocity, leading to specimens were 49 mm and 3 mm, respectively. The
a distribution that exhibits greater uniformity in frag- samples of three different thickness-to-length aspect
ment mass as the impact velocity rises. For instance,ratios tested byones et a{2012) yielded average frag-
Table6 shows that the mean fragment mass decreasesnent sizes of 230 mm, 1282 mm, and 187 mm,
from 0.38 g to 029 g as the loading speed increases respectively. These results are relatively similar to those
from range 1 to range 2, while the standard deviation obtained in this study, where the average fragment size
drops from 021 g to Q14 g. The experimental data for samples tested within the impact velocity ranges 1
has been btted to a Weibull probability function, rep- and 2 is 3060 mm and 226 mm, respectively.
resented by the solid black line. The scale parameter, Fig.31 shows the distributions of neck-to-fragment

, decreases from.83 to 033 as the impact velocity  ratio N"¢cK N, corresponding to monolithic ring spec-
increases from 1 to 2, consistent with experiments on imens. The data only consider experiments in which all
cylinders, see Fid.O, and illustrating a reduction in  fragments were recovereth(> 98% in Tabled). The
fracture spacing with higher loading rates. Note that results forimpact velocity ranges 1and 2 areincludedin
the decrease in fragment size with increasing loading subplots31a and b, respectively. The experimental data
rate has been documented in the literature for mosthas been btted to a Weibull probability density function.
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Table 6 Mean (1) and standard deviation (SD) of the distri-
bution of fragments mass corresponding to monolithic ring
specimens, see Table¥ to 54. Impact velocity range 1 B
248nms v, 267 nis.Impactvelocity range 2 B 354 ;1

vz 390m's

Impact velocity range 1 Impact velocity range 2

0.38
0.21

029
014

1 (9)
SD (9)

Increasing the loading speed leads to a narrower distri-
bution, where the ratilN"é°¥ N, 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 314, while in the higher impact velocity range,
this value drops t0.20, see Tabl&. The increased pro-

portion of necks producing fractures at higher applied
velocities is attributed to inertia effects, which promote
uniform necks growth and fracture ratd&g-Romero
etal. 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 breakZhang 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 specibc
necking modes and the propagation of release waves
from early necks and fractures. Further experimental
investigations are likely needed to identify the specibc
effects of microstructure on the fragmentation charac-

R-Ti5AI5V5Mo3Cr-970-S

S~ 90 R-Ti6AI4V-970-S
3 . o R-TiBAI4V-1100-S
[ ¢ R-Ti5AI5V5M03Cr-1100-S
o & Al 6061-0O / Zhang and Ravi-Chandar (2006)
5 o Al 1100-H14 / Zhang and Ravi-Chandar (2008)
8 15 v Cu 101 / Zhang and Ravi-Chandar (2008)
n v --—— Linear Stability Analysis / Zhou et al. (2006)
&)
8
c 10 o ]
® E
(@] 1% <
g o Vooe hg
> b "~ o E %]
© 5 ) -~ = — < < () —
8 e ——— .______"_C!"_
N . T
g
’5 0 | | |
Z 0 5000 110* 1.5 10" 210*

Estimated circumferential strain rate, ée )

Fig. 28 Variation of the normalized average necks spacing culated by computing the ratio between the expansion velocity in

—neck

L7

t0 with respect to the estimated circumferential strain Table 1 fromZhang and Ravi-Chand#2006 and Tables 1 and

rate . Results corresponding to monolithic ring specimens, see 2 fromZhang and Ravi-Chand&2008), and the mean radius of

Table4. Green triangles correspond to R-Ti5AI5V5Mo03Cr-970-

the specimens. The average neck spacing has been determined

S, orange circles to R-Ti6Al4V-970-S, red squares to R-TiGAI4V- by calculating the ratio between the specimensO perimeter before
1100-S and purple diamonds to R-Ti5AI5V5Mo3Cr-1100-S. The  testing and the number of necks reported in Table 1 Zbrang
results obtained with the monolithic titanium specimens fabri- and Ravi-Chanda200§ and Tables 1 and 2 fromhang and
cated with FAST are compared with ring expansion tests con- Ravi-Chanda(2008. The results obtained from the monolithic

ducted byZhang and Ravi-Chandé2006 2008 using an elec-

titanium specimens fabricated with FAST are also compared with

tromagnetic loading scheme on Al 60610-O, Al 1100-H14 and the predictions of 1D linear stability analysis develope@hgu
Cu 101 samples. For this comparison, the strain rate has been cal€t al-(2006. For interpretation of the references to color in this
Pgure, the reader is referred to the web version of this article
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s Weibull PDF (A = 12.21 and x = 1.72)
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Fig. 29 Distributions of necks spacing"€°k corresponding to
monolithic ring specimens, see Tab&sto 54. Green, orange,
red and purple blocks correspond to R-Ti5AI5V5Mo03Cr-970-S,
R-Ti6AI4V-970-S, R-Ti6Al4V-1100-S and R-Ti5AI5V5M03Cr-

0.25
s Weibull PDF (A = 11.33 and k = 2.03)
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267 m's and (b) range 2N354 s v, 390 n1's. A Weibull
probability density function, see equatiot),(was btted to the
experimental measurements (black solid line). For interpretation
of the references to color in this bPgure, the reader is referred to

1100-S samples, respectively. The results are collected as a functhe web version of this article

tion of the impact velocity: (a) range 1N 248/ v,

0.5
e Weibull PDF (A = 0.43 and k = 1.93)
W R-TiSAISV5M03Cr-970-S
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Fig. 30 Distributions of fragments mass corresponding to
monolithic ring specimens, see Tab&sto 54. Green, orange,
red and purple blocks correspond to R-Ti5AI5V5Mo03Cr-970-S,
R-Ti6Al4V-970-S, R-Ti6AI4V-1100-S and R-Ti5AI5V5Mo3Cr-

0.5
mmmm Weibull PDF (A = 0.33 and k = 2.19)
W R-Ti5AI5V5Mo03Cr-970-S
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267 msand (b) range 2N354 s v, 390 n1's. A Weibull
probability density function, see equatioh),(was pbtted to the
experimental measurements (black solid line). For interpretation
of the references to color in this bgure, the reader is referred to

1100-S samples, respectively. The results are collected as a functhe web version of this article

tion of the impact velocity: (a) range 1N 248/m v,
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07 07
m— Weibull PDF (A = 2.38 and k = 1.40) m— Weibull PDF (A = 1.76 and k = 1.39)
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Fig. 31 Distributions of neck-to-fragment rati"e° N, cor- range 1N 248 nis o 267 m's and (b) range 2N
responding to monolithic ring specimens, see Tal8&sto 354m's v; 390 m's. AWeibull probability density func-
54. Green, orange, red and purple blocks correspond to R- tion, see equationlj, was btted to the experimental measure-
Ti5AI5V5M03Cr-970-S, R-Ti6Al4V-970-S, R-Ti6Al4V-1100- ments (black solid line). For interpretation of the references to
S and R-Ti5AI5V5Mo03Cr-1100-S samples, respectively. The color in this bgure, the reader is referred to the web version of
results are collected as a function of the impact velocity: (a) this article

Table 7 Mean (1) and standard deviation (SD) of the distri- ~ velocity range 1), and the estimated strain rate is
bution of neck-to-fragment ratit\"®°§ N, corresponding to 101352 1. This specibc experiment has been chosen
monolithic ring specimens, see Tab&ato 54. Impact velocity . L .

range 1D 248 hs v, 267 mi's. Impact velocity range 2 B Fiue to the. high quallty image recor'dlng and.the clear
354ms v, 390ms identibcation of the uniform expansion, necking local-

ization, and fragmentation processes. The brst pair of

| t velocit 1 | t velocit 2 . ~ -

mpact veloelly range Mmpac? veloely range images, snapshots (a)-(a0), was takén=ab 49 us,
u 3.14 210 showing the striker approaching the pusher over which
SD 172 122 the ring specimen is inserted. The moment when the

striker impacts the pusher is depicted in images (b)-
(bO). Observe the uniform contact of the projectile nose
teristics of titanium alloys. Moreover, note that similar - with the inner circumference of the pusher. Following
to the experiments on cylindrical samples, the thick- the impact, the projectile penetrates the hollow cylin-
ness and width measurements of the ring fragmentsder, expanding it and driving the metal ring outward in
suggest that the nominal strain at failure is relatively gz radial direction, see (C)-(CO). To ensure homogeneous
low, with reductions in thickness and width being less deformation in the ring during radial expansion, it is

than 10% in most cases, see Tal8&<o 54. Notably, necessary for the contact between the projectile and the
the thickness and width reductions are consistentacrosgube to remain uniform throughout the loading process.
most fragments, suggesting that the mechanical behav-On the other hand, any deviation from perfect radial
ioris nearly isotropic between the radial and axial direc- |oading perturbs the mechanical belds in the ring and
tions. The average nominal strain at failure for the rings, disrupts the symmetry of the problem, thereby favor-
based on the reduction in cross-sectional area, closelying the formation of necks and cracks. Snapshots (e)-
matches that of the cylinders, which is determined by (e®) corresponding to loading titree 49 uis illustrate
the reduction in thickness, with both around 5%. the nucleation of a series of necks throughout the cir-
Figure32 shows snapshots of the impact test on cumference of the ring which are indicated with white

specimen R-Ti6Al4V-970-S-2 for different loading arrows. Some of these necks develop into fractures, ulti-
times. The striker velocity i8; = 2526 nV s (impact
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Fig. 32 Sequence of images of the impact test for specimen R-
TiBAI4V-970-S-2 for different loading timesi-a’t = S 49 us,
b-b’t = 0pus,c—c't = 43pus,d-d’ t = 49 us ande—e’
t = 103us. 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 i8; = 2526 m/s (impact velocity

range 1). For interpretation of the references to color in this bgure,

the reader is referred to the web version of this article

mately resulting in the complete fragmentation of the
ring and the free-Right of the fragments, as depicted in
(H-(fO). 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-
fectradial loading that may favor earlier localization of
strains at specibc sections of the specimen. FigBre
shows images obtained from the video recording cor-
responding to specimen R-Ti6Al4V-970-S-3. The dif-
ference from the test in Fi§2is the increased impact
velocity tov, = 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 TaRlewhich

are not presented here for the sake of brevity.

Figure34 presents postmortem photographs of the
fragments recovered from the tests on samples R-
Ti6AI4V-970-S-2 and R-Ti6Al4V-970-S-3, correspond-
ing to the video recordings in Figd2 and 33, respec-
tively. The fragments and necks are numbered the same
as in Tablegt2 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. Figurd4a shows the three fragments recu-
perated from ring R-Ti6Al4V-970-S-2 which corre-
sponds to 88% of the total mass of the specimen.
The fractures develop in necked sections of the ring,
characterized by localized thinning of the specimenOs
cross-section, ultimately resulting in cup-cone ductile
failure (Tvergaard and Needleman 198R&ecall that
at the fracture sites, the reduced sample cross-section
satisPes the necking criterion introduced in the brst
paragraph of Sect. The development of well-dePned
necks, as opposed to the tests on cylindrical specimens,
is likely attributed to the (relatively small) square cross-
section of the samples which favarasyidentibcation
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 numberetl Figure35
shows high-magnibcation SEM micrographs of the
fracture surfaces marked with red arrows in B{a.

Both the fracture of fragment 1 and the fracture between
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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 198Bigure34b displays

the three fragments formed in the test on sample R-
Ti6AI4V-970-S-3, constituting 9%% 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-
qguently 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 patterrGhen et al. 2018 Fractures display-

ing shear-dominated failure generally correspond to
less developed necks. The fracture initiates near the
specimenOs surface and propagates through the cross-
section, following the direction of maximum shear
stress. High-magnibcation SEM micrographs of the
fracture surfaces marked in F&ab with red arrows

are shown in Fig36. 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, Fig37 shows post-mortem photography of

Fig. 33 Sequence of images of the impact test for specimen R- the recovered fragments corresponding to specimens
Ti6AI4V-970-S-3 for different loading times—a’'t = S 34 us, R-Ti5AI5V5M03Cr-1100-S-1 tested at 284mV/ s and
b-b't= Ous cc't = 26us ddt= 37usandee’  pTi5AI5/5M03Cr-1100-S-3tested at 321/ s. The

t= 82us.|ma_gesobtamed _bycameralareonthe Iefts@e ofthe difference with the specimens in FR# is that the
sequence, while those obtained by camera 2 are on the right side.

The impact velocity is/, = 3742 m/'s (impact velocity range ~ ings are made of Ti5AI5V5Mo3Cr and FAST pro-
2). For interpretation of the references to color in this Pgure, the cessed at a higher dwell temperature of 11@
reader is referred to the web version of this article Notably, in contrast to specimens FAST-processed at
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Fracture surface
analyzed in Fig. 35(b)

Fracture surface
analyzed in Fig. 36(a)

Fracture surface
analyzed in Fig. 35(a)

Fracture surface
analyzed in Fig. 36(b)

R-Ti6A14V-970-5-3
(a) (b)

Fig. 34 Post-mortem photography of the recovered fragments 43 of Appendix B. The fragments are labeled with single digits,

corresponding to specimena: R-Ti6AI4V-970-S-2 tested at while the arrested necks are labeled with two digits, the brst of
vz = 2526 m/'s (impact velocity range 1) anol R-Ti6Al4V- which corresponds to the fragment number. The color code is
970-S-3 tested at, = 3742 n/ s (impact velocity range 2). The  such that the necks match the color of their respective fragments.
fragments and necks are numbered the same as in Bibtexl Millimeter graph paper is used as a reference for the dimensions

R-Ti6A14V-970-S-2

Fig. 35 High-magnibcation SEM micrographs of fracture sur- analyzed are indicated in Figda with red arrows. For interpre-
faces corresponding to specimen R-Ti6Al4V-970-S-2 tested at tation of the references to color in this Pgure caption, the reader
v, = 2526 m/'s (impact velocity range 1) fracture of frag- is referred to the web version of this article

ment 1 andb fracture between fragments 2 and 3. The fractures
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Fig. 36 High-magnibcation SEM micrographs of fracture sur- fractures analyzed are indicated in FR3db with red arrows. For
faces corresponding to specimen R-Ti6Al4V-970-S-3 tested at interpretation of the references to color in this Pgure caption, the
v, = 3742 /s (impact velocity range 2h fracture between reader is referred to the web version of this article

fragments 1 and 2 artwfracture between fragments 1 and 3. The

Fracture surface
analyzed in Fig. 38(a)

Fracture surface
analyzed in Fig. 38(b)

R-Ti5A15V5Mo03Cr-1100-S-1 R-Ti5A15V5M03Cr-1100-S-3
(a) (b)

Fig. 37 Post-mortem photography of the recovered fragments labeled with single digits, while the arrested necks are labeled
corresponding to specimens: (a) R-Ti5AI5V5Mo03Cr-1100-S-1  with two digits, the prst of which corresponds to the fragment
tested atv, = 2540 mV/s (impact velocity range 1) and (b) R-  number. The color code is such that the necks match the color of
Ti5AI5V5M03Cr-1100-S-3 tested at, = 3714 nV's (impact their respective fragments. Millimeter graph paper is used as a
velocity range 2). The fragments and necks are numbered thereference for the dimensions

same as in Tables0 and52 of Appendix B. The fragments are

123



High-velocity fragmentation of titanium alloy rings Page 39 of 57 32

Fig. 38 High-magnibcation SEM micrographs of fracture sur- and 4. The fractures analyzed are indicated in &ig.with red
faces corresponding to specimen R-Ti5AI5V5M03Cr-1100-S-3 arrows. For interpretation of the references to color in this Pgure
tested alv; = 3714 m/'s (impact velocity range 2p fracture caption, the reader is referred to the web version of this article
between fragments 2 and 4 abdracture between fragments 3

970 C, the surfaces of these samples after deformationin Figs.35and36 for samples R-Ti6AI4V-970-S-2 and
exhibit a rough appearance reminiscent ofoaange R-Ti6Al4V-970-S-3. Moreover, the crack perpendicu-
peel This distinct texture, also known as deformation- lar to the main fracture surface in F&Ba bears resem-
induced surface rougheninlylie et al. 202}, appears  blance to observations found Byaelos-Hagerty et al.
consistent across other specimens FAST-processed2023 in fracture surfaces of additively manufactured
at 1100 C. The four recovered fragments of ring Ti6Al4V notched tensile specimens. The crack may
R-Ti5AI5V5M03Cr-1100-S-1 are shown in Figja. stem from either a pre-existing material defect (similar
There is one arrested neck in fragments 2, 3, and 4.cracks are commonly observed in mechanical tests of
The fractures between fragments 1-2 and 3-4 exhibit Ti6AI4V samples at the prior-beta grain boundary) or
the cup-and-cone shape, while the fractures in 1-4 as a consequence of ejected debris during fragmenta-
and 2-3 resemble a shear-dominated failure. The fourtion.

recovered fragments of ring R-Ti5AI5V5M03Cr-1100-
S-3 are shown in Fi@7b. 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 i_nto fractures. The frac- Figures 39 and 40 show video recordings corre-
ture between fragments 3-4 displays the cup-and-cone

h d wally shear fract hile th ¢ fsponding to the tests on specimens R-Ti6AI4V/Ti5
shape (and eventually shear fracture), while the rest of 5 q\/5y153¢r.1100-D-PL-1 and R-TIGAI4V/TISAIS
the fractures exhibit shear-dominated failures accom-

) ; . . " V5Mo03Cr-1100-D-PL-3, respectively. The samples
panied by relatively less cross-section reduction. High- P y P

. . ) consist of two halves composed of Ti6Al4V and
magnibcation SEM micrographs of the fracture sur- Ti5AI5V5Mo03Cr, which divide the ring along a plane
faces indicated in Fi@7b with red arrows are shown ' 9 gap

- . . L parallel to its axis, see Fi@.and Tablet. The interface
in Fig.38. The images display large elliptical shallow AT .

. . . .. between the two materials is indicated with a red arrow
dimples, which are representative of shear localization

_ ) _ in snapshot89%-bO andiOb-bO. The difference between
and fracture, akin to the fractography analysis depicted . . C _
the two experiments is the projectile impact velocity
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. . . . Fig. 40 Sequence of images of the impact test for specimen
Fig. 39 Sequence of images of the impact test for specimen g ig aj4v/TisAl5V5Mo3Cr-1100-D-PL-3 for different load-
R-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-1 for different load- ing times:a—a't = & 461s,b-b’ t = Ops,c—C't = 14ps,d—d’

"9 tzlrges:a—zlet - ,8_54 gg,b—b t=0 “SBC_.C td=b17us,d—d t= 23pus ande—e’t = 74 pus. Images obtained by camera 1 are
U= 29us ande-e't = 123ys. Images obtained by cameralare .y joft side of the sequence, while those obtained by camera
on the left side of the sequence, while those obtained by camera, ..o on the right side. The impact velocityis= 3685 m's

2 are on the right side. The impact velocityis= 2581 m/'s (impact velocity range 2). For interpretation of the references to

(|mpa_ct ve_locny range 1). For interpretation of the referenges 0 color in this bgure, the reader is referred to the web version of
color in this bgure, the reader is referred to the web version of this article

this article
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which is 2581 nv s for R-Ti6AI4V/Ti5AI5V5Mo03Cr- tests presented in this paper, the bonding between the
1100-D-PL-1 (impact velocity range 1), and 36&V s two materials in the multimaterial specimens does not
for R-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-3 (impact  appear to be a weak link that promotes specimen frag-
velocity range 2). The mechanisms governing ring mentation. This conclusion is in line with the results
expansion, necking formation and fragmentation are presented byPope et al.(2019, showing that dur-
the same observed in the experiments discussed ining tensile testing, failure predominantly occurs within
Sect4.1l Notably, the interface between the two mate- the weaker alloy rather than at the interface of multi-
rials shows no apparentinfuence on the spatial locationmaterial specimend.evano-Blanch et al(2021) also

of necks and fractures (the same observation appliesobserved this behavior during the tensile testing of
to all other multimaterial rings tested). Notice the multi-material FAST-DB samples, demonstrating that
orange peeltexture on the specimensO surface, akinstrain localization occurs in the weaker alloy.

to that observed in Fi@7 for post-mortem rings that

underwent FAST processing at a dwell temperature

of 1100 C. The orange peel texture is likely due 5 Concluding remarks

to grain rotation during deformation, favored by the

large grain size of the material. The four fragments This paper investigates the mechanics of high-velocity
recovered from sample R-Ti6AI4V/Ti5AI5V5Mo03Cr-  fragmentation in titanium alloys fabricated through
1100-D-PL-1 corresponding to 9% of the total mass  Field-Assisted Sintering Technology. Dynamic expan-
of the ring are shown in Figla. The Ti6Al4V and sion tests were conducted on rings and cylinders at
Ti5AI5V5Mo3Cr sections were colored with brown  strain rates varying from 10050 S1to 1912581

and blue lines, respectively. The necks do not seem toTwo alloys, Ti6AI4V and Ti5AI5V5Mo3Cr, processed
be preferentially located in either of the two materials at different dwell temperatures, were tested, includ-
used to produce the sample, and neither the necks noing both monolithic and multi-material samples. Frag-
the fractures are situated at the interface between thements were collected, weighed, sized, and analyzed
two materials (as mentioned earlier). FigdBshows using scanning electron microscopy. The experiments
high-magnibcation SEM micrographs of the fracture revealed that as the expansion velocity increases, the
surfaces indicated in Figla with red arrows. The number of necks and fragments, as well as the pro-
fracture between fragments 1 and 3 correspond toportion of necks developing into fragments, generally
Ti5AI5V5M03Cr, and the fracture between fragments increase, while the range of fragment lengths and neck
2 and 4 to Ti6AI4V. There are no signibcant differ- spacings narrows. This results in a reduction in both
ences observed in the morphology of the fracture sur- the mean and standard deviation of the fragment size
faces between the two materials. Both the fractures and neck-free segment distributions. The average dis-
in Ti6AI4V and Ti5AI5V5Mo3Cr exhibit large shal-  tance between necks was compared with predictions
low elliptical dimples of comparable size and shape. from linear stability analysis, showing good agreement
Similar observations were obtained from the fractogra- between theory and experiments. The fractographic
phy analysis of all multi-material rings tested; however, analysis revealed that the fracture of both rings and
the results are not shown for the sake of brevity. Fig- cylinders is essentially ductile, caused by the micro-
ure41b showsthe bve fragments recuperated from sam-void nucleation, growth, and coalescence. The fracture
ple R-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-3. Blue  surfaces exhibit a morphology that combines nearly
and red dots were used to identify Ti6Al4V and spherical dimples typical of tensile cup-cone failure
Ti5AI5V5M03Cr sections, respectively. Fragment 2 with shallow elliptical dimples characteristic of shear-
contains a neck and fragment 5 two more. Similar to the dominated failure. Various fractures exhibit varying
results presented in Fig¥ and37, more than half of  degrees of dominance in spherical and elliptical dim-
the total number of necks nucleated develop into frac- ples, indicating that the stress state at the fracture level
tures (considering that all fractures occur at necked sec-varies from one crack to another. The cup-cone frac-
tions). As for specimen R-Ti6AI4V/Ti5AI5V5Mo03Cr-  ture is usually observed in well-developed necked sec-
1100-D-PL-1, none of the necks or fractures coincide tions, while the shear fracture is generally accompa-
with the interface between the two materials. These nied by relatively less cross-sectional reduction of the
Pndings emphasize the notion that, in the fragmentationsamples. The formation of shear fractures inclined at
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Initial interface
Fracture surface X
analyzed in Fig. 42(b) between materials

Initial interface
between materials

Fracture surface
analyzed in Fig. 42(a) \
Initial interface \

between materials o
Initial interface

between materials

R-Ti6Al14V/Ti5A15V5M03Cr-1100-D-PL-1 R-Ti6Al4V/Ti5A15V5M03Cr-1100-D-PL-3
(a) (b)
Fig. 41 Post-mortem photography of the recovered fragments necks are labeled with two digits, the Prst of which corresponds
corresponding to specimena: R-Ti6Al4V/Ti5AI5V5Mo3Cr- to the fragment number. The color code is such that the necks

1100-D-PL-1 tested at; = 2581 mV's (impact velocity range match the color of their respective fragments. The interface
1) andb R-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-3 tested at between the two halves of the specimen made with Ti6AI4V
v; = 3685 nV's (impact velocity range 2). The fragments and and Ti5AI5V5Mo3Cr is indicated with black arrow. Millimeter
necks are numbered the same as in Tadlemnd62 of Appendix graph paper is used as a reference for the dimensions

B. The fragments are labeled with single digits, while the arrested

Fig. 42 High-magnibcation SEM micrographs of fracture sur- corresponding to Ti6Al4V. The fractures analyzed are indicated
faces corresponding to specimen R-Ti6AI4V/Ti5AI5V5Mo3Cr-  in Fig.41a with red arrows. For interpretation of the references
1100-D-PL-1 tested at, = 2581 2m/s (impact velocity to color in this bgure caption, the reader is referred to the web
range 1):a fracture between fragments 1 and 3 corresponding version of this article

to Ti5AI5V5Mo3Cr andb fracture between fragments 2 and 4
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Appendix A. List of fragments from cylinder expan- of all fragments recovered from the impact experi-

sion tests ments performed on FAST-processed titanium cylin-
drical specimens.

This section provides the circumferential length(mm),

axial lengthL ; (mm), thickness (mm) and massn (Q)

Table 8 List of fragments size and mass for C-Ti6AI4V-970-S-2. The impact velociy s 267.6 m/ s (impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (Q)

1 22.84 19.52 0.97 3.613
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 velociy is 3553 nv s (impact velocity range 2)

Fragment L (mm) L, (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-Ti6AI4V-970-S-5. The impact velocity is 3627 nvV s (impact velocity range 2)

Fragment L (mm) L, (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 s 370.1 nV/ s (impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (Q)

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-Ti6AI4V-1100-S-1. The impact velocity # 25551 m' s (impact velocity range 1)

Fragment L (mm) L, (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-Ti6AI4V-1100-S-2. The impact velocity s 2615 nv s (impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (Q)

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 # 2564 v s (impact velocity range 1)

Fragment L (mm) L, (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-Ti6AI4V-1100-S-4. The impact velocity s 364.5 nV s (impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (Q)

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 # 354.3 nV s (impact velocity range 2)

Fragment L (mm) L, (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 s 360.7 nV s (impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (Q)

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-Ti5AI5V5M03Cr-970-S-1. The impact velocity #s 2555 nv s (impact velocity
range 1)

Fragment L (mm) Ly (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-Ti5AI5V5M03Cr-970-S-2. The impact velocity # 2615 nvV s (impact velocity
range 1)

Fragment L (mm) Ly (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-Ti5AI5V5M03Cr-970-S-3. The impact velocity #s 2591 nv 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-Ti5AI5V5Mo03Cr-970-S-4. The impact velocity s 3745 nvV s (impact velocity
range 2)

Fragment L (mm) L, (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-Ti5AI5V5Mo03Cr-970-S-5. The impact velocity s 3688 nV s (impact velocity
range 2)

Fragment L (mm) L, (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-Ti5AI5V5Mo03Cr-970-S-6. The impact velocity s 356.6 nV s (impact velocity
range 2)

Fragment L (mm) L, (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-Ti6AI4V/Ti5AI5V5Mo3Cr-970-D-PP-1. The impact velocity is 2613 Vs
(impact velocity range 1)

Fragment L (mm) L, (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-Ti6AI4V/Ti5AI5V5Mo3Cr-970-D-PP-2. The impact velocity is 2614 nmV's
(impact velocity range 1)

Fragment L (mm) L, (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-Ti6AI4V/Ti5AI5V5Mo3Cr-970-D-PP-3. The impact velocity is 3545 nm/'s
(impact velocity range 2)

Fragment L (mm) L, (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-Ti6AI4V/Ti5AI5V5Mo3Cr-970-D-PP-4. The impact velocity is 2550 nV's
(impact velocity range 1)

Fragment L (mm) L, (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-Ti6AI4V/Ti5AI5V5Mo03Cr-970-D-PP-6. The impact velocity is 3742 m/'s
(impact velocity range 2)

Fragment L (mm) L, (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/Ti5AI5V5M03Cr-970-D-PL-1. The impact velocity is 3626 m/'s
(impact velocity range 2)

Fragment L (mm) L, (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/Ti5AI5V5M03Cr-970-D-PL-2. The impact velocity is 2547 m/'s
(impact velocity range 1)

Fragment L (mm) L, (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/Ti5AI5V5M03Cr-970-D-PL-3. The impact velocity is 2488 m/'s
(impact velocity range 1)

Fragment L (mm) L, (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/Ti5AI5V5M03Cr-970-D-PL-4. The impact velocity is 3898 mV's
(impact velocity range 2)

Fragment L (mm) L, (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/Ti5AI5V5M03Cr-1100-D-PL-1. The impact velocity is 2660 mV's
(impact velocity range 1)

Fragment L (mm) L, (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/Ti5AI5V5M03Cr-1100-D-PL-2. The impact velocity is 387.5 nV's
(impact velocity range 2)

Fragment L (mm) L, (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/Ti5AI5V5Mo03Cr-1100-D-PL-3. The impact velocity is 2637 m/'s
(impact velocity range 1)

Fragment L (mm) L, (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/Ti5AI5V5M03Cr-1100-D-PL-4. The impact velocity is 3821 nm/'s
(impact velocity range 2)

Fragment L (mm) L, (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 in the recovered fragments'®°K (mm), for the impact
tests experiments performed on FAST-processed titanium

ring specimens.
This section provides the circumferential length(mm),
widthw (mm), thicknesg (mm) and massn (g) of all
fragments recovered, and the necks spacing measured

Table 37 List of fragments size and mass for R-Ti5AI5V5Mo03Cr-970-S-1. The impact velocity #s 2541 nV s (impact velocity
range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti5AI5V5M03Cr-970-S-3. The impact velocity s 2605 nV 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-Ti5AI5V5Mo03Cr-970-S-4. The impact velocity #s 369.8 nV s (impact velocity
range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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
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Table 40 List of fragments size and mass for R-Ti5AI5V5Mo03Cr-970-S-5. The impact velocity s 3704 nvV s (impact velocity
range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eK (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-Ti6AI4V-970-S-1. The impact velocity s 250.6 nV s (impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti6AI4V-970-S-2. The impact velocity s 2526 nvV s (impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti6AI4V-970-S-3. The impact velocity s 3742 nV s (impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) LK (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-Ti6AI4V-970-S-4. The impact velocity is 3695 nv s (impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eK (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 is 3695 nvV s (impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) LK (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-Ti6AI4V-1100-S-1. The impact velocity s 256.4 nvV s (impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti6AI4V-1100-S-2. The impact velocity s 2510 nvV s (impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) LK (mm)
1 5.83 2.02 1.91 0.077 5.83
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-Ti6AI4V-1100-S-3. The impact velocity ¥ 3712 nvV s (impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (9) L"eck (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-Ti6AI4V-1100-S-4. The impact velocity s 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-Ti5AI5V5M03Cr-1100-S-1. The impact velocity+s 254.0 m/ s (impact velocity
range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti5AI5V5M03Cr-1100-S-2. The impact velocity+s 256.0 m/ s (impact velocity
range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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
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Table 52 List of fragments size and mass for R-Ti5AI5V5M03Cr-1100-S-3. The impact velocity#s 3714 m/ s (impact velocity
range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eK (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-Ti5AI5V5M03Cr-1100-S-4. The impact velocity+s 369.0 m/ s (impact velocity
range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti5AI5V5M03Cr-1100-S-5. The impact velocity+s 3654 m/ s (impact velocity
range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-1. The impact velocity, is 2507 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-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-2. The impact velocity is 2546 Vs
(impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) LK (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-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-3. The impact velocity is 2549 m/'s
(impact velocity range 1)

Fragment L (mm) L, (mm) t (mm) m (g) LK (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-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-4. The impact velocity is 3652 m/'s
(impact velocity range 2)

Fragment L (mm) L, (mm) t (mm) m (g) L"eck (mm)

1 41.75 1.92 1.86 0.600 41.75

Table 59 List of fragments size and mass for R-Ti6AI4V/Ti5AI5V5M03Cr-970-D-PL-5. The impact velocity is 3685 nv's
(impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-5. The impact velocity is 2581 nmV's
(impact velocity range 1)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eck (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/Ti5AI5V5M03Cr-1100-D-PL-2. The impact velocity is 2548 nV'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-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-3. The impact velocity is 3685 nv's
(impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eK (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-Ti6AI4V/Ti5AI5V5M03Cr-1100-D-PL-4. The impact velocity is 3743 m/'s
(impact velocity range 2)

Fragment L (mm) Lz (mm) t (mm) m (g) L"eK (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 1.92 191 0.248 5.50/6.50/5.75
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