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In recent decades, specimens with hat-shaped ggohmte been used to study
materials with respect to their shear behavioruidiclg strain localization and adiabatic
shear banding (ASB). However, the interpretationhef experimental results is still not
straightforward because of the complex stressiligion in the shear region of the
specimen. More comprehensive use of the hat-shepedmen is possible when a better
description of the distribution and evolution oéthktress state in the specimen is avail-
able.

This paper presents the results of dynamic anét gaperiments on Ti-6Al-4V
and numerical simulations in ABAQUS/Explicit. Theess, strain and temperature dis-
tribution and evolution is examined for specimeiith warying dimensions. The aim is to
identify the important factors that affect the espental results.
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1. INTRODUCTION

In the past, a dozen of experimental techniques weveloped to charac-
terize the shear behavior and the process of thmation of adiabatic shear
bands (ASB). A distinction should be made betweehniques intended for the
testing of bulk materials and sheet materials. Thistribution focuses on one
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frequently used technique for bulk materials whishbased on the dynamic
deformation of hat-shaped specimens in a split ok pressure bar (SHPB)
setup.

Due to the specific geometry of the hat-shapedispet shear strains are
concentrated in a narrow region where adiabatiarahg is likely to occur. This
technique is particularly interesting for metallistg because even materials that
do not localize spontaneously in shear can be fbugeto shearing failure. On
the other hand, extracting material properties frimse experiments is not
straightforward because of the complex stress statee shearing region.

More insight in the stress distribution in the dpem is needed in order
to better understand the experimental data obtdiyeithis technique. Further-
more, as the nucleation and propagation of ASB&niép on the stress condi-
tion [1], knowledge of the stress distribution isical. Moreover, several re-
searchers used different specimen dimensions jA-Their experiments. The
outcome of these experiments is affected not oplthb tested material but also
by the specimen geometry. This raises the questi@iher the results of differ-
ent studies can be compared. Although, Bronkh@isalfeady investigated the
stress distribution of one particular hat-shapeéecspen geometry using FE
simulations, different geometries have not beenpgaoed in detail.

The goal of this study was to relate the specimiemedsions with the
stress and strain distribution and evolution ingpecimen. This has previously
been done for other specimen geometries: e.g. dtadeconic specimens [1],
dog bone-shaped tensile specimens [8] and doukk specimens [9]. In addi-
tion, the existence of an optimal specimen geometayg studied to achieve a
shearing stress state which is as pure as possible.

The main tool in this study is the FE method. Salslightly different
geometries are simulated. The relation between gagrnand global and local
behavior of the specimen was studied. The stredssain homogeneity was
also examined. It can be concluded that the specgaemetry and small imper-
fections have a major influence on the experimergalilts. It was also found
that the conditions of a homogeneous stress statepare shear stress state
cannot be accomplished together. Therefore, degpisgmplicity, the technique
with hat-shaped specimens seems to be of rathitedimse.

A second purpose of these simulations was to fitdvether it is possi-
ble or not to retrieve information about the shegumrocess (stress and strain)
from the signals in the Hopkinson bars. The shgass can be estimated quite
easily but on the other hand the shear strain @gsible to determine. A post-
mortem observation of the shear region is necedsaggtimate the shear region
width and the strain.

Hopkinson experiments and quasi-static experiments series of hat-
shaped specimens of a Ti-6Al-4V alloy were carried. The deformation in
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some of these experiments was interrupted by mefasstopper ring. In this
way, the material at an intermediate stage in thi@rchation process can be
studied.

2. EXPERIMENTAL TECHNIQUE

The Hopkinson technique is ideally suited for dyi@aexperiments. The
small specimen is placed between the two Hopkirsms (Figure 1). Several
specimen geometries are possible, depending otypleeof the experiment. A
loading wavez;, generated in the input bar, propagates alon@ydanéowards the
specimen. This wave interacts with the specimen iansubsequently partly
reflected back into the input bat)(and partly transmitted into the output bar.
These three waves; (g, ande;) are measured by means of strain gages on the
Hopkinson bars. From those waves, the total fonckthe global deformation of
the specimen can be determined.

Projectile Input bar Specimen  Output bar
\ \ \ |
I = i = ]

Figure 1: Sketch of a Hopkinson pressure bar set-up

In an axis-symmetric hat-shaped specimen, sheginstare concentrated
in a narrow zone. Hence, even materials that ddawatize spontaneously are
forced to shearing failure by this method. Figurghdws the specimen between
the two Hopkinson bars. The region where a shead loan develop has been
marked.

Output bar Input bar

Shearing ""

Figure 2: Principle of a Hopkinson test with hatysbd specimen

Because all plastic deformation happens in the rsigeaegion, the
indentation of the hat can be estimated as thaadymttom surface displace-
ment of the sample. This is classically done bggrating the velocity differ-
ence between the ends of the bars during the Igatliration t:
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. o
A = L‘\.er LTLI-L- (2.1)

with €, - the wave speed in the bars. The obtalned srhleaann gan be adjusted
by choosing an appropriate hat indentatior:— i isceisez regons 10€ problem

for a correct determination efis that the width of the localized region can only
be estimated and is dependent on the material bhawerefore, post mortem
analyses of the specimen are necessary.

The total load on the specimen can be determirgad the transmitted
wave by

.P = AbEbEt (22)

with 4, -the sectional area ailg -the elasticity modulus of the Hopkinson bars.

Figure 3 shows a sketch of the specimen with aicatidn of characteris-
tic lengths. Dimensions used in literature are giveTable 1. For most samples
the inner radius,ris slightly smaller than the outer radiysim order to have
some normal pressure in the shear region.

h,

Figure 3: Specimen with indication of dimensionsading to [2]

Hat-shaped specimens were used to study sheaizkigah in tantalum
and 316L stainless steel [2]. Tantalum was alsdistuby Nemat-Nasser [3].
Both researchers did the same kind of tests bti, dviferent specimen geome-
try. The resulting stress-strain curves consequetitl not match exactly. B.K.
Kad studied a zirconium alloy [4] with this techueg Hat-shaped specimens
were also used in studying 304L stainless stedldf@@ 4340 high strength steel
[5]. Couque [11] designed a modified geometry talgtthe formation of adia-
batic shear bands in tungsten under a high hydrogieessure. Longere [12]
used the same geometry for validation of the TEVRY@del (Thermo Elastic
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ViscoPlastic with Viscous Deterioration). All thb@ve mentioned investigators
used other geometries so it's a logical questicastohow important the geome-
try is for the outcome of the experiments.

Table 1: Dimensions used in literature (all in mm)

Source [ r r/ry| ra hy h, hy-hy hs
[2] 209 | 2.28| 0.92 430 2.60 3.47 0.87 5.1
[3] 431 | 4.44| 097 6.3 330 4.5b 1.26 7.8
[4] 499 | 508/ 098 955 4.80 - - 10.0
[5] 476 | 4.76 1 953 475 5.9Y 1.22 11.4
[6] 485 | 508/ 095 953 6.97 8.0 1.08 15.
[7] 4 4.05| 0.99 - 3.5 5.5 2 8.5
[13] 6.2 7.8 0.8 10 7 9.5 2.5 15.5

BHOU'II—‘

The main disadvantages of this testing methodreredmplex stress dis-
tribution in the specimen as well as the difficulbyobserve the shear zone. The
shear band will develop a subsurface. It is theeeimpossible to track the
shear band, detecting its temperature, measuricg lstrain, etc. Thus, this
technique is appropriate for metallurgical reseastfear bands can be made
and investigated in a wide range of materials. i@ndther hand, the technique
is less useful to study the mechanical propertiematerials under dynamic
loading. In order to overcome these disadvantagese research on the influ-
ence of the specimen geometry on the formatiomeésbands is useful.

The complex stress state in the shearing regioti@lways a disadvan-
tage. For example, it appears that normal compresstress and hydrostatic
pressure can both retard shear fracture. But hegetltresses affect the suscep-
tibility of materials to adiabatic shear bandingusclear [14]. Altering the
specimen geometry can give the possibility to expentally study the influ-
ence of the stress state on the shear band formatmwever, experimentalists
can only take advantage of this plus point if tekation between specimen ge-
ometry and stress state is explicitly known. Oma af this study is to clarify
the relation between characteristic lengths of shecimen and the resulting
stress state.

3. EXPERIMENTAL RESULTS

3.1. Material and method
Dynamic as well as quasi-static experiments wenmgied out. For the

dynamic experiments a Hopkinson pressure bar sgitlpaluminum bars was
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used while for the quasi-static experiments, artragms4505 test bench was
used. Some dynamic experiments were interrupteah dhtermediate stage of
deformation by means of a stopper ring placed enhtlt of the specimen. The
displacement speed in the static experiments was/Brim.

The specimens were machined from an extruded Téd&/2bar
(@16mm). All tested specimens had slightly differdimbensions (Table 2).

Table 2: Specimen dimensions (in mm), Exp4 isc#lyi loaded while all other speci-
mens were dynamically loaded

Expl Exp2 Exp3 Exp4 Exp5
dl (inner) 7.95 8.3 8 8.04 8
d2 (outer) 8.15 8.3 8.3 8.18 8.2]
rl/r2 0.9755 1 0.9638 0.983 0.9744
hl 3.85 3.9 3.6 4 4.05
h2 5 5.1 4.9 5.02 5.05
h2-hl 1.15 1.2 1.3 1.02 1
h3 - 8.1 7.8 8 8.06
R < 0.29 < - -
Stopper ring h - 2.5 2.5 - 2.82

3.2. Results

The measured force-displacement curve of diffeegperiments is shown
in Figure 4. What all dynamic experiments have ammon is a steep drop in
the force after the force reaches a peak. Thisiéstd the strain localization and
subsequent adiabatic shear banding. The graphshtses that the results are
highly scattered. This means that even small geterdifferences of the speci-
mens can have a clear effect on the results.

Figure 4 also includes a force-displacement curva quasi-static ex-
periment (Exp4). In the static case, no globalesoftg of the specimen is ob-
served. Apparently, the deformation rate is to dlowause a significant heating
and thermal softening effect.

4. FE MODEL

Because the experimental results are not all cemisind because it's
important to understand the experiment, in-deptlmerical simulations have
been carried out. Therefore, a 2D axis-symmetnitfielement model has been
defined, using ABAQUS/EXxplicit. The load was apgliey a uniform velocity
(v=5000mm/s) of the top-face of the specimen wtiike bottom-face was fixed.
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The high displacement speed was achieved jrs 2hd the experiment lasted
for 10Qus. Strain-rate and temperature dependency of therialabehavior was
modeled by the Johnson-Cook phenomenological métlt, generated by the
plastic work, was included. Despite a short duratid the experiment, heat
conduction was also included. Heat conduction sdenw important for the
simulations of the dynamic experiments but it wapartant for the quasi-static
experiments.

25000 —Expl____

20000

e e e

STATIC

15000

Force (N)
e

10000 { iy

f) /
5000 - e
J

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Displacement (mm)

Figure 4: Force-Displacement curves of the expentmExpl-Exp5; the static curve
(Exp4) shows no drop in the force

The specimen was meshed with CAX4R elements; shis4-node bilin-
ear axis-symmetric quadrilateral element with reduintegration. To obtain
detailed information of the deformation and possiiistability of the speci-
mens, the dimensions of the elements within tharshand had to be less than
the ASB width. Otherwise no ASB is expected dudht® element-averaging
effect [1]. For that reason, the mesh was strongfiped to 1fam in the shear-
ing region. To overcome difficulties caused by egiee element distortion,
ALE adaptive meshing was used. In this way, a hjghlity mesh could be
maintained without changing the number of elements.
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Although the model was rate-dependent, mesh setgitif the simula-
tions, after the strain was localized, could notpbevented. Moreover, since a
phenomenological material model was used, the FHemwas incapable of
studying the shear band formation and propagatsaifiin detail. Nevertheless,
the predicted global specimen response could peogabd agreement with the
experimental data.

The model is ideally suited to assess the strassn ®ind temperature dis-
tribution and evolution in the specimen. The strdistribution in the shear re-
gion is illustrated for three time steps in Fig&renitially, two plastic regions
were formed in the corners of the specimen. Thegens grew till the whole
shear region was deforming plastically. Then, teéodnation in the shear re-
gion was a combination of strain hardening andniia¢rsoftening. The strain
localizes if the thermal softening effect overcontas strain hardening effect.
This causes a decreasing stress, first at the eawwers and later along the whole
shear region.

s, Mises
(Avg: 75%)

+2.160e+00

Figure 5: von Mises stress in the shear regiontafteshaped specimen: a)540.03mm
b) 2Qus, 0.20mm c) 6@s, 0.25mm

5. THE EFFECT OF SPECIMEN GEOMETRY

Five series of simulations, each with a differdimension being varied,
were performed. The goal was to relate some clexistit dimensions of the
specimen to the occurring global response andssstage in the specimen. The
following dimensions were varied: the width of thleear region characterized
by r/r,, the height of the shear regiogptt, the radius of the corners R, the di-
ameter g and the depth of the hole {see Figure 6). The first three dimensions
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seem to have a very important effect while the tlastdimensions seem to have
only a minor effect and will not be dealt with here

Ry

]

- h S
7 hy

(s

:rI
O

Figure 6: indication of the dimensions that werga

5.1. Effect of thewidth of the shear region ri/r,

Six simulations with thefr, ratio varying from 1.05 to 0.9 are performed.
The height of the shear region is 1mm for all specis. The resulting force-
displacement curve is shown in Figure 7. The sitedlaurves show the same
trends as the obtained experimental curves: thege steep drop in the force
after a certain displacement.

As could be expected, the larger the shear regidth (low r/ry), the
higher the peak force needed to compress the spaciithe peak comes later
for specimens with a large width of the shear nediecause for such specimen
the strain is lower for the same displacement. Ftiois) it's clear that the ob-
tained force-displacement curve is very sensitivéhts geometric characteris-
tic.

In general, the stress state in the shear regiarc@nbination of a devia-
tory part (shear stress) and a hydrostatic pastate of pure shear can never be
achieved. The shear stress orientation is almdaticent with the geometric
shear line (=connection between the two corners. Aydrostatic stress can be
a tensile or a compressive stress, depending ogethimetry and the moment in
the deformation process. For specimens with equal or slightly greater than
1, the stress state in the shear region is far fromogeneous. Some parts of the
shear region are compressed while other partsnaaeténsile stress state. Mak-
ing the outer diameter of the specimen slightlygbigthan the inner diameter
(ri/r<1) causes the stress to become more homogenekigs, is better to have
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a good experiment. On the other hand/if, ibecomes too low, it is more diffi-
cult to calculate the shear stress from the exprial results.
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Figure 7: Force-Displacement curves: effect ofghear region widthyfr, and §=4mm

With the signals recorded during a Hopkinson eixpent, the total force
on the specimen can be determined. However, tloelledibn of the shear stress
from this force is not obvious. Therefore, the shetgess ratio (SSR) is defined:

T ) = A
tognftre 435

SSR = —=nre TEF (5.1)

=}

This value expresses the relation between the blavtcal force on the speci-
men §,) and the local stress in the center of the shegion cenyd- Asg iS the
surface of the “shear band”.

Figure 8 shows the SSR for different specimen géoeaseas a function
of the displacement. A constant SSR means thah#asured force is in propor-
tion with the shear stress in the shear regioadtitionally the SSR is equal to
1, then the force is a good measurement of ther Stiesss. The interval where
strain localization is expected to happen is shadegday.

Three different parts in all curves can be distislged. In the beginning,
the SSR is almost O for all specimens and increeeg@dly. Indeed, the shear
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stress is initially concentrated in the cornershef specimen. In the second part
of the curve, the shear stress is homogeneoushdistd along the shear region.
This is approximately after a displacement of 0.06(2Qus). Except for the
low ri/ro-ratios, the SSR is quite constant in this interiaally, in the last part
of the curves, the SSR decreases. This meanshihdibtice mainly contributes
to the hydrostatic part of the pressure instead tiie shear stress component.
i e 11/r2=1.05
—rl/r2=1
===r1/r2=0.975
—r1/r2=0.95
r1/r2=0.925

16

14 +

1.2 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Displacement (mm)

Figure 8: shear stress ratio as a function of thglacement for specimens with a differ-
ent shear region widthy(r,)

Three different parts in all curves can be distisged. In the beginning,
the SSR is almost O for all specimens and increeeg@dly. Indeed, the shear
stress is initially concentrated in the cornershef specimen. In the second part
of the curve, the shear stress is homogeneousbditstd along the shear region.
This is approximately after a displacement of 0.06(2Qus). Except for the
low ri/rp-ratios, the SSR is quite constant in this interiZahally, in the last part
of the curves, the SSR decreases. This meanshihdbrice mainly contributes
to the hydrostatic part of the pressure rather tbahe shear stress component.

For a specimen withy/r,=1, the SSR is initially very close to one but
shows a peak at a displacement of 0.2mm. This méetshe average shear
stress in the shear region is much lower than liearsstress in the center of the
specimen. So, inhomogeneous stress is the explarfati this peak in the SSR.

From this, it can be concluded that the specimg m/r,=0.975 has the
best performance: the force is a quite good memsne of the shear stress
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(SSR almost 1) and the shear stress is quite hamoge during the entire ex-
periment.

5.2. Effect of the height of the shear region H

Three specimens with a different height of theashegion were simu-
lated: 0.5mm, 1mm, 1.5mm. The width of the shegiorewas also adapted in
order to have the same value of the angle of tleengéric shear line (=line
which connects the two corners). The force-disptaa# curves of these simu-
lations are plotted in Figure 9.
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Figure 9: Force-Displacement curves: effect oftbight of the shear region H; The gray
curves represent the rescaled force of the speoiviterH=1mm

Obviously, all the force-displacement curves haveimilar course. The
force from the specimen with H=1mm has been scapednd down with a fac-
tor equal to the ratio of the shear heights. Howes@aling only the force seems
insufficient for the scaled curves to match with thrce-displacement curves of
the specimens with H=0.5 and H=1.5. There is alsgaling of the displace-
ment: a higher displacement is necessary to achtevesame force. In other
words, the strain is less concentrated for largéghts of the shear region.

5.3. Effect of theradius of thecornersR
In the previously presented simulations, the cwrroé the specimen are
sharp (90°). However, in actually machined specsndahe corners can be
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rounded. Therefore, simulations were performedet the effect of rounded
rather than sharp corners.

In Figure 10 it can be seen that the effect ofrdius R on the experi-
mental results is huge. The total force is muchhéigfor a specimen with
rounded corners and the peak force is delayed.rdbeded corners signifi-
cantly reduce the stress concentration and thergfostpone strain localization.
Stress concentrations are a trigger for shearifatadn to occur.
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Figure 10: Force-displacement curves: effect ofrtttus of the corners

7. CONCLUSIONS

Both dynamic as well as quasi-static experimerith hat-shaped speci-
mens were carried out. In order to better undedstha experimental results, a
numerical model in ABAQUS/Explicit was created. Thedel was used to find
out the important factors that affect the outcorihthe experiment.

The experimental results seem to be very sensitivgeometric varia-
tions. The influence of the width and height of ghear region and the radius of
the corners is huge.

The second purpose of the model is to study tlesstnd strain distribu-
tion and evolution in the specimen. It is foundtttee conditions of a homoge-
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neous stress state and pure shear stress statet t@naccomplished together
for any investigated specimen geometry.

The shear stress ratio (SSR) is used to evalhateetation between the
total vertical force on the specimen and the sistaass in the center of the
specimen. The shear stress in the center can enbptained from the Hopkin-
son signals for specimens that have an outer deamdtich is slightly larger
than the inner diameter.
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