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Abstract 

To study the high strain rate shear behaviour of Ti-6Al-4V, hat-shaped specimens have been used in a 

compression split Hopkinson bar setup. With this technique, highly concentrated shear strains are obtained 

which eventually cause strain localization and adiabatic shear bands (ASB). Because of the complex stress 

distribution in the specimen, interpretation of the experimental results is not straightforward. In this paper, 

results of a comprehensive experimental and numerical study are presented, aiming at a more judicious use 

of hat-shaped specimens and a fundamental understanding of the obtained results. Specimens with different 

dimensions are considered. It is found that the width of the shear region and the radius of the corners are 

the most important parameters. The first mainly affects the homogeneity of stresses and deformations in the 

shear zone and the presence of a hydrostatic stress next to the shear stress, while the latter primarily 

governs the initiation of the ASB.  The relation between the global measured response and the local material 

behaviour is studied. It is shown that, within certain limits, the shear stress in the shear region can be 

extracted from the measured force. Several experiments which have been interrupted at a certain level of 

deformation have been carried out. The microstructure could thus be observed at different stages: onset of 

strain localization, formation of ASBs, initiation and propagation of microcracks. 

Keywords: adiabatic shear band, titanium alloy, Ti-6Al-4V, Hopkinson, high strain rate, hat-shaped 

specimen, finite elements, fracture 

 

1. Introduction 

Shear testing is an obvious way to study the mechanical behaviour of metals because metals basically 

deform plastically by shear. Moreover, in practical applications materials are often dynamically loaded 
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directly in shear (punching, machining, impact...). In these loading cases, deformation can become 

unstable leading to the formation of adiabatic shear bands (ASB), followed by fracture.  

Adiabatic Shear Bands (ASBs) are a thermodynamic phenomenon during which large deformations are 

observed in a narrow band (typically 5μm to 100μm) of the material at high strain-rates. Although the 

main mechanism for adiabatic shearing is the competition between strain hardening and thermal 

softening, the whole process is very complex and involves high temperatures, high strain-rates, high 

strains, high strain gradients, material transformations, etc. The formation of ASBs is not a failure 

mode as such but it causes the material to lose its load carrying and energy absorption capacity [1]. 

Since adiabatic shearing is known to be a precursor to failure, it is important to understand the whole 

process which starts with strain localization and finally ends up with failure. Adiabatic shear bands are 

observed in many applications such as machine chips, forging and ballistic impact loading. In most 

cases the occurrence of adiabatic shearing is undesirable, yet recently developed adiabatic cutting and 

blanking techniques use this phenomenon in their advantage. 

Through many years, engineers have developed several experimental techniques to study the dynamic 

shear behaviour of materials, including the formation of adiabatic shear bands and fracture. The present 

study deals with a technique which makes use of hat-shaped specimens, dynamically compressed in a 

split Hopkinson pressure bar set-up. Due to the specific geometry of the specimen, a zone where the 

material is mainly deformed in shear exists. Even materials that do not show strain localization 

spontaneously can be forced up to shearing failure. Hat-shaped specimens were originally proposed by 

Meyer and Manwaring in 1986 [2] and were recently used by Bronkhorst to study shear localization in 

tantalum and 316L stainless steel [3]. Tantalum was also studied by Nemat-Nasser [4]. Although both 

researchers did similar experiments, other specimen dimensions were used, resulting in differences in 

the observed behaviour. Results presented in  Kad et al. [5],  Meyers et al [6],  Beatty et al. [7], Couque 

et al. [8],  Longère et al. [9] confirm that the outcome of experiments is not only affected by the tested 

material but also by the specimen geometry. Hence, results from different studies must be compared 

with great care. 

Extracting quantitative data on the material behaviour from tests on hat-shaped specimens is not 

straightforward because of the complex stress and deformation distribution in the shearing region. 

Since the shear band develops subsurface, it is impossible to track the shear band, detect its 

temperature and measure the local strain. More insight in the response of the shearing zone to the 
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imposed deformation is needed in order to better understand the experimental data obtained by this 

technique. As the nucleation and propagation of ASBs depends on the stress condition [10], knowledge 

of the stress distribution in the specimen is crucial. In a further step, knowledge of the relation between 

specimen geometry and stress state can be exploited for an in-depth study of the shear band nucleation 

and propagation [8]. Indeed, it appears that normal, compressive stress and hydrostatic pressure both 

delay shear fracture. Yet it is still unclear how these stresses affect the susceptibility of materials to 

adiabatic shear banding [1]. Altering the specimen geometry, and consequently the stress state in the 

shearing zone, allows to study the effect of these stress components.  

One of the goals of this contribution is to gain deeper insight into this interesting experimental 

technique and to relate the specimen dimensions with the stress and strain distribution and evolution 

within the hat-shaped specimen. In addition, the existence of an optimal specimen geometry to achieve 

an as pure as possible shearing stress state, is studied. Numerical simulations based on the finite 

element (FE) method are used for these purposes.  Several slightly different geometries are simulated 

to study the relation between the geometry and the global and local behaviour of the specimen. In 

particular, the possibility to retrieve information about the local shearing process (stress and strain) 

from the signals recorded on the Hopkinson bars is studied. Attention is paid to the stress and strain 

homogeneity.  

Next to the extensive simulation program, quasi-static and dynamic experiments are carried out on a 

series of hat-shaped specimens of a Ti-6Al-4V alloy. This material was chosen because, due to its low 

mass density and heat conductivity, Ti-6Al-4V is very sensitive to the formation of adiabatic shear 

bands [1, 11-16]. Ti-6Al-4V is the most commonly used titanium alloy. A lot of research has already 

been conducted on adiabatic shear banding and failure in this material. Several dynamic experimental 

techniques have been used: shear compression specimen test (SCS) [15], torsion of thin walled tubes 

[16], thick-walled cylinder implosion test [17], modified double shear test [18], impact on a plate [19], 

etc. A common feature of these experiments is that the specimen is deformed until either the material 

fails or the energy of the impact is fully absorbed, since interrupting the experiment at a certain level of 

deformation it is not obvious. Experiments using hat-shaped specimens however, are easy to interrupt 

by the use of a stopper ring.  

The experiments presented here are interrupted at different strain levels and the microstructure of the 

deformed material is studied. Information of the failure process at different stages, from an adiabatic 
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shear band towards fracture, is thus obtained [6, 20]. The experimentally observed fracture process is 

compared with the numerical results.  

2. Experiments 

2.1. Experimental method and material 

The split Hopkinson pressure bar technique is used to load the specimens dynamically. The small 

specimen is placed between two Hopkinson bars (Figure 1). A compressive loading wave εi, generated 

in the input bar by impact of a projectile, propagates along the bar towards the specimen. This wave 

interacts with the specimen and is partly reflected back into the input bar (εr) and partly transmitted into 

the output bar (εt). These three waves (εi, εr and εt) are measured by means of strain gages on the 

Hopkinson bars. From those waves, the total force and the global deformation of the specimen can be 

determined, based on the principles of one-dimensional elastic-wave propagation in slender bars [21]. 

The set-up used in this study has aluminium (Al5083) bars with lengths of 6m and 3m, and a diameter 

of 25mm. 

 

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

In an axi-symmetric hat-shaped specimen, shear strains are concentrated in a narrow zone.  

Figure 2 shows the specimen between the two Hopkinson bars. The specimen can be divided into three 

regions: the upper hat part, the lower brim part and the shear region where high shear strains develop. 

Grease is used to stick the specimen between the bars and to reduce friction. Deformation of the 

specimen can be limited to a certain level by means of a stopper ring (SR). Figure 3 provides the 

dimensions of the specimen used in this study. These dimensions were selected on the basis of a 

literature review (Table 1) and further optimized by numerical simulations (§3).  

The specimens are carefully machined out of a standard extruded Ti-6Al-4V bar in the mill-annealed 

condition with a diameter of 16mm. The specimen production process consists of turning the outer 

shape of the specimen, followed by drilling the hole in the specimen. The alloy consists of a majority 

of hexagonal (HCP) α-phase (97%) and a finely dispersed cubic (BCC) β-phase (3%). The chemical 

composition of the material used in the experiments was determined by Coghe [11]: Al 6.28 wt%, V 

4.18 wt%, Fe 0.18 wt% and O <0.2wt%. 
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Figure 2: Hat-shaped specimen between Hopkinson bars. Arrows represent the displacement direction. 

Figure 3: Specimen dimensions: r1=4.0mm, r2=4.1mm, r3=8mm, h1=4.0mm, h2=5.0mm and 

h3=8.0mm, with indication of the ‘shear region centre’. The figure is taken from [3]. 

Table 1: Dimensions of hat-shaped specimens used in literature (mm) 

Source r1 r2 r1/ r2 r3 h1 h2 h2-h1 h3 
Bronkhorst et. al. [3] 2.09 2.28 0.92 4.30 2.60 3.47 0.87 5.11 
Nemat-Nasser et. al. [4] 4.31 4.44 0.97 6.35 3.30 4.55 1.25 7.85 
Kad et. al. [5] 4.99 5.08 0.98 9.55 4.80 - - 10.00 
Beatty et. al. [7] 4.76 4.76 1 9.53 4.75 5.97 1.22 11.81 
Couque et. al. [8] 6.2 7.8 0.8 10 7 9.5 2.5 15.5 
Lins et. al.[20] 4.85 5.08 0.95 9.53 6.97 8.00 1.03 15.00 
Lee et. al. [22] 4 4.05 0.99 - 3.5 5.5 2 8.5 

 

Because all plastic deformation occurs in the shearing region, the indentation of the hat into the brim at 

time t can be calculated with a good approximation as the top-to-bottom surface displacement of the 

sample Δu. The small dimensions of the specimen ensure that force equilibrium is established very 

soon after onset of loading. Here both aluminium bars have the same diameter, consequently: εt = εi+ εr, 

making equation 2.1 valid [21]. 

dtCu
t

rb ∫=Δ
0

2 ε  (2.1) 

with εr the reflected wave and Cb the longitudinal wave speed in the bars. The shear strain γ can only be 

roughly estimated from Δu because the width of the shear region and the strain distribution in the shear 

region are not known (see §4.3).  

Because of the force equilibrium in the specimen, the total axial load on the specimen can be 

determined from the transmitted wave εt by 

tbba EAF ε=  (2.2) 

with Ab the sectional area and Eb the elasticity modulus of the Hopkinson bars. The shear stress in the 

shear region can be estimated quite accurately for the used specimen geometry by dividing the axial 

force (according to 2.2) by the surface of the shear region ( )( )1221 hhrrASR −+= π :  
SR

a

A
F

=τ . As 

will be shown (§4.3), a slight overestimation of the shear stress is obtained.  
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2.2. Experimental results 

Ten hat-shaped specimens have been produced with the dimensions shown in Table 2. The radius of 

the hole in the brim is always 4.0mm while there are small variations on the outer diameter. Only the 

radius of the outer corner (R) could be measured. Variations of R along the circumference of the 

specimen cannot be excluded. 

Table 2: Measured dimensions of the produced specimens. The < sign means that corner is sharp. 

 Exp1 Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8 Exp9 Exp10 
r1/r2  0.98 0.99 0.96 0.97 0.98 1.000 0.98 0.98 0.98 0.98 
H=h2-h1 (mm) 1.15 1.10 1.10 1.00 1.00 1.05 1.05 1.10 1.00 1.00 
R (mm) < < 0.03 < 0.04 0.05 0.06 0.02 0.03 < 

 

Dynamic (Exp1-Exp9) and quasi-static experiments (Exp10) have been carried out on these samples. 

The average displacement velocity was 0.083mm/s in the quasi-static experiment. In the dynamic 

experiments approximately 1500mm/s is reached before localization, after localization the 

displacement velocity increases, up to more than 3000mm/s. The average shear stress in the shear 

region is calculated by dividing the applied force (eq. 2.2) by the area of the shear region ASR.  

The resulting stress-displacement curves of the dynamic experiments are presented in Figure 4. The 

deformation of Exp4-Exp7 is interrupted after reaching maximum force while Exp8 and Exp9 are 

interrupted before. Although, all curves have a similar shape, closer examination learns that the 

maximum stress for Exp1 and Exp6 is not only higher, but the value (±820MPa) is also longer 

maintained. For the other specimens, the stress drops abruptly after reaching maximum stress.  Peak 

shear stresses vary between 670MPa and 820MPa and occur at displacements between 0.11mm and 

0.16mm. The scatter can partly be attributed to variations in specimen dimensions. However, the 

variations in experimental results are not always in agreement with the expected variations due to the 

specimen geometry. There is for example no particular variation in the dimensions (Table 2) explaining 

the different behaviour of Exp 1 and Exp 6 compared with the other experiments. It is therefore 

assumed that imperfections in the rounding of the specimen corners are responsible. This is confirmed 

by the simulations (section 4.2). In addition, scatter in deformation values is also due to a bad contact 

between the bars and the specimen at the onset of loading because of the grease which is used.  

Figure 4: Stress-displacement curves of the dynamic experiments Exp1-Exp9 
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Typical stress-displacement curves of a dynamic and static experiment are compared in Figure 5. The 

dynamic stress-displacement curve shows a peak in the force while in the quasi-static loading case the 

force stays on a constant level, even after fracture. During the quasi-static experiment, there is enough 

time for the heat to be conducted away from the shear region, which prevents thermal softening. This 

explains the completely different behaviour of a statically loaded titanium specimen compared with a 

dynamically loaded one. 

As mentioned before, the formation of an adiabatic shear band is not a failure mode as such. However, 

it can lead to failure. The whole deformation process exists of different steps, which can be studied 

with experiments, interrupted at different levels of strain. The points at which the experiments were 

interrupted are indicated with arrows in Figure 5. The following part describes the different steps (1-5) 

and illustrates them with microscopic images. Sometimes, different steps in the evolution towards 

fracture can be found in one sample. Although the specimen is axi-symmetric, the deformation of the 

specimen and the shear band are three dimensional. The finite element simulations in the next section 

are used for interpretation of the experimental observations.  

Figure 5: Stress-displacement curves of a typical dynamic (Exp1) and quasi-static experiment (Exp10). 

The arrows indicate the displacements where other dynamic experiments were interrupted. 

Shear strain concentration (step 1 – Exp8) 

It is generally accepted that adiabatic shear bands initiate at a material discontinuity or geometrical 

imperfection. In the hat-shaped specimen, the corners of the specimen form initiation locations for 

strain localization. High strains are indeed found in the corners of the specimen from Exp8. There is 

only limited deformation in the centre of the shear region. The radius of the corners plays of course an 

important role in this first step.  

Shear band formation and initiation of multiple micro-cracks (steps 2 and 3 – Exp9 and Exp7) 

Higher temperatures are reached where the strain concentrates resulting in thermal softening and 

further strain localization causing even higher temperatures and more strain localization (step 2). 

Temperatures up to 1100°C have been experimentally observed [23, 24] and are also obtained in the 

simulations of this study (§4.1). This instable process starts at the initiation places (step 1) and expands 

very rapidly until a fully developed shear band stretches out from corner to corner in the hat-shaped 
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specimen (Figure 6). The shear bands that are formed in Ti-6Al-4V are very narrow (5μm-10μm). 

Because of the large strains, individual grains can hardly be distinguished in the shear band. 

 

Figure 6: LOM image of fully developed adiabatic shear band (Exp7); the arrows show the direction of 

the displacement 

Meanwhile, cracks in the shear region are formed not only at the corners (Figure 7b) but also at other 

locations along the shear band (Figure 7c). The initiation of cracks at different places can possibly be 

related with the so-called hot-spots which have been observed along fully developed shear bands, in an 

experimental [25] and numerical [26] way. Numerical simulations in this study also revealed a periodic 

temperature and hydrostatic pressure field (see §4.1). The turbulent temperature field can be related 

with the formation of multiple cracks.  

Figure 7: Schematic representation and LOM micrographs of fracture process: a) grains are initially 

approximated to circles; b) deformation causes grains to elongate and rotate; micro-cracks with the 

same orientation as the grains are formed (Exp9); c) several micro-cracks are linked, the resulting crack 

surface looks fragmented. Twins are observed in the vicinity of the shear band. 

The orientation of the cracks is coincident with the orientation of the highly deformed grains and this 

direction is not the same as the direction of the shear band; the cracks traverse the shear band. This can 

be seen in Figure 7b which shows micro-cracks in the vicinity of the tip of the large crack at the corner. 

However, the axis of the cracks gradually rotates towards the shear line. 

Linkage of the micro-cracks (step 4 – Exp4, 5, 6) 

Several small micro-cracks rotate and are linked to form larger cracks by a process similar to void 

growth and coalescence. This results in cracks with a ‘wavy’ crack surface (Figure 8 and Figure 7c). 

The typical void growth and coalescence pattern is clearly observed at the corners of the specimen but 

also at other locations along the shear line. Figure 7 illustrates schematically the observed crack 

growth. Deformation twins in the vicinity of the shear band are also indicated on Figure 7c. 

Figure 8: LOM image of specimen with deformation limited to 0.2mm by a stopper ring. The crack 

at the corner of the specimen is clearly formed by a process of void growth and coalescence (Exp9). 

Melting and welding of the material (step 5 – Exp1, 2 and 3) 
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High temperatures are reached in the Ti-6Al-4V. If the specimen is further deformed after fracture, the 

temperature keeps on rising because of friction between the crack surfaces, eventually leading to 

melting of the material. Also the hydrostatic pressure increases when the deformation increases. The 

combination of high temperatures and hydrostatic pressure closes the cracks formed in step 4. Indeed, 

experimentally, structures are observed which resemble molten material and cracks disappear because 

the fracture surfaces are “welded” together. The welds, which seem to be a little bit wider than the 

original shear band (10μm-30μm), can be confused with the original shear bands, yet they have another 

origin. Welding was observed after indentations above approximately 0.35mm. This process is 

important because it determines the residual strength of the component after failure. It should be 

noticed that the microstructure observed after an experiment is not necessarily the same as the 

microstructure at the end of the deformation. At the end of the deformation, very high cooling rates 

exist. Indeed, despite the low heat conductivity of the titanium, the mass of the heated material is very 

small and temperature gradients are high. 

3. Numerical simulations 

To obtain an in-depth understanding of the experimental results and, subsequently, improvement of the 

experiments, numerical FE simulations are performed. These simulations do not intend to exactly 

reproduce the behaviour of one particular material (Ti-6Al-4V) or to study the adiabatic shear bands 

itself. With the simulations detailed information about the response of the hat-shaped specimen is 

obtained. Consequently, the minimal requirement for the FE-model is that thermal softening and 

localization are correctly predicted.  

A 2D axi-symmetric model of the titanium specimen is defined in ABAQUS/Explicit. The dimensions 

of the initial model are given in Figure 3. Variations on these dimensions have also been used as 

indicated in §4.2. A uniform velocity is imposed to the top-face of the specimen: after a rise time of 

20μs, the top-face is moving at a constant velocity of 5m/s in the axial direction. The bottom-face is 

fixed in the axial direction but is free to move in the radial direction in order to simulate a frictionless 

contact (grease) with the Hopkinson bar. 

For the specimen material a classical metal, elasto-plasticity model with isotropic hardening is used. 

The Johnson-Cook (JC) model is used to describe the effect of the strain hardening, strain-rate (ε& ) 

hardening and temperature softening on the stress σ [27, 28]: 
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where pε is the plastic strain, 0ε& is a reference value of the strain rate, T the temperature, Tmelt the -

melting temperature and Troom is the room temperature. A, B, C, n and m are material parameters with 

C describing the materials strain-rate dependency. The parameters were determined by means of 

compression tests [11]. Lee and Lin [13] showed that one set of JC parameters is sufficient to describe 

the behaviour of Ti-6Al-4V in a wide range of temperatures from room temperature up to 1100°C. 

Thus, even above the β-transition temperature, the Johnson-Cook model can still be used. 

Heat is generated by the plastic work of the material. The resulting temperature increase for an 

adiabatic process can be estimated by integration of the energy dissipated by the plastic work: 

∫=Δ εσ
ρ

β d
c

T 1
 (3.2) 

where ρ and c are the mass density and specific heat of the material respectively. In the simulations, the 

specific heat c is assumed to be independent of the temperature. The Taylor-Quinney coefficient β is 

assumed to have a constant value of 0.9. Although this is an acceptable approximation in the scope of 

this study [1], recent work by Rosakis et al. [29] and Longere et al. [30] shows that this can introduce 

errors. Heat conduction is also included in the model. Temperature dependence of the heat conductivity 

k (W/mK) is neglected and a constant value is used. Table 3 summarizes the values of the parameters 

used in the model. 

Table 3: Material parameters used for Ti-6Al-4V in the numerical simulations 

A (MPa) B (MPa) C m n 
0ε&  (s-1) β 

1120 667 0.0270 1.33 0.47 1 0.9 
Tmelt (°C) Troom (°C) ρ (kg/m3) c (J/kg K) E (GPa) ν k (W/m K) 

1653 20 4428 580 114 0.3 6.70 
 

4-node bilinear axi-symmetric quadrilateral elements with reduced integration (CAX4R) are used. 

Small elements are necessary, to avoid element-averaging effects [10] and to capture initiation and 

nucleation of the ASB. The elements in the shearing region of the specimen (Figure 9) are rectangles 

with a width of 15μm and a height of 20μm. Rectangular elements perform better than square elements, 
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since during compression they come close to squares. The rate-dependency of the material model is not 

sufficient to avoid mesh sensitivity. Refining the mesh does not lead up to a unique solution. Several 

researchers have proposed methods to lower mesh dependency [31-33]. In this study, mesh sensitivity 

problems are by-passed by using the same mesh in each simulation. 

Figure 9: Illustration of ABAQUS/Explicit finite element model showing the mesh and boundary 

conditions used in all simulations. Different variants for the geometry have been used. 

ALE adaptive meshing is used to avoid extensive element distortion. Elements are not created or 

deleted but rearranged. The large deformation also causes elements at the edge of the hat and the brim 

to make contact. These contact interactions are modelled as frictionless kinematic contact pairs. 

With this model the previously stated requirement for the performance of the FE simulations is met. As 

can be seen on Figure 10a, thermal softening and strain localization in the dynamic experiments are 

predicted by the simulation. As a first approximation, strain localization is assumed to begin when the 

stress decreases for increasing strain. The same model is used for the static simulation, only the 

displacement speed is reduced to 0.0833mm/s. Conductive heat transfer prevents thermal softening and 

strain localization in the static simulations and, since no material damage is implemented in the model, 

the force is not decreasing. Comparison with the experiments (Figure 10b) learns that the trends are 

correctly represented in the simulation. The absence of a damage model in the simulations can explain 

the discrepancy between the experimental and simulated static behaviour. 

Figure 10: Comparison of dynamic and static force-displacement curves from FE simulations and 
experiments with the same specimen geometry 

4. Discussion 

4.1. Stress composition 

Although hat-shaped specimens are primarily used to investigate the shear behaviour of materials, also 

normal stresses exist in the shear region. Figure 11 represents the shear stress σrz, the radial stress σrr 

and the axial stress σzz in the centre of the shear region of a specimen with dimensions given in Figure 

3 (see caption) for a dynamic simulation. The normal, compressive stresses are clearly non-negligible 

and eventually exceed the shear stress after the formation of a shear band (displacement > 0.2mm).  If 

further deformed after the maximum load, the material loses its load carrying capacity and the top of 

the hat is driven as a wedge into the brim. 
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Figure 11: Stress composition in the centre of the shear region for a specimen with the dimensions of 

figure 3: shear stress σrz, normal radial stress σrr and axial stress σzz 

The stress distribution has also been investigated for specimens with other dimensions than the one of 

Figure 3. It is found that a pure shear and homogeneous stress state in the shear zone cannot be 

obtained simultaneously in hat-shaped specimens. 

The relation between the stress components σrr, σzz and σrz is presented in Mohr’s circle in Figure 12 at 

three different moments: before localization (displacement 0.05mm), during localization (0.15mm) and 

finally when a shear band (0.35mm) has fully developed. Normal stresses are depicted on the 

horizontal axis, shear stresses on the vertical axis. Line r-z corresponds with the stress state in a 

coordinate system where the r-axis has a radial orientation and the z-axis an axial orientation. Two 

additional lines can be found on the circle: the vertical one represents the orientation of the maximal 

shear stress; the dotted line represents the direction of the line connecting the two corners of the 

specimens shear region. The lines clearly do not coincide. From Figure 12 it is clear that both the 

orientation of the maximal shear stress and the in-plane hydrostatic pressure (corresponding with the 

centre of the circle) vary during the experiment. At the onset of loading, the plane where maximal shear 

stress occurs makes an angle of 18° with the axial direction. This angle decreases until maximal shear 

stress occurs in the plane between the corners of the specimen when the shear band starts to form. This 

explains the experimentally observed rotation of the grains. The second parameter, the hydrostatic 

pressure, increases during the experiment and high pressures up to 3GPa are reached at a displacement 

of 0.35mm. Hydrostatic pressure affects the formation of adiabatic shear bands [8]. Moreover, high 

hydrostatic pressure prevents voids to grow and will consequently retard failure of the specimen. 

Furthermore, in the beginning of the experiment the major principal stress σI is positive (tensile) while 

at the end of the experiment σI becomes negative (pressure). This also affects the formation and 

propagation of cracks in the specimen. 
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Figure 12: Stress state in the centre of the shear region represented by means of Mohr’s circle at three 

different moments: before localization (20μs), during localization (40μs) and at a fully developed shear 

band (80μs) 

 

Figure 13 shows the distribution of the hydrostatic pressure and temperature along the shear line at 

40μs (onset of ASB) and 80μs (fully developed shear band). The temperature is more homogeneous 

than the pressure. Their distribution evolves during the deformation process: at 40μs both pressure and 

temperature are lower around the centre of the shear region, at the end higher. The pressure distribution 

affects the formation of cracks as is confirmed by experimental observations showing that cracks are 

typically located at the corners where hydrostatic stresses are the lowest. However, when observing 

specimens of experiments interrupted at low levels of deformation, cracks are also seen in the centre of 

the shear band. This is in agreement with the low hydrostatic pressure around the centre seen at 40μs. 

Moreover, these cracks seem to disappear in more heavily deformed specimens what can be explained 

by the higher pressure reached. At 80μs both the pressure and the temperature show peak values at 

periodic positions. Although, the distance between the peaks of approximately 100μm is much higher 

than the size of the elements, the peaks originate from the mesh. In the simulation, the behaviour of a 

point of the shear band which coincides with a node of the mesh is evaluated in a different way than for 

a point which does not coincide with a node. The temperature peaks are numerical instabilities but they 

resemble to the physical phenomenon of the so-called hot-spots, experimentally observed by Guduru 

[25]. Since stress, strain and temperature are not constant along the shear band, local thermodynamic 

instabilities can occur within the shear band. These physical instabilities can be compared with an 

unstable plane Couette flow in fluids [26]. The periodic hot-spots can be initiation places for cracks. 

Figure 13: Hydrostatic pressure and temperature distribution along the shear line at two different 

moments for a specimen with dimensions of Figure 3. 

4.2. Influence of the specimen geometry 

To relate characteristic dimensions of the specimen to the global response and stress state in the 

specimen, five series of simulations, have been performed, each with a different dimension being 
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varied (Figure 3): the width of the shear region characterized by r1/r2 (1), the height of the shear region 

h2-h1 (2), the radius of the corners R (3), the outer diameter r3 (4) and the depth of the hole h1(5). From 

the simulations it was clear that only the first three have a non-negligible effect.  

Width of the shear region 

A ratio r1/r2 less than 1 means that the outer diameter of the hat is larger than the inner diameter of the 

hole in the brim. This is the case for most specimens found in literature [3-5, 8, 20]. Six simulations 

with r1/r2 ratios varying from 1.05 to 0.9 are performed. The height of the shear region is 1mm for all 

specimens and the corners are not rounded. The resulting force-displacement curves are shown in 

Figure 14. 

As can be seen from Figure 14, changes in r1/r2 result in large differences in the observed specimen 

behaviour, however all curves show the same evolution: after a linear part, the force very soon 

increases much slower, to reach a peak, after which the force drops. The following conclusions can be 

drawn: 

• The further away r1/r2 is from one, the higher the force needed to deform the specimen. This is 

due to both the higher hydrostatic pressure and the fact that more material is involved in the 

shear process in specimens. As a consequence, the deformation energy is larger for specimens 

with low r1/r2 ratio. 

• The displacement at which the peak force occurs is higher for specimens with low r1/r2, 

values. The shear strain, however, remains the same. Consequently, the relation between the 

indentation of the specimen and the strain is strongly dependent on r1/r2 which complicates 

calculation of the local shear strain from the displacement. 

Since very small variations in the value of r1 and r2 cause distinct changes in the specimen response, 

only the response of specimens manufactured with a high accuracy with respect to r1 and r2 are 

comparable. 

Figure 14: Force-displacement curve for specimens with different shear region width 

Changing r1/r2 affects the amount of material involved in the deformation process, stress homogeneity 

and the hydrostatic stress. Figure 15 represents the hydrostatic stress in the centre of the shear region as 

a function of r1/r2 at a displacement of 0.15mm. A shear band has not been developed yet at this stage 

of deformation for all specimens. The stress is always positive, even in specimens with r1/r2>1. Further 
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increasing r1/r2 in order to reduce the hydrostatic pressure (pure shear) is not useful because the stress 

distribution becomes very inhomogeneous for high r1/r2-ratios. 

 

Figure 15: Hydrostatic stress in the centre of the shear region at a displacement of 0.15mm as a 

function of the width of the shear region 

 

Height of the shear region 

Simulations are performed with heights of the shear region (H = h2-h1) of 0.5mm, 1mm and 1.5mm. 

Besides the height, also the width (r1/r2) of the shear region was adapted in order to have the same 

angle of the geometric shear line (=line which connects the two corners). The force-displacement 

curves of these simulations are plotted in Figure 16. 

The force is proportional to the height of the shear region because the amount of material involved in 

the shearing process is proportional too. In Figure 16 additional curves are presented where the force of 

the H=1mm specimen has been scaled with a factor of 1.5 and 0.5. The resulting force-displacement 

curves show the same force levels as for the specimens with H=1.5mm and H=0.5mm. However, 

scaling of only the force is not enough for the scaled curves to match with the original curves. 

Obviously, changing the height of the shear region also affects the displacement, yet unlike the force, 

no simple scaling factor can be used here to account for the height of the shear region. By increasing 

the height of the shear region, the width of the shear region raises automatically. 

In the simulations discussed here large differences in height are considered. As shown in the previous 

section, small changes in the r1/r2 ratio result in a totally different specimen behaviour, which is not the 

case here. It can thus be concluded that the height of the shear region H is less influential than the 

width of the shear region r1/r2. 

 

Figure 16: Force-displacement curve for specimens with different shear region height 

Radius of the corners 
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In the previously presented simulations, the corners of the specimen are sharp (radius R=0mm). 

However, the corners of a machined specimen will always have a certain rounding (see Table 2). To 

study the effect, simulations are performed with radii of the inner and outer corner of 0mm, 0.25mm 

and 0.5mm. 

Results are presented in Figure 17. As can be seen, distinct differences exist in both force and 

deformation levels. A higher radius results in a higher force level. The maximum force reached in a 

specimen with sharp corners is almost 25% lower than the force reached in the R=0.25mm specimen. A 

second effect of the radius is that the peak force is delayed; the rounded corners reduce the stress 

concentration significantly and therefore postpone strain localization.  

Again, for reasons of comparison, the radius of the corners should be controlled tightly. 

Figure 17: Force-displacement curves for specimens with different radius of the corners 

4.3. From global to local behaviour 

From measurements during an experiment the force corresponding to a certain deformation of the 

material sample can be calculated using equations 2.1 and 2.2. For an in-depth understanding of the 

material behaviour, it is important to know how this global response relates to stresses and strains in 

and around the shear zone in the material. FE simulations are used to assess whether or not an 

unambiguous relation between the global, measured response and the local material behaviour can be 

established.  

Shear stress 

Since the angle between of the geometrical shear line and the axial direction is small, the average shear 

stress in the shear zone can be approximated by the ratio of the axial force Fa and the surface of the 

shear band ASR. The Shear Stress Ratio (SSR) is introduced as the ratio of the maximum shear stress 

(radius of Mohr’s circle) in the centre of the shear region τcentre and the average shear stress to the: 

a

SRcentre

F
ASSR ⋅

=
τ

 (4.1) 

A constant SSR indicates that the local shear stress is proportional to the applied force. If, furthermore, 

the SSR is close to one, the shear stress can be calculated from the force. The SSR is affected by both 
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the homogeneity of the shear stress and the hydrostatic stress in the shear region and is mainly 

determined by the ratio r1/r2. In Figure 18 the SSR is represented for different r1/r2.-ratios.  

 

Figure 18: Shear stress ratio as a function of the displacement for specimens with a different shear 
region width (r1/r2). The interval where strain localization is expected to happen is found for 

displacements between 0.15mm and 0.25mm. 

At the onset of loading, stresses concentrate at the corners of the shear zone and the SSR has very small 

values. However, for all specimens, the SSR rapidly increases and a fairly constant value is reached 

until a shear band develops. When the shear band has fully developed, the top of the hat is driven as a 

wedge into the brim and the SSR further decreases. The curve for the specimen with r1/r2=1 is initially 

close to one but shows a peak at a displacement of 0.2mm, because of the non-uniform stress 

distribution in the shear zone. 

From Figure 18, it can be concluded that the specimen with r1/r2=0.975 has the best performance: in the 

region of interest (start of loading until development of the ASB) the force is a good measurement for 

the shear stress (SSR close to 1) and the shear stress is quite homogeneous during the entire 

experiment. For specimens with smaller r1/r2-ratios the hydrostatic pressure is much more important 

and, eventually, for   very small r1/r2-ratio the experiment is closer to a compression test than a shear 

test. For specimens with r1/r2>0.975, the hydrostatic stress is lower, but the shear stress is less 

homogeneous along the shear line. Consequently, the calculated average shear stress is not 

representative for actual shear stress in the centre of the shear zone. 

Shear strain 

Calculation of the local strain in the shear zone is less obvious. When the elastic deformation of the 

material adjacent to the shear zone is neglected, the indentation of the hat into the brim is equal to the 

relative displacement of the specimen ends Δu calculated by eq. 2.1. However, because of the varying 

width of the shear zone and the non-homogeneous strain distribution in this zone, the indentation 

cannot straightforwardly be converted to a strain value. Post-mortem inspection of specimens of 

interrupted experiments learned that material has been plastically deformed in a zone of a least 50μm 

while the width of the shear band is only 5 á 10μm. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

18 
 

Figure 19 gives the plastic shear strain ep
rz in the centre of a specimen with r1/r2=0.975 as a function of 

the displacement Δu. The figure confirms that indeed no unambiguous relationship exists between 

applied displacement and the strain in the centre of the shear zone. As can be seen, the plastic shear is 

clearly not proportional to the displacement. At low displacements (< 0.05mm), the actual plastic strain 

is almost 0, only at the corners plastic deformation occurs. Between 0.05mm and ca 0.16mm, plastic 

strain increases approximately linearly. Afterwards, the local strain increases much faster, the strain 

concentrates in a smaller region. Once the force needed to compress the specimen decreases, spring 

back of the brim is reflected in a much steeper rise of the strain. Even higher deformations (>0.25mm) 

result in plugging of the hat into the brim. 

Figure 19: Plastic shear strain ep
rz in the centre of the shear region. The strain is clearly not proportional 

with the displacement 

5. Conclusions 

Experiments on Ti-6Al-4V 

• Reproducibility of the experiments is low due to the high influence of the specimen 

dimensions and the existence of dimensional variations along the circumference of the 

specimen. Especially the width of the shear region and radius of the corners are very 

important. These observations are confirmed by the simulations. Hence, good control of the 

specimen production process is necessary.  

• Experiments with hat-shaped specimens are easy to interrupt. In this way, the material 

structure is studied at different strain levels. The evolution of the shear band and the formation 

of cracks are observed by optical microscopy. Micro-cracks and micro-voids are initiated at 

different places along the shear band where a low hydrostatic pressure exists and they follow 

the same orientation of the grains. Large cracks are formed by a process of void growth and 

coalescence. 

• Cracks can disappear if deformation of the material is continued. Crack surfaces are pressed 

together by the hydrostatic pressure and are welded together by the heat generated by friction. 

At first sight, the welds appear like shear bands but their origin is different. 

Finite element simulations 
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• A high, geometry dependent hydrostatic pressure exists in the shear region. The conditions of 

a pure-shear and homogeneous stress state cannot be accomplished simultaneously. 

• The plane where the maximal shear stress occurs, rotates during the experiment until the shear 

stress orientation is almost coincident with the geometric shear line, at the moment the 

adiabatic shear band is formed. 

• The shear stress existing in the shear region can be extracted from the measured force, within 

certain limits of specimen dimensions. The relation between the force and the stress is studied 

by use of the Shear Stress Ratio (SSR). On the other hand, the local shear strain cannot be 

determined unambiguously.  

• A specimen with the outer diameter of the hat slightly larger than the inner diameter of the 

brim is the best compromise between good homogeneity of the shear stress, measurability of 

the shear stress and a stress state as close as possible to pure-shear. 

• High temperatures are reached in the shear band and also a very high cooling rate is observed 

when the deformation stops. 
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List of figure captions 

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

Figure 2: Hat-shaped specimen between Hopkinson bars. Arrows represent the displacement direction. 

Figure 3: Specimen dimensions: r1=4.0mm, r2=4.1mm, r3=8mm, h1=4.0mm, h2=5.0mm and 

h3=8.0mm, with indication of the ‘shear region centre’. The figure is taken from [1]. 

Figure 4: Stress-displacement curves of the dynamic experiments Exp1-Exp9 

Figure 5: Stress-displacement curves of a typical dynamic (Exp1) and quasi-static experiment (Exp10). 

The arrows indicate the displacements where other dynamic experiments were interrupted. 

Figure 6: LOM image of fully developed adiabatic shear band (Exp7); the arrows show the direction of 

the displacement 

Figure 7: Schematic representation and LOM micrographs of fracture process: a) grains are initially 

approximated to circles; b) deformation causes grains to elongate and rotate; micro-cracks with the 

same orientation as the grains are formed (Exp9); c) several micro-cracks are linked, the resulting crack 

surface looks fragmented. Twins are observed in the vicinity of the shear band. 

Figure 8: LOM image of specimen with deformation limited to 0.2mm by a stopper ring. The crack 

at the corner of the specimen is clearly formed by a process of void growth and coalescence (Exp9). 

Figure 9: Illustration of ABAQUS/Explicit finite element model showing the mesh and boundary 

conditions used in all simulations. Different variants for the geometry have been used. 

Figure 10: Comparison of dynamic and static force-displacement curves from FE simulations and 
experiments with the same specimen geometry 

Figure 11: Stress composition in the centre of the shear region for a specimen with the dimensions of 

figure 3: shear stress σrz, normal radial stress σrr and axial stress σzz 

Figure 12: Stress state in the centre of the shear region represented by means of Mohr’s circle at three 

different moments: before localization (20μs), during localization (40μs) and at a fully developed shear 

band (80μs) 
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Figure 13: Hydrostatic pressure and temperature distribution along the shear line at two different 

moments for a specimen with dimensions of figure 3. 

Figure 14: Force-displacement curve for specimens with different shear region width 

Figure 15: Hydrostatic stress in the centre of the shear region at a displacement of 0.15mm as a 

function of the width of the shear region 

Figure 16: Force-displacement curve for specimens with different shear region height 

Figure 17: Force-displacement curves for specimens with different radius of the corners 

Figure 18: Shear stress ratio as a function of the displacement for specimens with a different shear 
region width (r1/r2). The interval where strain localization is expected to happen is found between a 
displacement of 0.15mm and 0.25mm. 

Figure 19: Plastic shear strain ep
rz in the centre of the shear region. The strain is clearly not proportional 

with the displacement 
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