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Abstract. In-plane torsional shear testing is a well-established material 
testing technique in the metal forming community. The corresponding 
specimen is designed to be machined from sheet metal with a continuous 

annular shear zone intended to deform in simple shear. Consequently, there 
are no geometric discontinuities or “edge-effects” to induce volumetric 
changes or instabilities with the result that large true plastic strains up to 1.0 
can be achieved. This paper presents an extension of the in-plane torsional 
shear test to the dynamic regime. Dynamic experiments were performed 
using a torsional split Hopkinson bar (TSHB) on specimens manufactured 
from Al 1050 H14. The experimental results show that the adopted 
technique can be used to determine the material behavior accurately and 

reliably in the dynamic regime.  

1 Introduction 

The accurate determination of material properties of sheet metal forms the basis for 
numerical process analysis [1]. Experimental tests are therefore required to determine stress 

vs strain values, and to do so up to high values of true strain. This is particularly significant 

in sheet metal forming where strain reaches values beyond 1 [1]. The single-sided shear 

specimen [2], shown in Figure 1(a), and Miyauchi specimen [3], shown in Figure 1(b), are 

two of the most commonly used specimens for shear testing. However, the free edges result 

in the gauge section not being in pure shear and crack initiation is possible at the corners of 

these edges. According to Yin et al. [4], an ideal mechanical test should have an in-plane 

pure shear stress state, a controlled location for crack initiation, and the shear stress and shear 

strain should be determined without the need to revert to an inverse procedure. An added 

feature would be the possibility for the specimen to be machined from sheet metal. The 

tubular specimen, shown in Figure 1(c), has been used extensively in dynamic tests. 

However, while the specimen has a continuous shear zone and thus no edge-effects, it cannot 
be manufactured from sheet metal. The in-plane torsional test meets all these requirements. 

It was first introduced by Marciniak and Kolodziejski to investigate ductile failure in planar 

sheets [5]. Their round sheet specimen, shown in Figure 1(d), is clamped concentrically at 
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(a) (b) (c) (d) (e) 

the centre and the outer rim, with deformation occurring in the ring-shaped area between 

these clamping surfaces. Yin et al. proposed a modification to the original design by 

incorporating circular grooves [4], shown in Figure 1(e). Deformation is limited to the 

grooved portion of the specimen. The continuous circular groove removes the possibility of 

edge-effects while the low overall thickness made manufacturing out of sheet metal possible. 

Since the material properties may vary through the thickness of the sheet metal, it may be 

advantageous to have an optimal cut depth of over 50% of the thickness when cutting from 

one side. The relatively simple specimen geometry allows for the direct full field 

measurement of equivalent strain via digital image correlation (DIC). The specimen also 

allows for the testing of thick sheets due to the reduced cross-section requiring a lower 

shearing torque and large shear strain data can be obtained to support numerical analysis 
without the need for flow curve extrapolation. To date, the literature appears to have focused 

on testing in the quasi-static regime. However, since metal forming extends beyond the quasi-

static regime, it is necessary to obtain dynamic data. 

 

 

 
 
Figure 1: Shear test specimens for the characterisation of plastic behavior of sheet materials: (a) 
Single sided shear test [3], (b) Miyauchi shear test [4], (c) Tubular specimen (d) Marciniak round 
sheet specimen [5], and (e) In-plane torsion test [1]. The grey colour in the figure represents the gauge 
section of the specimens. 

 

The average shear stress, 𝜏, at a given radial position, r, in the gauge section for a 

specimen manufactured from an isotropic material can be calculated using Eq. (1) where T 

is the measured torque, and h is the gauge section thickness. The highest shear stress is 

located near the inner clamping surface, decreasing with increasing distance from the rotation 

centre. The shear strain, 𝛾, is described by the change in slope of an initially radial line for 

any radial position r where 𝜃 is the angle of rotation and is calculated using Eq. (2). However, 

for planar anisotropic materials simply using Eq. (1) will result in an error due to the 

measured torque being an integral value over the whole circumference, thus it does not 

distinguish the material behaviour in different orientations. Therefore, using the Hill 

anisotropic yield criterion [6], the normal anisotropy, 𝑟𝑛, defined as the ratio of logarithmic 

strain in width and thickness directions [11], can be accounted for. The equivalent stress, 𝜎𝑓, 

and equivalent plastic strain, 𝜀𝑒𝑞, is then calculated using Eq. (3) and Eq. (4).  
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The torsional split Hopkinson bar (TSHB) system allows for reliable high strain rate 

testing of materials up to 104 /s [7]. The TSHB was originally introduced to verify strain-rate 

effects observed in tests using the compression Hopkinson bar [7]. The basic TSHB system 

consists of an incident bar and a transmission bar with the specimen connecting the two bars. 
A wave pulse (incident wave) is generated in the incident bar and propagates towards the 

specimen. Upon reaching the specimen, part of the incident wave is transmitted through the 

specimen into the transmission bar (transmitted wave) while part is reflected back along the 
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incident bar (reflected wave). Strain gauges placed on both bars record the three waves which 

are used to infer the dynamic stress and strain. 

 

    
 

Figure 2: TSHB clamping mechanism by Pao & Gilat [8]. 

The most commonly used method for inducing a travelling wave in the incident bar is the 

stored elastic energy method which involves the mechanical release of a stored torque. The 

stored torque is generated by twisting one end of the bar and holding the torque, a distance 

away, via a clamping mechanism. Pao & Gilat [8] designed the clamp, shown in Figure 2, 
which was a variation of the clamp designed by Hartley et al. [9]. The clamp design 

incorporates a C-clamp with a fracture pin holding the two arms together at the top and both 

arms sliding at the bottom. After the desired torque is applied, the hydraulic pressure is 

increased until the fracture pin ruptures, thereby releasing the torque. 

The purpose of this paper is to report on quasi-static and dynamic testing using the in-

plane torsional specimen. Section 2 describes the experimental techniques, including the 

specimen design. The experimental results are shown in Section 3, followed by a discussion 

of the results in Section 4. 

2 Experimental techniques 

2.1 Specimen design  

Figure 3 shows a detailed description of the modified in-plane torsional specimen. The holes 

in the centre portion function as the mounting points of the specimen to the incident bar, 

while the peripheral castellations interface with the output tube. The centre hole ensures 

concentric positioning of the specimen and the reverse face provides a flat surface suitable 

for full field diagnostic techniques. The expansion holes are used to ensure good mechanical 

connection (via self-tapping screws) with the slits in the castellations allowing for the holes 

to hinge about the edge of the slit. The specimens have gauge section thicknesses ranging 

from 0.2 mm to 0.4 mm and gauge section widths ranging from 0.5mm to 5 mm.  

 

 

 

Figure 3: In-plane torsional specimen: (a) Obverse face of wide gauge section with key features 
labelled, (b) Obverse face of narrow gauge section, and (c) Top half of section view with gauge 
section dimensions labelled. 
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2.2 Quasi-static torsional system and torsional split Hopkinson bar design  

     
Figure 4: QSTS: (a) Image of system , and (b) schematic with key features. 

 

Two different testing systems are used to cover a range of strain rates. These are a novel 

quasi-static torsional system (QSTS) and TSHB configuration. The described systems share 

two similarities. Firstly, the input/incident bar having four equi-spaced 4mm pins for the 

input end mounting of the specimen as well as a 2 mm pin located at the centre to assist in 

locating the specimen when mounting. Secondly, the castellations machined to the 

output/transmission tube which function as the output end mounting of the specimen. The 

QSTS, shown in Figure 4, is assembled on a Zwick 1484 universal testing machine. The input 

bar is rotated by means of the Zwick crosshead contacting the involute cam attached to the 

input bar, while the outer housing is fixed to the machine. The torque on the outer housing is 
measured using a full-bridge strain gauge configuration. The angle of rotation is inferred 

from the Zwick crosshead displacement and the known arm length. The involute cam 

provides a linear relationship between the vertical displacement of the Zwick crosshead and 

the angle of rotation of the input bar. The shear strain rate capability of the machine is 

governed by the Zwick crosshead speed as well as the specimen gauge width. 

 

 
Figure 5: Schematic representation of the torsional split Hopkinson bar apparatus. 
 

𝜃̇𝑖 =
𝑇𝑖(𝜏)−𝑇𝑟(𝜏)

(𝑝𝐽𝑐)𝑖
 and 𝜃̇𝑡 =

𝑇𝑡(𝜏)

(𝑝𝐽𝑐)𝑡
  (5); 𝛾̇ =

𝑟𝑖(𝜃̇𝑖−𝜃̇𝑡)

𝑊
  (6); 𝛾 = ∫ 𝛾̇(𝑡)𝑑𝑡  (7);

𝑡

0
 𝜏 =

𝑇𝑡(𝜏)

2𝜋𝑟𝑖
2ℎ

  (8) 

Dynamic testing was conducted using a modified stored torque TSHB setup. A schematic 

representation of the system is shown in Figure 5. The incident bar is manufactured from 
aluminium 7075 T6, with a diameter of 20 mm and a length of 3 m. The transmission tube is 

manufactured from aluminium 6063 T6, with an outer diameter of 38.1 mm and a wall 

thickness of 1.62 mm. The length of the transmission tube is 1.4 m. Under the assumption of 

one-dimensional wave propagation, dynamic equilibrium and elastic bars, equations (5)-(8) 

can be applied. The angular velocity of the incident bar, 𝜃̇𝑖, and the angular velocity of the 

transmission tube, 𝜃̇𝑡, are determined using Eq. (5) where 𝑇𝑖(𝜏) is the measured incident 

wave, 𝑇𝑟(𝜏) is the measured reflected wave, 𝑇𝑡(𝜏) is the measured transmitted wave, 𝜌 is the 

density of the bar, J is the second polar moment of inertia, and c is the shear wave speed. The 

average shear strain rate, 𝛾̇, is calculated using Eq. (6) where 𝑟𝑖 is the inner-most radius of 
the gauge section and W is the specimen gauge width. The average shear strain of the 

specimen, 𝛾, is obtained using Eq. (7). Finally, the shear stress in the specimen, 𝜏, is 
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determined using Eq. (8) where h is the specimen gauge section thickness. The torque 

generation system incorporates a hydraulic jack which rotates the loading arm when 

extended. This action imparts a torsional load onto the incident bar. The fracture-pin 

clamping mechanism used is based on the one developed by Pao & Gilat [8]. 

3 Experimental results 

 

 
 

 

 

 

 

 

 

 
 

 
 

 
Figure 6: Comparison of experimental flow curves from tensile tests and in-plane torsion test: (a) 3 

in-plane torsion tests having same specimen geometries, and (b) 5 tensile tests in rolling direction 
(RD) and 4 in the transverse direction (TD) against a single in-plane torsion test to limited strain. 

 
 

 

 

 

 

 

 

 

 

 

Figure 7: Typical test data: (a) Raw signals measured by strain gauges for TSHB test, (b) Shear stress 
and shear strain rate against strain for TSHB test, (c) Comparison of QSTS and TSHB test data with 

known literature [10], and (d) Microscope image of deformed specimen associated with a QSTS test. 

S
h

ea
r 

st
re

ss
 (

M
P

a)
 

Average plastic strain (mm/mm) 

v
o

n
 M

is
es

 s
tr

es
s 

(M
P

a)
 

Eq. plastic strain (mm/mm) 

0.2 0.4 0.6 0.8 

Time (ms) 

T
o

rq
u
e 

(N
m

) 

0 

Region shown in b) 

Tensile tests in TD 

Tensile tests in RD 

In-plane torsion 

Stress 

Strain rate 

500 µm 

SG 1 

SG 2 

v
o

n
 M

is
es

 s
tr

es
s 

(M
P

a)
 

Eq. plastic strain (mm/mm) 

TSHB 

2000/s 

 
SHPB 

2000/s 

SHPB 

0.1/s 

QSTS 

0.1/s 

5

EPJ Web of Conferences 250, 01004 (2021)
DYMAT 2021

https://doi.org/10.1051/epjconf/202125001004



4 Discussion  

Figure 6 (a) shows the results of three in-plane torsion tests where the crosshead speed and 

dimensions of the specimens were the same. Shear yield stresses were approximately 80 MPa 

with the plastic strain limited by the manual termination of the experiments. For comparison, 

tensile tests were conducted on rectangular cross-section dogbone tensile specimens 

manufactured from the same material. The results are shown in Figure 6 (b) and indicate the 

greater plastic strain potential the in-plane torsion test has over the tensile specimen. Figure 

7 (a) shows the typical raw data obtained from the strain gauges. Consistent rise-times of 

approximately 20 µs were obtained with durations governed by the position of the clamp. 

Significant oscillations were observed in the incident wave which may indicate imperfect 

clamp release. Figure 7 (b) shows the shear stress and shear strain rate as a function of shear 
strain. Specimens with a smaller gauge section width reached strain rates of up to 104 /s and 

nearly homogeneous deformation. Shear yield stresses were approximately 170 MPa 

indicating the strain rate sensitivity of the material tested. Figure 7 (c) shows a comparison 

of the quasi-static and dynamic test data. The results confirm the known strain rate sensitivity 

of Al 1050 H14 with the measured stress levels obtained from the TSHB tests corresponding 

well with SHPB tests done on the same material [10]. Lastly, Figure 7 (d) shows a deformed 

specimen with a near uniform strain distribution. 

5 Conclusion  

The modified in-plane torsional shear test specimen together with the configuration of the 

QSTS and TSHB systems has been shown to be capable of testing sheet metal at a wide range 
of strain rates. The specimen design and nested configurations of both the QSTS and TSHB 

are compact with ease of use and diagnostic access. The experimental results are reliable and 

consistent to high values of strain, both for the QSTS and TSHB, showing good agreement 

with similar work found in literature. There is great potential for further development of the 

in-plane torsional shear test specimen for the testing of sheet metal.  
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