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Résumé - Afin de déterminer les propriétés des matériaux dans les conditions de coupe des
métaux, d'étirage ou de pénétration, une expérimentation en cisaillement biaxial a été réalisée
pour de grandes déformations (~ 4) et trés grandes vitesses de déformation (0,4 x 105 s-1):
une éprouvette spéciale est utilisée, présentant une partie utile annulaire de faible épaisseur
(0,25 mm). Le chargement est effectué & 'aide d'une barre dHopkinson en tension-torsion
qui peut €galement Etre utilisée & faibles et moyennes vitesses de déformation. Une technique
€lectro-optique particuli¢re a ét€ développée pour mesurer directement les déplacements
axiaux et angulaires, ainsi que les contraintes de cisaillement. Les courbes contrainte-
déformation équivalentes obtenues pour I'acier AISI 316 sont comparées aux courbes de
traction.

ABSTRACT

In order to measure the material properties in the conditions of metal cut-~
ting, wire drawing and missile penetration, a biaxial shear experiment has
been performed. at very large strains (V 4) and at very high strain rate
(0.4x10° 5~1) using a special specimen having a thin (0.25 mm) ring-shaped
gauge part. The loading device is a tension-torsion Hopkinson bar apparatus
which can be used also at low and medium strain rate. A special electropti-
cal technique has been developed for the direct measurement on the specimen
of the axial and angular displacements and of the shear stresses. Equivalent
stress strain curves from shear tests of AISI 316 have been compared with
tension curves.

1. INTRODUCTION

Most of the viscoplastic constitutive models of metals used in numerical calcula-
tion codes are generalized to multi-axial loading and to a particular deformation
mode by means of classical yielding criteria (e.g. Von Mises, Tresca). Despite
their extensive use, such yielding criteria have very seldom been verified at large
strains and at very high strain rates. The pressure-shear experiment, which in-
volves the high-speed skewed impact of flyer plates /1/, allows very high strain
rates (ﬂ»105 s‘l) but is limited to small strains. Furthermore, recent results from
different laboratories /2/ show that at large strains it is not possible to obtain
a- unique equivalent flow curve for a metal subjected to a ténsion, compression or
shear  test. These latter results raise uncertainty about the meaningful interpreta-
tion of biaxial experiments with mixed deformation modes such as the skewed impact
flyer plates experiment and the more usual tension-torsion experiment on thin-
walled tubes. Therefore, we have proposed and describe here a biaxial shear experi-
ment which has the aim of testing at very large strains and at very high strain
rates with the same deformation mode in two orthogonal loading directions.

The constitutive behaviour obtained from the results of the new experiment should
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be very relevant to the prediction of metal cutting processes, high-speed wire
drawing and impact penetration processes - all of which are characterized by com-
plex shear stresses, large strains and very high strain rates.

2. THE BIAXIAL SHEAR SPECIMEN

The biaxial shear specimen, represented in Fig.l, has a gauge part consisting of a
thin circular ring of rectangular cross-section formed between two cylinders of
slightly different diameter by machining from a solid bar of material. The ring has
an axial length h, a thickness a (gauge length) and corners of external radius r .
Parametric elasto-plastic numerical calculations /3,4/, together with interrupted
experiments and microscopical observations /4/, were used to fix the optimum size
of the gauge part in order to minimize undesired stress components and stress .con-
centrations. The optimum size was found by fixing the ratios a/h =

and r /h = 0.2 (Fig.1}.

The actual shear specimen was constructed with a short gauge length a = 0.25 mm,
which allows a homogeneous stress distribution-along the gauge length even in the
case of very high strain rates.

In spite of the shortness of the gauge length, the specimen remains representative
of the mechanical properties of metals having a grain size up to 50 micron typical
of a large class of industrial metal alloys.

The gauge part of the specimen can be loaded in biaxial shear stress by applying an
axial load and a torque simultaneously to the cylindrical ends of the specimen. Due
to its resemblance to a small calice glass, the specimen has been given the Italian
name 'bicchierino'.

Strain gage stations
for axial and torque measurements
LOAD STATION 1

Hydraulic jack LOAD STATION 2

(for aX|aI load) THETA CLAMP Hydraulic jack
/\barlr—-l é%/[—L ,—marll/\'
+ H 1_1
Hydraullc jack/ Spemmen for
combined shear
o >>\ Electnc motor with Electric motor
gear reducer (for torque load) with gear reducer

Fig.1l: Double shear specimen Fig.2: Tension-torsion loading
"picchierino”. apparatus.

3. DESCRIPTION OF THE TENSION-TORSION LOADING APPARATUS

The loading apparatus consists of two bars of about equal length (Fig.2), each con-
nected at one end to the specimen and at the other end both to a hydraulic actuator
for tensioning the .bar and to an electric motor with gear reducer to generate
torque in the bar. The apparatus can work as a tension-torsion loading apparatus
for strain rates ranging between 10-3 and 102 s~1 by applying the tension and the
torque directly to the specimen through the bars. The duration of the test is very
long in comparison to the time of propagation of stress waves in the bars and so,
in this case, the test can be carried out at guasi-static and medium strain rate.

The apparatus works as a torsion-tension Hopkinson bar system (so that wave propa-
gation is taken into account)  when one of the two bars, e.g. bar I in Fig.2, is
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constrained near the specimen by means of a special device named a 'theta clamp
(Fig.3). The clamp constraints the bar over a short length of about 25 mm by the
friction of a split collar 'pinched' by a hydraulic actuator operating perpendicu-
larly to the bar axis. The necessary load from the actuator is transmitted to the
collar through four metal rafters (Fig.3) set in a parallelogram together with a
'pbrittle bridge'. Further loading of the actuator breaks the bridge, releases the
bar at the clamp, and allows an axial tensile pulse and a torsicnal pulse to propa-
gate down the bar to load the specimen. These pulses travel at different speeds so
that when the 'theta clamp' is positioned far from the specimen, it is subjected to
the two modes of loading consecutively. However, if the clamp is placed suffi-
ciently close to the specimen, the pulses arrive together and virtually simultane-
ous loading is achieved.

More complex strain-rate and strain histories can be obtained by superposing the
direct slow action on the specimen of one of the bars and the fast action of the
tension and torsional pulses generated by the other bar.

A possible complex strain and strain-rate history is represented in Fig.4.

low i high
f strain-rate I strain-rate
I - T o rupture
P ! /
‘axmrload

<——axial load + torsion

<—4—analload + torsion

< torsion

HYDRAULIC JACK

o) / i L Vrz
7 axiat
// | LOAD load
5 - <ge——

BRITTLE BRIDGE

s -
Tcombined = Trg + Trz

Fig.3: "Theta" clamp. Fig.4: Example of complex strain and
strain rate history.

4. DESCRIPTION OF MEASUREMENT TECHNIQUES AND ANALYSIS

The measurement of the stresses and strains acting on the specimen during dynamic
testing are derived from records of strain gauges affixed to the bars as is usual
in ‘the standard strain-gauge technique. In the case of tests at low strain rate
with no wave propagation, the double strain gauge stations I and II (Fig.2) permit
to measure the axial and circumferential shear stresses acting on the gauge part.
In the case of tests at high strain rate with wave propagation (Hopkinson bar), the
double strain gauge stations I and II measure the incident-reflected and the trans-—
mitted parts of the axial and torsional pulses, respectively. In particular the
double strain gauge station I measures the unloading wave of bar I (perfectly sym-—
metric. of the incident wave on the specimen) and the wave reflected from the speci-
men. Because of the necessity of blocking the input bar very near to the specimen,
in order to render negligible the delay between the arrival on the specimen of the
axial and torsional waves, the resolution of incident and reflected waves is diffi-
cult.

The resolution of incident and reflected waves is also complicated by the cross-ef-
fects on the strain-gauge stations I and ITI of the axial and torsional waves.
Therefore, in the Hopkinson bar case, the calculation of strains from the integra-

tion of the reflected pulses is very complex and might be affected by uncertain-
ties.
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On the contrary, the transmitted axial and torsional waves are very clear (Fig.5)
and can be used in the Hopkinson bar case to calculate the axial and circumferen-~
tial shear stress on the gauge part of the specimens, after having been corrected
from cross-effects and rephased in time due to the different speed of axial and
torsional waves.

Due to the above-mentioned difficulties in recording and resolving the incident and
reflected waves by strain-gauge measurements along the bar, a direct measurement of
deformation on the specimen has been developed.

532
TRANSMITTED
agg|. TENSION WAVE o~ ROTATION DOUBLE UNIT
~ -~ N TRANSMITTED 9, — MEASURES AXIAU
TORSION WAVE DISPLACEMENT u,- -
L 266 - AND ROTATION 6= *
= 1
4 e
g 133 : 7 -
t

& —
O -
S 00 -

Bk o A AN S AN AN W B I ) i atndadndadaded AXIAL

— DISPLACEMENT uy
-
sreepen
|
0 250 500 750 AXIS
TIME (us}
Fig.5: Transmitted axial and torsional Fig.6: Displacement measurement
waves. ’ set-up.

4.1 Direct Measurement of Deformation

In the case of quasi-static and medium strain rate testing, the determination of :
the shear strains in the specimen (both in the axial direction and in the circum-
ferential direction) requires direct measurement of the relative axial displacement
and relative angular displacement of the two cylindrical ends of the specimen. The
short gauge length chosen for these biaxial tests results in very small displace-
ments of the ends of the specimen and, therefore, a sensitive, high-resolution
method of static and dynamic measurement of displacement - both linear and angular,
is required. This has been achieved in a relatively simply way using a modified
electro~optical displacement measuring device which is available commercially (cf.
Zimmer A.G., U.D.T., Inc.). In simple terms the device is able to ‘'follow' the
movement (up to high velocities) of a black/white edge (or a small white spot) and
provides an electrical voltage proportional to the displacement of the edge. The
displacement range is determined by the optical lens system used with the device
and the resolution seems limited only by the internal noise generated in the photo-
tube used to sense the black/white edge. The edges or targets which the device fol-
lows are produced on photographic paper and are fixed to the elastic cylindrical
ends of the specimen.

In the particular application described here the device has served to record axial
and - rotational displacements of the <two ends of the specimen of about 0.2 and
0.5 mm and 3° and 8°, respectively, with resolutions of at least 1% {both stati-
cally and dynamically).

Simple wave theory in bars shows that the stress in an elastic pulse is propor-
tional to the particle velocity. Since the electro-optical device measures the dis-
placements of the cylindrical parts of the specimen which remain elastic, differen-
tiation of the displacement-time record will give a stress—-time record of the pulse
transmitted through the gauge part, i.e. the specimen stress record. These records
can be compared with the stress-time profile derived from the strain-gauge records,
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so that useful comparisons can be made not only for strain but also for the stress
on the specimen.

Fig.6 shows the disposition of the four devices used to measure displacement and
rotation of the two ends of the specimen and Fig.7 shows typical displacement
records.

4.0

TEST TEMPERATURE: 22 oC
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Fig.7: Angular and axial dis- Fig.8: Engineering shear stress-
placement records. strain curves of AISI 316

5. RESULTS AND DISCUSSION

The first tests have been performed with uniaxial loading conditions in order to
check the performances of specimen, loading equipment and instrumentation under in-
creasing testing difficulties.
The flow curves in uniaxial shear at low and medium strain rate for AISI 316
(Fig.8) show strain hardening up to strain values of about 2, after which there is
saturation of flow stress (zero strain hardening); at high strain rate the satura-
tion of flow stress is reached much earlier, at a strain of 1. The reason for these
differences of the shear flow curves at low to medium and very high strain rate is
probably due to the presence of strain concentrations at a very high strain rate,
as vreported in /4/. Nevertheless, the shear flow curves of both materials at low,
medium and high strain rate reach very high values of fracture strains and strain-
rates.

The equivalent flow curves obtained from the shear flow curves of Fig.8 are com-—

pared in Fig.9 with the +true tension flow curves of the same AISI 316 which have

been studied up to fracture following the Bridgman analysis /5/. From this compari-
son it follows that:

- The " tension curves show strain hardening up to fracture, while the equivalent
curves from the shear tests show saturation of flow stress.

- As a consequence of the above phenomenon, the true flow curve in tension and he
equivalent flow curve in shear show a modest agreement at low strain, while at
large strain they diverge, particularly at high strain rates.

— The fracture strain of the tension curves and of the equivalent curves from the
shear tests are comparable.

- The above-mentioned observations are valid also taking into account that during
necking the strain rate is about ten times higher than during uniform straining.
It follows that stress and strain characteristics -depend on the deformation mode
and that it is not possible to obtain a unique equivalent flow curve from tension
and shear tests, as claimed in classical plasticity, because the physical phenomena

are more complex than those included in the classical material models.

Successively the first tests have been performed on the 'bicchierino' specimen by

combining axial and circumferential shear stresses.

The results are shown in Fig.10 where the axial and the circumferential shear

stress-strain curves are reported together with their equivalent flow curve.

Also in biaxial shear the attained fracture strains are very large and the strain
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rates very high (.~ 10% s~1). Refinements of the loading technique will permit
strain rates up to 105 &1,

CURVE STRAIN RATE (s-1)
20
oc 1 AXIAL SHEAR 05 - 10"
2 CIRCUMFER. SHEAR 0.9 - 104
e 13001 3 EQUIVALENT STRESS-STRAIN 1 - 10¢
7 180r a Ja—
S " .
@ g [ N
@ 1200} g 975—, .
£ = AN
o w .
= a N3
& 800 STRAINRATE | &
< CURVE DEFORMATION (s) I 6501
g 14 TENSION 102 <
=] 20 TENSION 115 O
W 400 30 TENSION 900 u
4 SHEAR 03x102 | & aps
5 SHEAR 1.46 =
Y 6 _ SHEAR 3x10s [ W
0 1 15
EQUIVALENT STRAIN 0 . " . . s . : -
000 025 050 075 100 125 150 175 200
ENG./EQV. STRAIN
Fig.9: Uniaxial tests. Tension and Fig.10: Biaxial shear test. Shear flow
equivalent stress-strain curves and equivalent flow
curves of AISI 316. curve.

6. CONCLUSIONS

It has been proved that a special cylindrical specimen having a thin (0.25 mm)
ring-shaped gauge part permits to perform accurate biaxial shear experiments up to
very large strains (~ 4) and to very high strain rates (~ 0.5x10% s~1) which are
characteristic of fast metal cutting and wire drawing, and of missile penetration.

A special electro-optical technique has been developed in order to measure directly
on the specimen the shear strains and the shear stresses along the axial and cir-
cumferential loading directions, permitting a check of the shear stress strain
curves calculated from the complex wave propagation history along the tension-~tor-
sion Hopkinson bar. Equivalent stress-strain curves from shear tests of AISI 316
compared with tension curves showed discrepancies.
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