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Abstract

In order to expand shear testing to different nominal swain rates a new experimental
technique Hias dezsn developed in the Laboratory of Physics and Mechanics of Materials, Metz,
Fra.ce (LPMM). A modified spscimen geomerry of double shear has been designed (MDS

speciment. the MDS specimen with flat faces 1s loaded directly by a bar projectle which can be
accelerated 1o a aesired impact velocity by a gas gun (1 mys € V, < 200 m/s), where V,, is the
impact velocity. Siace the specimen is backed by a long be which ransmits the force imposed on
:he MIS specimen the shear szess history can be exactly recorded by the transmirtted elastc longi-
wdiral wave. Tne shear displacement of the MDS specimen is measured directly by an optical
cags. The experimental setup which consists of the air gun, Tansmitter tube (Hopkinson tbe) and

opdcal displacement gage, permits for a wide variaton of the nominal sain rats, ypically 10= s+
< T €10° st On the other hand thers is no limitation of maximum shear soain

The MDS spacimen geomey has been calibrared with the FEM and "TABACUS" software.,

Eveluation of dispersive effects of elastc longitudinal waves in tubes has deen studied, see
Appendix 2° 2 to the Report. A closed-form solution has been obtained for a semi-infinite tube
ioaded at the end by the step pressure functon D = Dy H (1), where Do 15 the ampli:ude of pressure
:né H (1) is the Havyside function. Dispersion effects in the real configuration of the MDS
specimen and Hopkdnson tube have been analvsed for several idealised trapezoidal incident pulses
.sing a dvnamic FZ cods. Those caiculadons revealed charactenstic reatures in dispersive changes

of the wansmited puises by the MDS specimer
Adiabatic shear banding leads directly to dynamic fracturs in Mode II. Because the smess
concenrators are present in every loading configuration this causes that the dynamic Mode I is the
final stage of the ASB's. A large study of rate effects in Mode Il fracture has been performed,
Appendix n° 1 10 the Report.
The new experimental technique has been applied, as an preliminary stage, 10 test an annea-
'2d low alloy mild steel (0.17% C. 0.58% Mn). It was anempted to find conditions for cataswophic
ciabaric shear as & function of impact velociry. up to 100 mvs. An energy analysis have shown that
n excess of certain impact velocity, typically for this steel V, = 90 my's, the energy to break MDS
cimen diminishes when the impact veiocity is increased. [n addition, scanning micrographs
wers taken of the fracture surfaces.
The second series of experiments have been performed on quenched and iempered VAR
1340 steel. Agair, the threshold of impact velocity has been found for this steel in excess of which
*he cridcal force, or energy of fracturing, diminishes when impact velocity is increased. The critical
:mpact velocity is esimated as V, = 150 m/s. Scanning electron microscopy revealed charactenstic

2a7ems on the fracture surraces indicatng very high temperartures.
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Extended abstract

Since adiabatic shear bands (ASB's) are frequently observed in steels under high rate of
deformation, and they are the dominant mode of failure in steels, the interest of studying them is
sdll actual. Although the ASB's have been previously studied, the effect of the nominal strain rate
as well as the effects of diffgr;nt impact velocities on ASB's development are not throughly under-
stood. ' |

A commonly used experimental technique in studying the ASB's is the Split Hopkinson
Torsion Bar. This technique, although quite effective and precise, hzs one disadvantage that the
nominal rates of shearing are quite limited, tvpically, 500 s*l < T" 2000 s, where I is the rate of
shear deformation. In order to expand shear testing to different nominal swrain rates a new experi-
mental technique has bezn developed in the Laboratory of Physics and Mechanics of Materials,
Merz, France (LPMM). A modified specimen geometry of double shear has been designed (MDS
specimen). The MDS specimen with flat faces is loaded directly by 2 tar projectile which can be
accelerated to a desired impact velocity by a gas gun (1 m/s € V, £ 200 m/s), where V, is the
impact velocity. Since the specimen isgacked by a long tube which zansmits the force imposed on
the MDS specimen the shear saess history can be exactly recorded by e transmitted elasdc longi-
tudinal wave. The shear displacement of ine MDS specimen is measured directly by an optical
gage. The experimentai serup which consists of the air gun, ransmitier :ube (Hopkinson tube) and
optical displacement gage / extensometer, permits for a wide variation of the nominal strain rates,
typically 102 s-t < T <105 s-i. On the other hand there is no limitadon of maximum shear strain.

Since the technique is new preliminary studies have been undexizken to understand better the

mechanics of the test. .
The MDS specimen geometry has been calibrated with the FEM and "TABACUS" software

(O. Oussouaddi).

Evaluation of dispersive effects of elasdc longitudinal waves in tubes has been studied (J.R.
Klepaczko and S.J. Matysiak), see Appendix n° 2 to the Final Technical Report. A closed-form
solution has been obrained for a semi-infinite tube loaded at the end by the step pressure function
P = po H (1), where p, is the amplitude of pressure and H (t) is the Havvside funcdon.

Dispersion effects in the real configuradon of the MDS specimen and Hopkinson tube have
been analysed for several idealised trapezoidal incident pulses using a dynamic FE code. Those
calculations revealed characteristic features in dispersive changes of the ransmitted pulses by the
MDS specimen.

Adiabatic shear banding leads directly to dynamic fracture in Mode II. Because the stess
concentrators are present in every loading configuration and this causes that the dynamic Mode II is
the final stage of the ASB's. A large study of rate effects in Mode II fracture has been performed
(I.V. Varfolomeyer and J.R. Klepaczko), see Appendix n° 1 to the Final Technical Report.
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Different crack geometries in Mode II has been analysed, and some of them can be used with the
new experimental setup.

The new experimental technique has been applied, as an preliminary stage, to test annealed
low alloy mild steel (0.17% C. 0.58% Mn). It was attempted to find conditions for catastrophic
adiabatic shear as a function of impact velocity, up to 100 m/s. An energy analysis have shown that
in excess of certain impact velocity, or nominal strain rate, typically for this steel I=1.15* 104
s-1, the energy to break MDS specimen diminishes when the impact velocity is increased. In
addition, scanning micrographs were taken of the fracture surfaces.

The second series of experiments have been performed on quenched and tempered VAR
4340 steel. Again, the threshold strain rate has been found for this steel in excess of which the
critical force, or energy of fracturing, diminishes when impact velocity is increased. The threshold
strain rate is estimated as " = 105 s-1. Scanning electron microscopy revealed characteristic patterns
on the fracture surfaces indicadng very high temperatures.

Although the new experimental technique needs further improvements it appeared to be

useful and effective.

Lis: of Keywords :  Steel
' 1018 stee
4320 steel
High soength alloys
Shear tests
Adiabadc shear bands
Fracture



Introduction

During last decade a substantial progress has been made in testing, analytical solutions and
numerical calculations of the Adiabatic Shear Bands. It is well known for a long time, for example,
the paper by H. Tresca (1878) [1], and revue by W. Johnson (1987) [2], of early works, that
metals can develop a thermal instability of plastic flow due to heat generated during deformation.
Zener and Hollomon (1944) [3], noted that an increase strain ra is inevitably associated with a
change of deformation conditions from isothermal to adiabatic. The same authors found that the
plastic deformation becomes unstable when the strain hardening rate (the tangent modulus of the
stress-strain curve) starts to be negative. Although localisation of plastic deformation in the form of
shear bands is very common in many materials, a great deal of interest has been recently devoted to
study the non-isothermal cases. The present study is also limited to the non-isothermal case when
the adiabatc conditions of plastic deformation prevail.

At moderately high and high strain rates plastic deformation in metals is nearly adiabatc, as a
consequence the deformation heating can lead to sizeable amount of flow softening and hence to
flow localization in the 10orm of ASB, called also the thermoplastic catastrophic shear, which can
inturn lead to fracture. The ASB’s are narrow, a small fraction of millimeter, zones of highly non -
homogeneous deformation -leveloped by a complicated interplay of stain hardening, temperature
softening, strain rate sensitivity, dvnamic strain ageing and sometimes 1.:2rtia forces. In some
materials, specially in steels and titanium alloys, a phase transformation or amorphous-like
microstructure may develop within a narrow zone of the highest temperatures. It may be mengoned
that there is no agresment as to a state of structure inside the ASB's for different materals. It may
be mentioned also that ASB's, with or without phase transtonmation, often act as sites of fracture
initiation in Mode 11, [4]. The importance of the ASB's is vbvious in diverse applications like
rolling, drawing, machining, impact on structures and balliste impact.

A number of analytical, numerical and experimental studies have been performed in attempt
to determine the critical conditions for the onset and evoiution of casaswophic thermoplastic shear.
The early revues on the subject demonstrated difficulties in the anaysis of the probleas, for
example [7]. A more receat up-to-date review was published by Bat and Dodd, [6].

-Analytical studies of ASB are more nuterous and they will not be reviewed in this Report.
Generally, because ot simpiicity of constitutive relations, in order to find a ciosed form soiution,

. inacceptable simplifications were automatically inkoduced in some ASB analyses. More recent

analytic studies are more acceptable, for example (7-104,

On the other kand, more and more nuerical analyses on ASB formation are available, and
in general, the final results ase ve y sensitive to constitutive relations chosen. Although very fre-
quanty the fully non-linear system of equations is employed in such studies, the matenial behavior
charactérized in the form of constitutive relacions is quite simplified. Such situation may lead to
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some misinterpretations of how ASB’s evolve as a function of both the initial and boundary
conditions.

The state of the art is that relatively large quantity of theoretical studies have been so far
published with much !ess effort put into experiment. Most of experimental studies make use of
Split Hopkinson Torsion Bar (torsional Koisky apparatus), [11-13]. They are based on fast torsion
of thin tubular specimens of short lengths. Such test with SHTB has a very limited range (in the
logarithmic scale) of the nominal shear stain rates, usually around 103 s+, and the boundary
condidons imposed during the test, although well defined, are not constant, [14]. Thus, majority
ot expenimental studies were limited to a thin tubular geometry and to the nominal strain rates
around 103 s-!. The other range of rates, albeit much higher, is met in external ballistics and
explosive loading. Although it is very easy to produce a network of ASB's during ballistic or
explosive loadings. they do no: provide a good expenmental basis o sudy fundamentals.

The most important, ané so far unresoived class of problems, is the effect of inital and
boundary condinions on the onset and formation of the ASB’s. From the point of view ¢f experi-
ments the following loading schemes can be specified :

taiZally uniform deformacen Seid with small inical perturbadons ;
the Lutial perturbatons which are usually sssumed :
2. small gefzot of geomeny :

< h2at sinks.
i [mposed deformanon D203¢ with tisLanidneous $TesS O $TUD COACSRTINTS |

2. conzaiied leading condizons :

S direct umpact at &lfleren: veloies inciuding tallisoe Lnpact) and duierent projecuie:

larget geomemies.

HLExpiosine iading:

3. eXpansion 0F des rapmanuation via ASB s

5. shOCK waves generateld on Lmuted surtale
iv. Contoiled shock waves ;

a. piate-piate umgpac: \wucro AS8ss.
v.  Meai formmung processes

1. machining .

U, high speed toaing .

¢. high speed drawing.
The systematics shown above points out on 2 wide class of loading conditions, and in tum. on 2
wide class of ininal and boundary conditions urder which the ASB’s can be generated. The cases
iii.. iv. and v. wiil not be discussed here, however, the most fundamental cases, i. and it., are
worth of discussion. The case 1. 15 clearly related 1o SHTB technique. It can be point out that the
acuve specimen length and 1mnal conditions can influgace the outcome 1n the form of ASB. For
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example Litonski [15] has furnished a detailed analysis of the deformation in torsion of a thin-
walled tube with an initial geometric imperfection in the form of a slightly thinned scction. The
anatysis was repeated in a similar way by Costin et al. [11] but with comparison to SHTB
experiments on 1018 CRS (cold rolled steel) and 1020 HRS (hot rolled steel). Sometime later
Litonski [16]) have shown by a similar numerical analysis, but the thin-walled tube without
geometric imperfection has been analysed and with the heat sinks at the ends, that the ASB occurs
above certain critical strain rate of the order 1.0 s'1. Another numerica study was reported in (17)
where a thin-walled tube of a constant cross-sectiocn had a Gaussian imperfec-tion of tie yield
swess Ty, 1.e. Ty (X) = Tyo G (x), where G(x) is the Gaussian distribution and 1y, is the mean yield
stress. It was shown in this study that at lower nominal strain rates, of the order 0.1 s-1, the strain
and temperature fields differ for the adiabatic and heat conduction cases. When the nominal strain
rate was increased to | s'! the differences were substantally reduced.

Also later the geometry imperfections were the most frequently studied cases. In [18] are
reported numerical simulations of ASB’s observed on 1020 in {11}. Plastic instability and flow
localization in shear at high rates of deformation were studied in {19] by assuming a geometrical
impertection in specimen. In {20] the effects of matenal impertections via geometric imperfecaons
on flow localization in SHTB test were studied.

Shawki and Clitton. (21] presented a number of analytic solutions and numerical studies,
inciuding torsion of a thin tube with geometrical impertections, with one or more circumferential
grooves and with thermally isolated sides. Three simple constitutive relations were used in those
calculations. It was found. as expected. that at high nominal strain rates of the crder 10 to 10% 5°!
the localization mechanism which accounts for ASB formation is exclusively adiabatic. For this
mechanism, at advanced deformation the thermal softening dominates in reduction of stress and an
increase of local shear strain leading te catasgrophic local shearing. At smail strains 2 positive sain
hardening domunates and localization dees not occur. The rate of locaiization depends strongly on
the smrain rate sensitivity. The qualitative discussion as offered above is consistent with earlier
findings and physical intwition. The qualitatve analyses of the ASB’s formation for particular
metals and allovs and for different boundary conditions are still waiting to be solved.

A more recent nurnerical study, [22] have shown that the heat sinks inroduced at the ends of
a thin-walled tube can modify the whole process of the ASB formadon in comparison to the
assumption of the adiabatic boundary conditions. {n addition to the heat sinks a temperature
perturbation was incoduced. A small local maximum in the initial temperature distribution along
the tube axis developed formation of the ASB just in this cross section. A simple linear Arrhenius

i combined with a power strain hardening was emploved in those calculatons, the nominal
strain rate was assumed as 1.6 x 103 s-1. Again, numerical results discussed above clearly indicate
the importance of the initial and boundary conditions on final geometry and formation of the
ASB’s.
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Transition from isothermal to adiabatic deformation

The localization of deformation in the form of ASB's is observed in thin-walled tubes when
the nominal strain rate exceeds certain value. Obviously, a wansition exists between pure
isothermal and pure a-iabatic regimes of deformaton. This transition depends in the first place on
geometry of deformed body and on effectveness of heat evacuadon from the heat zones. When
correct boundary and initial problems are posed it is possible to esimate the range of strain rates
within which the ransidon occurs. Preliminary calculatons to find an approximate strain rate range
of transition were reported n [15] and [17]. In the second case numerical calcularions were
performed for the length of tube L = 30 mm and initial temperature 673K, and three cases were
studied : isothermal, adiabatdc and mixed, when it was allowed for heat conduction. Three nominal
strain rates were assumed : 0.01 ; 0.1 and 1.0 s-1. The final results of those calculations have
shown tnart the difference betwesn adiabatic and mixed cases is substanually reduced for shear
strain rate 1.0 s-i. A similar calculation was performed in [16] for a thin-wallzd tube, L = 5.0 mm,
and with the heat sinks at the ends, again the inidal temperamre was assumed T, = 673K, and four
values of nominal strain rates were considered : 0.01 ; 0.1 ; 1.0 and 10.0 s-*. Similar plots were
produced for the compiete case (heat conduction included). It was found tha: the transition must
occur berween nominal soain rates 0.1 and 1 s-1.

A more exact ransiion analysis for thin-walled tubes of different lengths was performed
more recently by Oussouaddi and Klepaczko [23]. Tne finite difference technique has been applied
with relatively exact constitutive relation, and calculations were carried out at different nominal
stain rates in shear from 1.0 s*! to 10% s°1, at T, = 300K. In addition, the effect of length on the
isothermal/ adiabatc wansition was studied. Since the heat sinks were assumed at the tube ends the
ransition was defined as the maximum of partial derivadve of the temperature gradient with respect
to the nominal stain rate fn

=29 _ (gx_r_)

—
alogI',

gt

(1)

where x is the axial coordinate ;: - L/2 < x £ L/2, T is the absolute temperature and f‘n =dlp/dt is
the nominal sain rate in shear, I'y = (r/L) @, r is the mean radius and ¢ the angle of twist. The
temperature gradients as a function of log I's for L = 2.0 mm are shown in Fig. 1a, whereas Fig.
1b shows variation of £ also as a function of log .. Tt is clear that the ransition can be well
defined by the maximum vaiue of . The critical values of (Fp)er are given in Table 1, and also
shown in Fig. 2 as a function of L. The results support qualitadvely the physical intuition that the
critical strain rate increases in proportion to the thermal cond-uctivizy, which is the lowest for steel
and the highest for copper. When L decreases from 10 mm to 1.0 mm the cridcal strain rate
increases approximately twofold for all three material which were studied. -
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Those results clearly indicate the importance of the boundary and initial conditions, in both
experiment and numerics, not only in the case of transition isothermal/adiabatic, but also in for-
mation of ASB’s.

Table 1
Cridcal shear strain rate (s!)

Length (mm) Steel Aluminium Copper
1 58.8 89.0 112.0
2 . 47.5 68.5 84.5
4 40.5 54,0 66.0
6 36.0 50,0 59.0
10 310 420 49,0

Shear strain of instability

The earliest studies on the onset of the shear localization were limited, by analogy to
Considére condition of instability in tension test, to the load instability dM/d¢ = 0. The condition
dM/de = 0, where M is the torque and @ is the angle of twist, gives possibility to determine the
critical instability strain if a specific constitutive relation is assumed. It was confirmed by Litonski
[15], by numerical application of the flow localization model (Marciniak-Kuczynski approach
[24]), that the onset of instability corresponds to the maximum load, that is the condition dM/d¢ =
using different empirical consttutive relations, a review of those derivadons was published in [25].
Experimental confirmation of the onset condition dM/d¢ = 0 was provided for a low-alloy
structural steel in [13]. A high speed photography combined with SHTB technique was applied in

those study.
Since up to the maximum of torque the shear deformation is uniform the condition for load

0 was confirmed o he onset of instability. Many authors derived formulas for the critical strain

instability reduces to the formula

9 o
dr . (2)

Because many authors use constitutive relations in the form of multiplicadon function

t=fiM O D) (3)
a more general analysis of the condition (2) will be given, Klepaczko, [26]. If the mechanical
equation of state is assumed and the history effects are neglected one can write



dt (ar) { ar (&) dr
+l—] -
a-  \etjrr” \JTlrrgr aI‘}TrdI‘ @
then the condition (2) leads to
(1) Car a, [m) 4,
of JTr Tl‘r‘d- BI‘TrdI' )

Condition (5) can be satsfied only in very specific conditions of deformaton. One of them is the
adiabatic process of deformazen, then

dT _ ciT“

dI™ \dI'] AptaBatic (6)
Condition (3) can be analvsed for variety of deformation histories I (I') and T (T), but the sim-

st case is ustally limited i0 the constant swain rate, in general

‘8’\ GT‘ -0
Ofu fers 7

It is imporiant, then. 10 have 2n estimaie of the adiabatic increase of temperature Ta (I') and

(0T/dM) A due o plastic work convered into heat. Assuming consritutive relation (2) it follows

Zom the princigie of energy conservation

AT _ -Janhnad :ta(I‘)fg,(T‘)

dl s pu)Cp(D (8)
where 2 (T.I') is a ceefficient taking into account the stored energy in the material, p (T) is the mass
density of the material and C. (M is the specific heat at constant pressure, both p and C, are

function of temperarnure.
The partal differenrials can be found after (3) as follows

3
“—)rf"f’m@m'o*_r

* ofa

=M 0=

(ar_m : 3 al-
l' -.'\ af
\i =fi M0 —

arr ol ©)

Introduction (9) into condition (4) yields ..
or T ) \9T) \dr e
f2(Te) ! A 50 10)

After elimination of (dT/d)  using (8) the condidon (10) is ransformed into the following form
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<) e

(11)
where I, is the strain at the onset of instability.
If the strain rate is constant, (df" /AN = 0, condition (11) reduces to
of . 1-
o ] oo
p(M CPCD (12)
Since only f; (I';) depends on the critical st_rain the explicit equation for f; (I'¢) is
1”2
_|_lyer) pmC,m
f:(rc) -1 (afl/arf) : (1-_) 1-0
3 (13)

The expression [-A]!/= has real and imaginary part. Inversion of f; (I'c) makes it possible to find
I

Y,
r.=t [-A(r, r, T)] (14)

where - A is the expression in the square brackets of (13). Existence of the real f2 (I') is possible
only if A is negative. Since p, Cp, (1-§) must be always positive and the function of strain rate
sensitivity, f3 (D), is assumed in this case also positive, the only term which may be negative is
(9fx/aT) / (of1/0T). The most common case is the thermal softening which leads to negative value
of of)/0T, of course, if ofs/ol is at the same time positive. Another possibility is if the tangent
modulus 9fy/ol is negative and at the same time there is no thermal softening. The role of a
positive rate sensitivity is quite interesting, that is if f3 (I) is an increasing function of strain rate [
The positive rate sensitivity has a negatve effect on the onset of adiabatic instability, that is I'¢ is
reduced when strain rate is increased. The positive rate sensitivity increases production of plastc
work converted into heat. However, after the critical smain I is reached, I' > T, a positive rate
sensitivity diminishes local strain gradients in ASB’s. Since the assumption was made (dI/dr )=
0. function f3 (I") plays a role of parameter, it must be constant but rate dependent.

In many publications constitutive relations are employed which fall into the class of equation
(3). For example, in {15-17] and other publications, the following relation was used in numerical
studies

oM n
t=B(-aDli+bT) T 1)

where n is the strain hardening index and m is the rate sensitvity, a, b, B are empirical constants.
In this case the thermal softening term has been linearized. Another authors employed the follo-
wing constitudve relanon, for example (7,9, 21)
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(16)
where B, v, n, m are respectively plasticity modulus, temperature index, srain hardening index
and logarithmic strain rate sensigvity, T,, I, and f‘o are normalization constants. Relation (16)
falls in the class of non-linear liquids since © =0 if I" — 0. This relation was used many dmes for
both, numerical solutions and 2erturbation analyses, for example [7, 21, 27, 28], and others.

To discuss further the conditon of adiabatic insrability it is assurmed that the flow stress is
represented by a more specific relation

n.m
where B (T) is known temperzturs-dependent plasticity modulus. The condidon (10) yields the
following relaton

nrb i r r %7‘3: -5
M (18)

it is assumed that the mass den:ity p, and the coefficient of stored energy remain constant. After
(18) the cridcal shear stran at =2 onset of instability is

)
1

L |G T i
1-or -2
cl (19)

A positive role of strain harcaning in delaving the adiabatic instability was well documented in
early publications. Since the stecific heat is an iacreasing funciion of emperatre it also delays
instability. The most imporan: Jacior is the mathematical form of the (- B/eT), especially in the
case of post-criucal analyvses.

Adiabatic increments of temparziure at the point of instability, 029I" = 0, are notusually very high,

anc constancy of n and m are acceptabie. Constant valuss of n and m are only the first
approximation for small increzzents of temperature. Since it has been shown in {29] and later in
[13] that the rise of the post-citical temperature for steels is of the order 2S K S AT 595 K at
the cenral nart of the ASB, the constancy of n and m is a ver crude approximation. A similar
conclusion was reached in {30} bv numenical analysis of a thin-walled torsion test speciman. The
thermal sofiening - (dB/oT) was assumed linear in the first calculadons of the post-cridcal
deformation of copper and bilinear in the second one. Substandal differences were revealed in the
evolution of stresses in both stages of deformadoun, up to the instability points and during
localization. Another parzdox of the temperature-independent icgarithmic rate sensidvity, if the
thermal softening (3t/dT) 1s negative, lies in the fact that the sress differeaces at two constant
s{rain rates increase according ‘o formula (17) when temperature is decreased. ihis is in complete
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contradiction to the real bekavior of metals, [31]. A more rational approach is to use some form of
Arrhenius relation to take intc account at the same time thermal softening and temperature-
dependent rate sensitivity, for example [21] and also [22].

Because of complexity in formation of the ASB’s the analytic studies in this area, although
important, have qualitative character, mostly due to simplistic constitutive relations. The
importance must be focused on a full numerical approach with physically-based constitutive
reladons.

Some results of numerical studies

Among publications on numerical analyses of ASB’s only few take into account the fully
non-linear system of governing equations. However, the crucial problem, even for the complete
formuladon, is the choice of constitutive relations.

Two boundary value problems are the most interesting from the point of view of experi-
mental techniques :

i. fasttorsion of a thin-walled tube (interesting due to SHTB technique) ;
il. fast shearing of a layer of finite hight (interesting due to a new experimental technique descri-
bed in the next part of this report).

Relatively complete analysis of torsion was reported in [22]. Numerical study of a layerasa
complete non-linear problem, fully coupled with temperature, was reported in [32]. The fully
coupled problem was formulated including heat conduction, changes of specific head as a function
of temperature, complete etfects of temperature on mechanical properties and inertia. The layer
with geometric imperfection was assumed, and the top and bottom of the layer were adiabatcally
isolated. A complete phenomenological constitutive relaton has been used in those calculations. A
more exact analysis and discussion of this constitutive relation is published elsewhere, [33]. The
fully temperature coupled consurutive relations are as follows

, nd) _m®) st
t=B@|,-T) T +<n®(-T,) > 20)
where 8 is the homologous temperature, 8 = T/Tp, and Tr, is the melting temperature of a material
under consideration, 1 is the pseudo-viscosity and < - > is the operator, < - > = 0 if r<t o and
<->=1if>T o I o is the threshold strain rate. Both, strain hardening index n and logarithmic

rate sensitivity m are coupled with temperature. For BE'C metals w1 and n ase expressed as a
function of 9 as follows

ue)
Ho (21)

n@)=n,




T
m@)=abexp(-b6)+c 6 (22)

where n, is the strain hardening index at OK, and a, b, @, and r aze constants, L (8) is tempera-

ture-dependznt shear modulus of elasticity

HO) =k, 1-eexp(9u(1-l-))

8 (23)
where Lo is the shear modulus at OK and 6y is a constant. All constants for two steels (1018 CRS
and 1020 HRS) are identified in the paper which was mentoned above. Variation of specific heat
was taken into account according to Debye formulation. Geometric imperfection was assumed in
the form

£

[

W(y)=w°rl +551n[x(—1—-2 s%)

\ (24)
where w, is the .aver thickness and h i- the layer height, 8 and € are geometry parameters. Equa-
tions of momen:zum, b-lance of energy with adequate Fourier constant for heat conduction and
compatibility condition were assumied in their standard form in those calculations. Numerical
calculations were performed using the finite difference implicit method. The duraton of the
successive time increments wese chosen ir such a way thau the algorithm was unconditionally
stable. The boundary conditions wers asswaed that the bottom surtace of the layer was fixed and a
constant velociry V was imposed 10 the t0p. a2 sieady Siue process.

The input for those calculations was the nominal swain rate in shear Tn=V/h. The onutput of
calculations consised of a detaled spati=] history or all important physical quanuses liks shear
sgess T (v,0), smain [ (v,0), sTain rate r (v,t). absnlute temperatare T (v, ard local velocity v
(v.0). Thus, the simulation provided a wnole dynarue aistory of the A3SB development at different
nominal swain rates [ e

Two values of cridcal normirad strains were evaluated, the instability strain [ associated with
the maximum force and the fina ocriizadon strain [ oc detined as foliows

[,—= o whea Lm 5."5==-°
Tam0 25)
v here i‘,\ is the local stain rate in the strongest secton Of the layer and fg is the local strain rate in
tre cross section w-here localiza®on oczurs. Numericai soiutdons ootained for two steels widun the
range of nominal strain rates 102 s-! < [, S 104 s, (1018 CRS and 1020 HRS) have shown a
minimum of both values of I'y, i.e ['c and I'Loc at the nominal strain rate ~ 2x103 s*1. Values of
['Loc were obtained numerically using the condition Ioc = 10° Iy, In the range of I lower than
'y = 2x10% s°! both nominal strains I and L oc decrease when Ia is increased, the trend in
accorda.ice to formulas (13) and (19). In the range of the nomin2l strain rates higher than
2x103 5! a siight increase of I'. and I'ioc is observed. Since calculations were performed twice
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withcut pseudo-viscosity, n = 0, and with pseudo-viscosity the positive effect of excessive strain
rate sensitivity on the localization is obvious. The ratio I'y oc/T ¢ increases at the higher rate if the
pseudo-viscosity is included into calculations, if only the logarithmic rate sensitivity is taken into
calculations the ratio ' oc/T . increases only slightly as a function of I a- It has been, thus, shown
in the paper discussed above that for a given material and a given geometric imperfection, there
exists a domain of nominal strain rates I’ n where development of the catastrophic shear in the form
of the ASB is the most likely to occur. A similar minimum of I'; was also found in [34] using a
finite element technique, and confirmed later in [35] by an approximate method. In both cases the
initial temperature defect was assumed. Attempts to find the final thickness of ASB’s after
numerical results reported in [32] were not quite successful. Although it was found that ASB’s
were formed the asymptotic width was difficult to estimate since at I'Loc = 102 T, the evolution of
ASB'’s were still not finished. One of reasons why it was difficult to specify a finite thickness of
the ASB is the excessive smain hardening introduced by the term ™M) at large strains, even when
the correct relation for n(T) was used.

As an result a completely new series of numerical calculations were undertaken, but this time
a physically based set of constitutive relations have been used. Here only some results will be
discussed, a more thorough of that study is given elsewhere, [36]. The constitutive modeling is
represented by a consistent approach to the kinetics of macroscopic plastic behavior of metals with
BCC and FCC structures, [37, 38]. The constitutive formalism is used here with one state variable
which is the total dislocaiion density p. The notion is adopted that plastic deformation in shear is
tne fundamental mode of deformation. It is assurned that at constant microstructure the flow stress
T has two components : the internal stress T, and the effective stress %, thus

1= tu[h (I.‘.T}, I.-. T}m + ‘i—' T)STR (26)

where h (I.T) are the histories of plastic deformation, I" and I" are respectively plastic strain and
strain rate. The internal stress 1, is developed by long range stong obstacles to dislocation mo-
tion, and the effective swess t is due to thermally acvated short range obstac'es. In fact, the
internal stress T, must be also rate- and temperature-dependent via dynamic recovery or
annihilation processes. To describe completely strain rate and temperature effects, including
evolution of microstructure and sirzin hardening, an evolution equaton must be defined. In this
case a simple evolution equation has been adopted which is adequate to account for strain
hardening in mild steels, (37]

® vy ilfp-ny
dr @”n

where p, is the initial dislocation density and k, (I.T) is the annihilation factor. The multiplication
factor My is related to the mean free path A of dislocation storage by the formoula Mg = 1/bA, where
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b is the modulus of Burgers vector. For constant temperature and strain rate the explicit form for p
can be found after integration of (27)
My

P =Pot —

1-expl-k,(C1)T)
ka(f‘,T)[ i fr)r]

(28)
If strain rate and temperature are not constant, like in the case of ASB formation, the evolution
equatior. must be numerically integrated to find current value of p. If p is found the internal stress

is also found from the reiation

.
T, =0 uhbvp (29)
where o is dislocation/obstacle interaction constant, and p(T), the shear elasticity modulus is

specified by eq. (23). Annihiiadon factor k, is given by the formulas

k,=k, for 0<T<T.

and
. . 2m,[TT)

|
ka=ko(-,—° or T.<T<T,
‘ (30)
A constant value for ky = K for 0 € T £ T is a good approximation for mild ste2ls which have an
ability to dvnamic sTain ageing {39]. Equadons from (27) 1o (30) characteriz2 cempletely evolution
of the internal swess 3.
The effective swess <= can be deduced from generalised Archenius reladon, {37, 38]

S AGxSi’T-TD:}

(31)
where v, is the frequency {ac:o: lor the kinetics of double dislocation kink. and AGy is the free
energyv of activation for this micromechanism. Inversion of eg. {31) leads 20 the expiicit formula
for the etfective sTess

=t - ‘og {=- .
1]z ol s
! : i (32)
In this case the universal form for the free energy AGy was emploved, [<0]
3 di
AG =G, 1 - —:)
| %ol (33)

with
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" GV p

m

T
0 hog*

and p_=fp
" (34)
where G, is the energy of the double kink formation and 1:; is the Peierls stress at OK, a* is the

activadon distance, a* = n b, [37, 41]. The frequency factor vy is assumed in the form

po (35)

where f, is the initial fraction, eq. (34), pm is the mobile dislocation density, vp is Debye fre-
quency, f1, T, are constants. The set of equations from (32) to (35) provide complete evolution of
the effective stress t*.

2 fl T}
v, =fonb vpp, l+f—exp T log
(+]

This constitutive modeling involves two kinds of constants, the absolute physical coastants
and the constants also based on physics but specified for a particular metal or ailoy. The complete
discussion of all constants will be given elsewhere, [36}, but some basic values are given below :
Mpg=12x1010cm=; 7. =358 K; T, =300 K ; mo = 1.47x10%, I, = 108 51 ; G, =0.315¢e V;

0=923;f1=7;3 =520 MPa; n=2; f, = 0.05; p, = 6.2x108 cm'> ; q = 4/3 ; p = 3/4. Those
constants are representanve for a mild steel XC18 (French Standards) after annealing, 0.17% C ;
0.58% Mn; 0.21% Si.

Numerical caiculadons were performed using the same finite difference procedure depicted
previcusly, but the hight of the layer was assumed h = 2.0 mm and the number of elementary
sublavers was assumed 100, so that the elementary sublayer had the thickness Ah = 20 um. With
such value of Ah an analyis of the terminal thickness of the ASB could be attempted.

Results of seventeen computer simulations for different nominal strain rates, 80 5! S Iy RS
1.5x10% s°!, will be briely presented here. The nominal instability szain ['¢ and the nominal
localizadon strain I' o are shown as a functon of log f‘n in Fig. 3. The minimum of the instabi-
lity strain T, is found agun in the region of nominal strain rates above 102 s}, log [, » 2.3, T, =
200 -1, This is better visible in Fig. 4 with expanded scale of ['.. The stabilizing effect of stmain
rate and perhaps inerna are clearly shown in Fig. 5 where the ratio ['/T' oc is plotted as a function
of log I'. The ratio begins with value around 2.0 at [, = 102 s and ends with ~ 6.0 at [, = 108
si. Around the range of the nominal strain rates ~ 5x10% s-! the maximum temperature at the center
of the ASB is found to be quite close 10 the melting point for iroa, Te = 1785 K. This is why the
last point of localization strain I oc calculated for the highest Iy is 0a the same level in Fig. 3 as
the preceding point, [ oc = 2.5. A high probability that at the latest stages of ASB formaton the
temperature at the central pans of ASB's exceeds the melting point was suggested in (4.2). It was
found after examination of fracture surfaces formed during teasile tests of high surength steels that
the tops of the dimples separated by a fast shearing are spheroidized, appareatly from meltung
temperagure.

The most sensitive parameter for numerical analyses of the ASB’s is the final width of the
band. In the present analysis a gradient method was assumed to defii.c the final width of shear




- 18-

band. The profiles of shear swaia I' (v} and temperature T (y) as shown in Fig. 6 and Fig. 7 for I n
10° s** and for dirferen: levels of the nominal saains ', served as a basis for all strain rates

anaivsed to find szain and wemperature gradients g (¥) and g7 (¥) at different levels of the nominal
swain. The strain gradients gr (v) obtained after such procedure for I, = 105 5! ar different levels
of nominal strain are shown ir. Fig. 8. The width of the ASB has been defined as an asyvmptotc

vaiuz of the distance berwesn ths gradient maxima,

imAyo=2a or iimAv,=2a (36)

I'—=Tioc T— Tioe
where Ayr, 1S the distance berwesan the gradient maxima, both for strain and temperature. Fig. 9
shows details how the asymptozc half-value a of the ASB thickness was determined. The dashed
lire shows terminal evoiution of the band thickness. The same procedure was applied to the
smreratwre gradiznts. The final result is shown in Fig. 10 where the asymprotc values of the
~2ar band width 2a is plotted versus logarithm of the nomina stain rate, log [ The points depict
vaiues of the band width obtained by deformation gradients. stars are obtained by the temperature
gradiznt method. Differences beowesn those two approaches increase when the nominal strain rate
reases. This is du2 10 2 more intensive effects of heat conducdon at lower strain rates. The shear

-

band widths wers found 0 have a minimum 2a.. = 140 um 2t [, = 3.2x105 s-i. Fig. 10 shows
2is0 Wat at lower sTain rates the shear bands are more diffused. At high stain rates inerta and rate
sensilivity may 2gzin incraase the widith of ASB’s. However, the dimensions of the widths are in
genenal agreemen: with experizentai observations for annealeé mild steels, inciuding XC18 one.

wte e
-

Some steels with a high yieid szess and low stain hardening mayv narrow substandally the ASB

ik
- -~

widias. For examele, it has beea found in [13] that the shear band width is about 20 rm for HY-

100 low alloy stee! tested at - = 1.6x105 51,

Seventeen computer simulations of deforming laver with thickness h = 2.0 mm and with adiabatc
bouncary condizions, for sevenieen values of the nominal swain rate Iy, 80 s°! < f‘,, <105 5!,
have revealed exisience of the swain rate range within which the development of the catastrophic
shear is the most easiest. This region is around the nominal stain rate of 10 s-1. Also this study
has confirmed existence of the minimum of both, the instabilizy strain and the final localization
szain, reported earlier in [34] and in [32]. The minimum of the ASB thickness was also revealed at
the nominai strain rate I = = 3.2x103 s-1. Evolution of the cridcal values I, I" Loc and 2a at

Ml

differsnt nominai strain rates found from the numencal simulation has provided a strong argument

for experiment in this area.

New experimental technique of impact shearing

The torsion tests of thin-walled tubular specimens are very effective method to study
advanced plastic deformation, for both, quasi-static and dynamic loadings. In the literature three
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types of torsion devices ars reported : the rorary fiywhee] machines, the high-speed hydraulic
testing machines and the SHTB. All those systems of loading have its limitations, For example,
SHTB technique has a strong limitations in maximal strain (the net angle of rotation), maximum
nominal strain rate of the order I" = 2x103 s-1 (for a standard specimen length), as well the
variation of strain rate during the test are quite high. At high strain rates the finite risetime of the
incident wave may cause relatively large specimen deformation during the absence of mechanical
equilibrium between incident and transmitter bars.

Another experimental technique, very useful in material testing, is the double shear test
introduced by Ferguson et al. (1967) and perfected by Campbell and Ferguson (1970). Since one
of the promising specimen geometries to study dynamic plasticity and ASB’s is the Double-notch
Shear specimen, it has been decided to use this concept in shear testing at medium and high strain
rates. Originally, Campbell and Fergusor applied the loading scheme consisted with the incident
Hopkinson bar and mansmitter Hopkinson tube to study the temperature and strain-rate dependence
of the yield stress of a mild steel. Interpretation of oscillograms was the same as for Split
Hopkinson Pressure Bar (SHPB or original Kolsky apparaws). Du2 0 combination of a small
guge length, L = 0.84 mm, that is the shearing part of the DS specimen, and a standard riseime in
the incident bar, t; = 20 us, relatively advanced plastic defonmation was reached during the risetime
period. This negative feature of the bar/tube configuration was recently discussed in [43).

It was decided, thea, to develop a new experimental technique based on a Modified Double
Shear specimen. The new experimental technique combines several positive factors already
experienced with the other setups. This new technique has been described in some details clse-
where, Klepaczko, [26, 43]. The scheme of the loading setup and measuring devices are shown in
Fig. 11. The direct impact was applied to load the MDS specimen. In this way the risetin in
specimen loading present in the bar/tube configuration is practically eliminated. The flat-ended
projectiles of different lengins mude of maraging steel and of diameter dy = 10 mm are launched
from an air gun with desired velogities Vy, 1 nvs S Vg € 200 wmy/s. The impact velocity is measured
by the setup consisting of three sources of light. tiber optic leads 1, 2, 3 and three independent
photodiodes. The time iatervals of dack signals from the photodiodes generated during passage of
a projectle are recordad by two time counters. The setup with three light axes nizkes it possible o
detenmine acceleraton/deceleraton of a projectile just before impact, thus, an exact value of Vi can

be detamined.

Axial displacenent Uy (1) of ths central part of the MDS specimien is measured as a function
of time by an optical extensometer E, acting as an non-contact displacerment gage. The optical
extensometer reacts 1o the axial movement of a small black and white wrget cemented to the central
part of the MDS specimen,

Axial force tansmitted by the specimen symectric supports can be determined as 2 function
of time from the tansmitted longitudinal wave et (t) measured by strain gages Ty, DC supply unit
S and ampiifier Ay. All elecuic signals are recorcded by digatal oscitloscope DO and next stored in
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types of torsion devices are reported : the rorary fly ¥heel machines, the high-speed hydraulic
testing machines and the SHTB. All those systems of loading have its limitadons. For example,
SHTB technique has a strong limitations in maximal strain (the net angic ot rotation), maximum
nominal strain rate of the order I' = 2x103 s-! (for 1 standard specimen length), as well the
variation of strain rate during the test are quite high. At high strain rates the finite risetime of the
incident wave may cause relatively large specimen deformation during the absence of mechanical
equilibrium between incident and transmitter bars.

Another experimental technique, very useful in material testing, is the double shear test
introduced by Ferguson et al. (1967) and perfected by Campbell and Ferguson (1970). Since one
of the promising specimen geometries to study dynamic plasticity and ASB’s is the Double-notch
Shear specimen. it has been decided to use this concept in shear testng at medium and high strain
rates. Originally, Campbell and Ferguson applied the loading scheme consisted with the incident
Hopkinson bar and wansmitter Hopkinson tube to study the temperature and strain-rate dependence
of the vield stess of a mild steel. Interpretation of oscillograms was the same as for Split
Hopkinson Pressure Bar (SHPB or original Kolsky apparatus). Due 0 combination of a small
guge iength, L; = 9.84 mm, that is the sheanng part of the DS specimen, and a standard risetime in
the incident bar, t, = 20 us. relatvely advanced plastic deformation was reached during the riseame
period. This negative feature of the bar/tube configuration was recenty discussed in [43].

It was decided. thea, to develop a new experimental technique based on a Modified Double
Shear specimen. The new experimental technique combines several posituve factors already
experienced with the other setups. This new technique has been descibed in some details else-
where. Klepaczko, [26, 43]. The scheme of the loading setup and measuring devices are shown in
Fig. 11. The direct impact was applied to load the MDS specimen. Ia this way the risenme in
specimen lcading present in the bar/tube configuration is practcally eliminated. The flat-ended
projectiles of different lengtns mude of maraging steel and of diameter d, = 10 mm are launched
from an air gun with desired velocities Vo, 1 m/s S ¥, S 200 mvs. The impact velocity is measured
by the setup consisting of three sources of light, fiber optic leads 1. 2. 3 and three independent
photodiodes. The time intervals of dark signals from the photodiodes generated during passage of
a projectile are recorded by two time counters. The setup with three light axes makes it possible to
determine acceleration/deceleration of a projectle just before impact, thus, an exact value of V, can
be determined.

Axial displacemnent U, (1) of the ccntral part of the MDS specimen is measured as a function
of time by an optical extensometer E, acting as an non-contact dispiacernent gage. The optcal
extensometer reacts (o the axial movement of a small black and white arget cemented w the central
part of the MDS specimen.

Axial force tansmitted by the specimen symmetric supports can be determined as a function
of time from the ransmitted longitudinal wave €1 (t) measured by strain gages T, DC supply unit
S and amplifier A;. All electric signals are recorded by digatal oscilloscope DO and next stored in
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the computer hard disc. In addidon, a hard copy of the recorded signals can be produced with an
XY recorder or a printer. This new configuraton of experimental setup permits for a wide variation
of the nominal strain rate. Direct determination of the axial displacement permits also for a more
exact evaluadon of deformation history, a very important piece of informadon in development of
adiabatic shear bands. After elimination of time a force-displacement curve can be constructed for
the MDS specimen and next T(T") or I'(I") curves can be determined. The experimental technique
described above has appeared quite effective and flexible for material testing at high strain rates as
well as for studies of adiabatic shear bands. Detailed description of this technique including
calibradon of the MDS specimen by FE is given elsewhere, (43].

The net displacement & imposed on the central part of the MDS specimen is

o, 0=08,-C, f er{9)dd

: (37)
where 84 (1) ts dispiacement m2asured by the optical extensometer/displacement gage shown by E
in Fig. 11, €7 (1) is the ransminied wave signal, m2asured by the soain gage T: cemented on the
ransmitier woe surtace, C, is e elastic wave speed in the tube. i h is the deforming gage length
o the MDS specimen, the nominal shear strain can be found from the formuia

Fas= é— &.w-C, l €4 10) déll
i /. J 38)

Toe nominal sTan e can 22 Jound dlso
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It 15 assumed in the elemeniary ipproach that the Tansmined s:gnal €7 (1 in B2 Hoplanson tube ts
sufficient o find the axiai force Tansmitted by the MDS suppors inte the wibe

FrosEAge-at (30)

where Ag is the £ross secuon of the twbe and £ :s Young'; moduius. The Cross s2chon Ag is
related fo0 the exiamal and invermal rube diameser

.‘\Ez {D:'dzf
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The shear smess ix e MDS s;ecimen can be found o the formala, 14
¢ F
t(t) = ,..“ @n
where a b is the active cross secdon of one side of the MDS specimen, § is the calibration factor., §
2 1. and F is the axial force in the Hopkinson tube. The final formula for the shear stress is
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. xp*-dYeE )
- gab T (42)
Thus, the shear swess in the MDS specimen is proportional to the current signal of the
ransmitted longitudinal wave £1. All those reladons have been derived using the elementary wave
theory of longitudinal elastic waves. In addition, it was assumed in derivation of eq. (15) that the
local pressures applied by MDS specimen at the end of the Hopkinson tube are transmitted
uniformly at the distance x = 3D, this is dynamic St. Venant rule. At the impact velocity V = 100
m/s time to fracture of the MDS specimen is relatively short, for example, for I'c; = 1.0 the tme to

fracture is te; = 20 us, it gives the wavelength A = 100 mm and the relative wavelength A =
20/(D-d);is A =11.1; D = 32 mm and d = 14 mm. Those wavelengths indicate that some

geometric dispersion may be present, but the so-called Pochhammer-Chree vibrations, and of
course geometric dispersion. are much smaller in a tube of the same external diameter than in a
solid bar, [44]. A more exact analyses of wave dispersion in tubes are in progress and some of
them are discussed in the next part of this report.

Another important parameter is the length of projectile Ly, Itis desirable to reach the ime to
fracture t, during the firstcycle of elastic wave propagadon in a projecle. If the nominal stiain rate
I" is assumed and the critcal shear strain [z can be estimated, the length of the projectile 1, which
assures the contact with the MDS specimen up to fracture can be found from the formula

L2,
2r (43)

For example, when [ = 1.0 and I = 5x10% s°! the projectile length is reduced to L = 50
mm, but for [* = 10% s*! the length should be L, = 2500 rom. It appears that at lower strain rates it
is almost impossible to deform and fracture the MDS specimen during the contact time t, = 2L,C,.
The longest projectile used in this study was L, = 400 mm. For example. in Fig. 12 and Fig. 13
are respectively shown original osciliogrammes for a mild (XC18) and 2 hard steel (VAR4340).
The period of ame to fracture the mild swel specimen at impact velocity Vo = 35 mis was ~ 260 ps.
whereas a more brittle specimen is broken at the impact velocity ~ 160 m/s within - 20 um.

Nevertheless, the elementary wave theory can be applied. as the first approach, to obtain a
complete information on the whole process of deformation and €racture of the MDS specimen, the
following data can be ottained from one test : T (1) : I (0 : [ (tj: 2T and I (T). Since a two-
channel fast digital oscilloscope was used (sampling rate 1GHz). the useful portion of the digital
memory could be taken for analysis tc determine all needed functions. A COmPpUter program was
prepared w calculawe all those functions.
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Propagation of elastic longitudinal waves in tubes, the Hopkinson tube, analytic

solutions

It was shown in the previous Chapter that for the case of a hard MDS specimen and at reia-
tively high impact velocity the total time to fracture may be as short as ~ 20 ps. When fracrure
occurs in such a shor dme it may expected that some dispersive effects can be preseat during
wansmission of the elastic signals berween MDS specimen and the strain gage SR, Fig. 11. This

Lame
=

distance in the configuration used was Axg = 170 mm, i.e. about five external diameters of the
Hopkinson tube.

It is then of interest to study the elastic wave dispersion iu tubes. The problem has been
divided into two separate stdies. The first one concentrated on analytic soiutions for two specific
boundary value probiems. that is for the mixed probiem of imposed pressure on a serni-infinita
circular tube and the nextong is davoted to the longitudinal impact (inidal conditons in velocity).

The problem of imposed pressure at the end of semi-infinite circular tube has been solved
analvrically by use of the doubie integral wansiforms (Fourier and Laplace wansform). This method
ieads to solutions given in thz 2rms of Fourier and Laplace integrais.

A similar mixed-pressure problems of semi-infinite circuiar rods were soived previously in

[43].

The second probiem soived is the impact on a semi-infinite circular elastic tube where the
axial velocity is imposec instanianeousiy at the end of the tube. The soludon is obtained under
assumption that the 2nd of the tbde has no tangendal swesses but is suddenly set into modon with a
cons:ant velocity and the lateral surfaces are free of saesses. The analogous problem for a semu-
infinite bar was solved in [(46]. The method applied in [46] was to split the problem into two parts,
In \he first part the collision of two half-spaces was considered. In the second part an infinite bar
was considered with an equal and opposite soesses travelling along the lateral surface. Using the
principle of superposition a swess free lateral surface was ensured. The method presented in [46]
has been adopted 10 the problem of a semi-infinite circular tube loaded by impact.

Both soiudons for a be, which are mentioned above, are reported in details in the Appendix
N° 2 to this Report, [47].

Here only a brief descripdon of those solutions will be given.

A semi-infinite cylindrical elastic tube of inner radius a and outer radius b which are referred
to the cylindrical coordinates (r, 8, z), where the z-axis coincides with thc,of the tube, is conside-
red. Let A, it be Lame constants and p be the mass density of the tube material. The motion is
restricted to the axisymmetric case, thus the displacement vector U is independent of the circum-
ferential variable 6 and

Urzt) = U (rz,1)) ; 05 Uz (1,2,0) (44)
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The equations of motion of the linear elasticity in the cylindrical coordinates take the form
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Consider the boundary conditions

Gzz (r.z=0.l) =- f(!) .
(46)

U, (r.z=0.0=0,forre <a.b>,te (0.)

and

O (r=2.2.00 = O (r=b.z) = 0 .

47

O (r=2.2.0) =G (r=b,2.2) =0, forz € (0,%) .t € (0=,

where f {.) is a given tunciion, provided that f (t) & 0 for t < 0. A “urther condition is that the
displacements and the sxesses vanish at intinity, 2 — . Assuming that the semi-infinite circular
tube is at rest prior to tme instant t = 0, equations (36) and (47) are suppler:iented by the initial
condinons
oy
u: (r.2.~0) = (rzt=0) = 0.
48

-

oy
u; (r.2.t=0) = -5‘-‘- (22 =0 forre cab>.26 (Ow).

The set of equations (45) along with the initial and boundary conditions (46) and (47) has boen
solved by introduction of the Jisplacement potentials. cetails are given in {48]. The solution by
insegral ransforms has been found using the inversion theoreras of the Laplace and Fourier rans-
forms. the solution can be wrinea in the form




~n

. ) ~5 . - ST -
L Anz) =— u.r.Sp)e” sin Cz)dp dg,

TtxJ T oe-
3

. 1 r‘ e | 3 . .
u,{rzl)=— u,mSp)e” cos(Cz)dp dS,

2
3 N
- -
i J
.
:

. veoim

) S

Gz = = o.(n2p)e” cos @z)dp dZ,
: (49)
. 1 s . ot . e
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The function £ (.), if the boundary condition is given as (46), is vet undefined. The possibility of
the collowing cases of impuises can be mentioned :
3. infinitely short impulse, £ (2) = - f5 & (1), where f,, f, > 0, is a constant and 8 (.) is the Dirac

funcuon ;
o. infinitely long impulse. { (; = - f, H (1), where H (.) is the Heaviside step function ;
impulse of finite length. f (; =- {, H (2 - 1), where 1, ©> 0, is the duration of the impulse.

The second boundary value problem studied was the longirudinal impact which was reduced
to the mixed condidons of shock pressure at the end of the semi-infinite circular elastic tube, Two
semi-infinite circular wbes, moving in opposite directions with velocity v, are assumed to contact
at the instant t = O and at the plane z = 0. The lateral surfaces of tubes are free of stresses.

The solution of the problem considered is devided by application of the superposition princi-
ple for two separate problems. The first of them is limited to two elastic semi-spaces, moving in
opposite directions with velocity v. They are assumed to contact at the instant t = 0 and at the plane
z = 0. After time t = 0 the semi-spaces are assumed to behave as a single, solid space which are
assumed to behave for t > 0 as 2 single, infinite tube. The solution of this problem is given in [46],

The inidial towdifiows are.

[#]
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"f (r!zvt) = O ’

+ vt forxtz>cty
v, (6z0) = (50
\- v z/cy forlzl<cyt

The displacemnents assumed above induce the following stresses, [47]

Oy (zt) =0,

forlzl>cyt

(0
Oy (1,2,1) =i
-(AM+2p) v/ forlzl<cqt

0 for!zl>cqt

O (rz,t) = i

- A v/cy for!zl<cyt

It is seen from equations (31) that the soluton of the first problem causes non-zero radial tractions
or. the lateral surtaces of the circular tube. Applying the principle of superposition to ensure a
steess free lateral surfaces of the infinite tube the second problem is considered, which is defined

by equations of motion (45). the boundary conditicns

O (r=a,2,1) = O (r=b,z,t) = 0,

G forlzl>cyt

O (1=3,2.1) = O (1=0,2,t) = (52)
- A vicy forlzl<cyt

forze (-=,+),te (0, +),

and the initial conditions given in (5¢) forze (- oo, + o). A further condition is that the displace-
ments and the stresses vanish when [z ! — oo,

The solution of the problem is found by using displacement potentialy and Fouricer exponen-
tial ransforms, as well as Laplace ransform. Using the inversion theorems of the Laplace and
Fourier exponendal transforms the soluticn can be written in the form
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c,(nzn= f zr(L,~,p)~’“'e°‘dp dg,
4‘: 1

o v

j o- (r.";p)egze'mdp dz.

The solutions (44) and (53) enatie to calculate effects of dispersion for idealised impulses, type

Dirac and square of infinite and finite lengths.

Propagation of elastic longitudinal waves in tubes, the Hopkinson tube, numerical

study

Although analytic solutions have besn found for an elastic semi-infinite tube loaded instanta-
neously by pressures or by velocity, the real case with MDS specimen attached to the front of the
Hopkinson tube is stll more complicated, mostly due to non-symmetric circumferential distribution
of pressures. Such a case is impossible to solve analytically, and hence, series of numerical studies
have been undertaken using a dynamic FE code. A non-symmetric distribution of pressures have
been assumed at the face of the tube in the form of two contact areas of the MDS specimen, that is
a=R-r, a=9.0mm, where R is the outer radius and r is the inner radius, b = 6.0 mm, where b
is the thickness of the MDS specimen. The total area by which the total force is transmitted is A =

2ab. This is shown in Fig. 14. In Fig. 15 are shown all cases of wapezoidal pulses assumed at the
end of the tube on the shadowed surfaces 2ab.



.25 .

The following material constants were assumed for the Hopkinson tube, E = 2.1 * 105 MPa,
v =0.3 and p = 7.85 g/cm’. The Hoepkinson tube has been modeiled as semi-infinite by its
artificial extension with a very low wave speed and the same impedance. Thus, all reflections from
the other side of the tube have been eliminated. Comparisen of calculatons with a normally exten-
ded tube by FE (the same C,, and p) revealed only small differences between those two cases.

Since the main interest is concentrated on high impact velocities imposed on MDS speci-
mens, V, = 100 m/s, the cases N° 1 and N° 4 will be briefly discussed in this Report. Case N° 1 is
assumed as pmax = 450 MPa, t; = 20 us ; t, = 10 pus and t, = 20 ps. The results of FE calculations
in the form of longitudinal strain €;(t)x and €(t)x, where €; is the longitudinal strain at the outer
surface of the Hopkinson tube, and €, at the inner surface, are shown in Fig. 16a/16b for x| =
90.5 mm (~ 3D of the tube} and in Fig. 17a/17b for x; = 170.5 mm (~ 5D). In each figure a and b
the results are shown for the external surface of the tube (solid line) and the internal surface
(broken line). In addition, figures a are obtained for the vertical plane from Fig. 14a, that is the
plane in which the MDS specimen is attached. Whereas figures b refer to the time-distribution of
longitudinal strains €; and €; at the same distances x; and x3 but with 90° orientation.

Those figures indicate the existence of higher modes of vibrations excited by a non-symme-
ic impact. This is visible for both distances studied. The FE calculations reveal also small diffe-
rences between ame-diszibutions of longitudinal strain obtained on extarmal and internal surface of
the Hopkinson tube. The ongin of those differences are unknown, and they may be caused by the
FE technique itself. Further studies are needed at this point, perhaps with different meshing. The
assumed risetime ot the incident pulse was i = 20 s, this nisetime is slightly distorted at the
beginning for both distances x; = 90.5 mm and x2 = 170 mm by a small inflection. The descen-
ding part of the incident pulse, assumed originally as tq = 20 us, 1$ slighdy delayed. The results
obtained for 'he distance x; = 170.5 mm do not differ much from the previous ones for x;. The
ransmitted wave determined from the tube surface is equally dispersed, and the differences in
waves between externai and internal surfaces are small. Again, this aeeds further studies for less
idealized impulses.

The most important conclusion drawn fsom the FE caiculation of the case N° 1 is that the
level of . ¢ mean stress of the piateau determined from the surface of the Hopkinson tube agrees
with the assumed level of pressure pp,, muitplied by the ratio of surfaces,

xip*- 47 . .
om.'meu . °m=§Pmu (54)

The ratic & in the real case of Hopkinson tube is § = 0.2. This fact permits for determinanon of the
cnitical stress imposed on the MDS specimen via the peak of strain measured by the Hopkinson
tube, in the real case the smain gages are cemented at x = 170 mm.

The most interesting case is the N° 4, because during testing of hard steels the order of t,, ty
and t, are similar as assuined for the N° 4.t = Sus, ¢, = 5 pusand t, = 5 js, however, pme, = 450
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MPa is rather a small vaius in comparison to the real ones for a hard stesls with the flow stress ¢ =
1000 MPa. The resuits of those FE calculations are shown in Fig. 18 and Fig. 19. The same
approach was used as for ihe case N° 1. Again, the analysis of amplitudes indicates that even for
such short pulses the maximum stresses determined in MDS specimen after the back exrapolation
are correct. At the distance x; = 90.5 mm the rising part of the pulse shows at the beginning a
small inflection, overall this figure resembles the oscillogram for VAR4340 steel shown in Fig. 13.
At the distance x2 = 170.3 mm the pulse is slightly wider due t0 geomeny dispersion, but the
mean vaiue of sxain also permits for back exmapolation to find MDS smssses. The tails of the
pulses for both distances show large amplitude vibradons which resemble to some extend
measurements (Fig. 13). Since the assumed values Si prax were relatvely low in comparison to
the real levels of smesses in tested 4340 steel, another series FE calculatons have been run for
Cases N2 1 and N° 4. put with p-.x = 1000 MPa and the same values of t., t, and t.. Those
calculations have continned validity of the procedure of back extrapoladon of soesses for MDS
specimens. Tha reladve ievel of vibratons is reduced in comparison to the main pulse. This is also

The main conclusion drawn from FE dvnamic calculations is the confirmation of the back
exmapolation procecure 0 {ind swesses imposed on MDS specimens by direct impact using eq.

obsarved for the tails of the caiculated waves. Other calculations gave very similar results.

(34).

-

Numerical analyvsis of Modified Double-Shear specimen and specimen calibration

The new configuranon of experiment with the MDS specimen, as it is shown in Fig. 12 has
besn developed in LPMM-Me:z. The modified specimen geometries are shown in Fig. 20a and
20b. The modified geomezies have a wider gage length, Iy = 2.0 mm. in comparison to [48],
which subs:iandally reduce swress concenmations near the notch comers.

“The external part ar¢ longer and those parts are clamped to the wansmitter tube to prevent
rotatdons. The MDS geomeny was analysed by FE technique at different stages of plastic deforma-
tion. The total number of eiements for half of the MDS specimen was 640. Around and within
derorming part of the specimen the mesh was much denser, 460 elements. The central part of the
MDS specimen was assument 10 depiace uniformiy. Since the width of the plastically deformed
parts of the MDS specimen is only 6.0 mam and the shear smress < is supposed to be determined for
an infinite layer, a calibraton factor ¢ must be inwoduced, thus

=81 52 1 , (55)

AL

where T, is the mean suess in the deformed section of the MDS specimen. Distibution of the shear
siresses at the nominal shear strain I’y = 2.5 x 103 is shown in Fig. 21a whereas Fig. 21b shows
distribution for Iy = 0.5. Distributions of the shear strains for the same values of I'y are shown in
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Fig. 22a and 22b. All FE calculations have been performed for the quasi-static stress-strain
relation, which depicts more or less exactly tensile behavior of low alloy steel XC18 at strain rate €
= 103 5!

n
£
- LY P R N, 0p
o-—cy+B(e -—E+DB) D B}, eZey

(56)

with the yield swess and strain : 6y = 240 MPa, g, = 1.165 x 10-3;

i 1
’ P=TTh

n=0.3;E=206x10° MPa; B =451.1 MPa. This is very useful form of o(€) relation since it
has a smooth transition from the elastic to plastic regions, that is the first derivative 0 = do/de has
no jumps. Of course, in the elastic region ¢ = E¢ for € < €,. The mean value of the suess calibra-
tion factor £ obtained after FE analysis for MDS specimen shown in Fig, 202 is = 1.2. It was
found that & slightly increases from & = 1.12 at ;= 0.05 to § = 1.2 at [’y = 0.50, so the mean
value for 0.05 € I's < 1.0 is ~ 1.2. The distributions of shear strain shown in Fig. 22a and 22b
demonstrate that the strain field is quite uniform with a small asymmety due to bending component
from the supports. It was also found, in the real tests as well as from the FE analysis, that the
exterior pans of the specimen which are supported also deform plastcally, causing an increasing
tendency for rotation (MDS specimen, Fig. 20a). This is why the specimen geometry has been
slightly modified as it is shown in Fig. 20b. The width of the supports is enlarged to 10 mm and
the notch is slightly diper. It is clear that due to modificatons introduced into the specimen geome-

ry the axia. force versus axial displacement provides a reliable input data to find quasi-static or
dvnamic ©(I") response.

Preliminary experiments. mild steel

It has been decided to perform preliminary series of tests on the mild steel in the recrystalli-
sed state. This steel has been assurned as a model material for the numerical calculations and all
mechanical tests. In order to perform quasi-statc tests and also tests with higher strain rates, of the
order 103 s°1, a special loading rig has been constructed. The rig, shown in Fig. 23, having its
own measuring systems (force is measured by an SR-gages and signal conditioner, and displace-
ment by two LVDT-s and amplifiers), can be fitted to any standard testing machine. The signals
F(t) and 8,(t), 82(t) could be stored in a digital memory, where F is the axial force, §) and 57 are
LVDT displacemeats. Shear stress and shear strain can be obtained from the formulas
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where a and b are respectively the width of the deformed part and specimen thickness, the mean
axial displacement 1s
3, () +9d,(t g )
_._.__1_).7_2(_). and r(:)=._=1(_-
- s (58)

5,

where 5s is the mean axial dispiacement. Elimination of tme fron: t(t) and I'(t) permits for deter-

minadon of T(If. In addition, the strain rate must be determined from the formula

I, dt (59)

Application of the closed-loop dynamic testing machine makes it possible to reach for the MDS
specimen the strain rate of the order I = 105 s-1. Of course, the maximum strain rate is a linear
function of the axial velocity and proportional to 1/;. Fig. 24 shows log I" as a function of gage
length I for two axial velociues : 20 /s and 100 m/s. By the broken ventical lines are marked the
gage lengths ! = 0.25 mm and 0.34 mum, used in [48, 49], and I = 2.0 mm used in the MDS spe-
cimen. For example. in the cass of impact velocity 100 mi's and MDS specimen the nominal strain
rate I is § x 10% 5% is reached. Thus. the new expenimental technigue can cover also the high strain
rate region, 103 51 S T € 105 51 (2.0 mys S V < 200 mvs).

First series of axpenments were pertormed on low-alioy sizel XC18 (French Standards) of
the following compositionin % : C0.17 : Mn 0.58 ; Si 0.21 : § 0.032; P 0.024. The specimen
matesial was suppiied in the form of coid drawn tars DIA 12 mm. After precision machining, all
specumens were vacuum anneaed a: ~ 1000 K for 142 hrs and furnace cooled. Metallographic exa-
Turadon showed a uniform mucrosgucture with evenly dismbuied grains of fermite. The tests on
MDS specimens were performed within two ranges of sain rates : medium rates 102 st < ' 10°
s with closed-i00p fast teseng machine and high rates 10% s+i ST S 105 51 with the new
expenmental techrique. One of oscillugrams obtained with impact veiocity V = = 37 my/s is shown
in Fig. 12a. The upper gace comes {fom the s=in §ages on the Tansmiter ube and the lower one
{Tom the opticai extensometer. I can be seen from Fig. i2a that after the upper vield peak there isa
small oscillation on the upper trace, they are believed to be partly caused by the out-of-phase longi-
tudinal vibratons of the ransmitier tube reveaied by the FE dynamic calculatons. Since the length
of the projectile was L, = 180 mm with the time of contact t, = 74 s, around three full cycles of
wave reflexions had occured during specimen deformation. They are recognizable in the
oscillogram. As a whole, both the upper and lower yield sgesses can be found, as well as the
piasnc flow curve up the fracture by adiabatc sheaning. The signal from the optical extensometer
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showsthat the displacement rate of the central part of the MDS specimen is almost constant. The
optical contact was lost before the specimen fractured.

A number of MDS specimens was tested at different impact velocities from 30 m/s to about
100 m/s. The upper yield stress in shear 1y is plotted in Fig. 25 against the logarithm of shear
strain rate I In the region of low strain rates, values of shear stress Ty were obtained from tensile
tests, [39], and transformed into shear by 1, = oy/*fi_i and I" = V3 €. In this region the rate sensiti-
vity B is characterized by a small nearly constant slope ; B = dt,/dlog I, [31, 48, 50). In the region
of high strain rates a substantial increase of the upper yield stress is observed. This is shown in the
linear scale of I in Fig. 26. This feature will be discussed in the further part of this Report. In Fig.
27 the mean values of the lower yield stress ty; (vibrations are eliminated), obtained for XC18 steel
are compared with results for a mild steel reported by Campbell and Ferguson [48] ; composition
of En3B (British Standards) steel as given in [48] is : C0.12; Mn 0.62; Si0.10; S 0.029. Becau-
se of the higher carbon content in XC18 steel the level of the lower vield stresses is overall higher
than for En3B steel. On the other hand DS specimen used in [48] with slots 0.84 mm and length of
deformed pan, a = 3.2 mm, should have a much higher stress calibration factor & in comparison to
the MDS specimen where S = 1.2. It is also probable that the instantaneous strain rates in DS
specimen tested in the SHB (bar and tube) were much lower than the nominal values used in plot-
ting of Fig. 27. This couid be a reason why tests with the new technique give higher values of ty.

Another companson was made between results obtained for a high punity iron (99.99% Fe)
in [51]), where pressure-shear impact experiments were used. Flat specimens with thickness
between 300 um and 3 um were sandwiched between two hard, parallel plates that are inclined
relative t0 their direction of approach. Nominal stresses and strains in the specimens were determi-
ned from elastic wave pro:iles monitord at the rear surface of one of the hard plates. It is seen in
Fig. 28. where the compaison is shown, that at high shearing rates the shear swesses are of the
same order, however, similar values for t,; obtained from MDS spesimen occur at strain rate [
105 s+ and those obtained from pressure shear experiment at [ = 108 5!, General ends in
changes of the lower vield saess are similar for both, so different. experimental methods.

It is well kiiown that in the region of low and medium strain rates, 10 5! S "< 102 51, the
rat: and temperature sensiavities of flow saess are controlled by the thermally acavated kinetics of
dislocations, [38, 48, 50). In this region the rate sensitivity B = (9vdlog [Nt does not depend on
strain rate I". However. a¢ it is seen from Fig. 25 and Fig. 27, the high strain rate region, typically
10° 51 S T 106 51, is characterized by a rapid increase of P with increasing strain rate. It is
commonly assumned. and it was verified in many theoretical and experimental studies, that in BCC
structures the instantaneous rate sensitivity § is the result of dislocation movement by the mecha-
nism of the thermally activated formation of kink pairs over Peierls potential, for example, {38, 40,
41, 52). Since this approach is well known, densiled discussion of its applications will be here
omitred.
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When, within the region of high strain rates, the yield stess or flow stress are plotted in a
linear scale of strain rate, the experimental data can be represented by a swight line, {48). Experi-
mental points for XC18 steel from Fig. 25 have been transformed in the linear scale of I and the
final result is shown in Fig. 29 for the case of the upper yield stress and in Fig. 30 for the lower
vield stress. Indeed, in both cases the linear approximation fits experimental points. The following
linear relaton was analysed by the least squares method

T, =T,+nl (60)

where 7 is the threshold stress and 1 is the pseudo-viscosity. Both yield stresses were analysed
and the best linear fit is shown in Figs. 29 and 30 by the broken lines.The complete results of
those analyses are given in Table 2, whereas the reanalysed results from ref. [48] are given in
Table 3.

Table 2
Steel XC18 v [MPa] n (kPa.s] £l
Upper v. szess 648.1 14.3 0.954
Lower v. sgess 308.2 1.0 0.870
Taple 3
Stee! En 3B 3 [MPa] 1 [kPa.s) r
Lower v. stress 2414 2 0.960
I=0073 247 2.5 0.911
[=0.21 246.2 2.3 0.924
=038 239.2 2.6 0.977

Comparison of Tables 2 and 3 shows that vaiues of 1) for the lower vield saress are of the same
order, although MDS specimen ioaded by direct impact show n-values almos: twice higher. Becau-
se of the direct impac: ioading, with the rise tme | fs S 4 S 2 125, behavior of the upper yieid
saress iy different for MDS specimens. It is associated with the d:lay time of piasticity 1n mild
steels, [SO).

An carly inwpr:nu?onofmcﬁnwmlaxion:(f)mismaumsm im:mcptsatl:‘-f’,; that
is T (), can be determined by the temperature-dependen: threshold stress. When the applied
stress T exceeds the threshold stress. t 2 T. the dislocation velocity is controlled by dissipation of
energy when dislocation moves through the lattce. It is commonty assumed that this dissipaoon is
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of linear viscous nature, and then the stress component T, would be proportional to the mean dis-
location velocity v . Then the viscous drag relation may be expressed in the form

T“:B

o<

(61)

where B is a damping constant. When the Orowan relation is introduced into eq. (61), the compo-
nent T, can be expressed in terms of the mean mobile dislocation density pg, and '=pp b v,

‘tn=B

or t,=qT
b P (62)

where 1| = B/b? py, is the coefficient of viscosity.

This interpretadon has many weak points. The first one is that the thermaily activated proces-
ses are still operative at high strain rates. A more exact analysis of experimental data obtained by
Campbel and Ferguson, [48], were published in {33]. It was concluded in this latter analysis that
the whole region of soain rates covered in [48] can be approximated by an unique constitutive rela-
tion based on the thermally activated micromechanism of double kink kinetics. This analysis indi-
cates on the possibility that the theory of thermally activated flow is exact enough to describe rate
sensidvity of iron and mild steels up to strain rates of the order 10 t0 108 571, [33).

Another possibility, and more recent, to explain the pseudo-viscosity lies in the fact that
sone experimental data clearly indicate that the mechanical threshold T, is itself rate sensitive, [54,
53]. Theoretical analyses of stuctural evolution which can lead to a rate sensitive mechaanical
threshold were also published recently, (36, 57].

An important observation, directly related to ASB in XC18 steel, are values of the critical
total strain (elastic plus plastic) determined as a function of imposed velocity on MDS specimens.
The final result is shown in Fig. 31 where the critical shear strains, I'n = dp/l;, are shown as a
function of log I". The mean values are shown as circles. The results for two lowest swrain rates, r
e 75 5+ and I = 750 53, were obtained with the loading rig and the fast closed-loop machine, the
data for three highest strain rates in the range 1.8 » 10% 5 ST €4.7 » 10% 571, were obtained with
the new experimental technique. The imapact velocity at the highest nominal strain rate was ~ 100
nys.

Since the ditnensions of deforming pans of the MDS specimen are the same as the thickness
of the layer siudied by numerical methods, and the same steel was assumed for the numerical
study, a direct comparison is possible betwein experimental results shown in Fig, 31 and numen-
cal results of Fig. 3. Aithough values of localizadon strains are overall smaller than the cxitical

‘strains found by experiment, at lower strain rates the same trend is observed, that is the total shear

strain increases as a function of fog [". However, it is clear that at the highest strain rates an abrupt
drop in the critical strain occurs. For example, the mean value of the critical stxain from $ix tests

H

o A e
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of linear viscous nature, and then the stress component T, would be proportional to the mean dis-
location velocity v . Then the viscous drag relation may be expressed in the form

‘Cn=B

(> R

(61)
where B is a damping constant. When the Orowan relation is introduced into eq. (61), the compo-

nent Ty can be expressed in terms of the mean mobile dislocation density py,, and F=pmb v,

or t,=nT
® P (62)

where 1| = B/b2 pr, is the coefficient of viscosity.

This interpretadon has many weak points. The first one is that the thermally activated proces-
ses are still operative at high smrain rates. A more exact analysis of experimental data obtained by
Campbel and Ferguson, {48], were published in (53]. It was concluded in this latter analysis that
the whole region of strain rates covered in (48] can be approximated by an unique consttutve rela-
tion based on the thermally activated micromechanism of double kink kinetics. This analysis indi-
cates on the possibility that the theory of thermally acuvated flow is exact enough to describe rate
sensidvity of iron and mild steels up to strain rates of the order 10° to 106 51, [53).

Another possibility, and more recent, to explain the pseudo-viscosity lies in the fact that
some experimental data clearly indicate that the mechanical threshold % is itself rate sensitive, [54,
53). Theoretical analyses of structural evolution which can lead to a rate sensitive mechanical
threshold were also published recently, (56, 57).

An imporant observaton, directly related to ASB in XC18 steel, are values of the critical
total strain (elastic plus plastic) determined as a function of imposed velocity on MDS specimens.
The final result is shown in Fig. 31 where the cridcal shear strains, 'y, = /15, are shown as a
function of log I'. The mean values are shown as circles. The results for two lowest strain rates, I
~ 75 st and I" = 750 51, were obtained with the loading rig and the fast closed-loop machine, the
¢ata for three highest strain rates in the range 1.8 = 10* 51 S < 4.7 « 10* s°1, were obtained with
the new experimental technique. The imoact velocity at the highest nominal strain rate was ~ 100
m/s.

Since the di:nensions of deforming parts of the MIDS specimen are the same as the thickness
of the layer studied by numerical methods, and the same steel was assumed for the numerical
study, a direct comparison is possible betwecn experimental results shown in Fig. 31 and numeni-
cal results of Fig. 3. Aithough values of localization strains are overall smaller than the critical
strains found by expeniment, at lower srain rates the same trend is observed, that is the total shear
strain increases as a function of log [. However, it is clear that at the highest strain rates an abrupt
drop in the critical strain occurs. For example, the mean value of the critical strain from six tests
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performed at [=18%10¢s! (impact velocity ~ 30 m/s) is found I'y; = 2.60, whereas the mean
critical sain obtained from three tests at I' = 4.7 = 10% 571 is [ = 0.85. This result clearly indi-
cates that the mechanism of the ASB'’s formadon and propagation differs substantally at different
initial and boundary condidons. In numerical calculations boundary conditons were the same, and
were assumed as quasi-steady state of imposed velocity with a total absence of stress concentra-
tors. in experiment the imposed velocity rises from zero by a projectile impact and sess concentra-
tors are present as it is shown in Fig. 21, a and b. At lower rates the experimental mean values are
perhaps higher in comparison to the numerical ones because a small addidonal displacernent has
occured due to some plasdc deformaton of the specimen supports.

A non-direct confirmadon of reduction of the total shear strain at high impact velocity was
atemnpted by the energy analvsis. The total energy to fracture of all MDS specimens tested at high
sain rates was determined and this result is shown in Fig. 32. Again, the energy drop is observed
at the highest soain rate (impac: velocity ~ 100 ms). The drop is not 100 high in comparison to
changes of the critical szain. mostly because of the pesitve sTain rate sensitvity of flow sirass.

A similar observation concerning energy consumpton during fracturing of carbon steels by
ASB formation was reported in [38]. Those restlts have been re-analysed by introduction of the
mean swain rat2 and the final result is shown in Fig. 33 for (010 and 1045 steels (German Stan-
dards Ck10 and Ck43). The so called "hat” specimen geomeny was smpioved and specimens were
deformed with SHPB at 2 narrow range of velocities, 3.5 m's € Vo € 8.3 myfs. Again, itis clear
srom Fig. 33 thatthe fracrunag easrgy via formation and propaganon of ASB's decreases for both
sieels wnen the nominai sTan rate is increased. [f the same {ogarithmic scaie were applied :1 both
figures (Fig. 32 and Fig. 33), 2 drop of fracturing 2nergy would be very abrupt. A sumular beha-
vior, 3 decrease Of fracturs sTain 2s 4 function of log T, was found in [591 for 93% W alloy. This
result is shown in Fig. 33. As before, for XC18 stee! the cridcal fracturing strain ciminishes
adruptly around [ = 107 5.

Those experimental resuizs cotuned for vesy hugh sTain sates are in compiete conTradiction to
e numenicai predictions, for sxampie Fig. 3. A funther study 15 needed to claniy this discrepancy.

Fractographic study performed for XC18 ste2l by SEM revealed that for all velocities the
fracture via ASB’s occurs oy creaaon and sheanag of mictoveids. No so called white bands were
cbserved after perpendicuiar poiishing and meaument by Nital. In some areas a very shiny patches
wers visidie, those ae the tlaces where siiding of two neighbouning pars of the MDS specimen
ok placs.

Four fractograms for MDS specirnen deformed at impact velocity V, = 100 rvs are shown
respectively in Figs. 35, 36. 37 and 38. Fig. 35 shows the boundary of the shiny surface and the
dimpled region. Fig. 36 shows only the shiny part of the fracture surface with severe smeared
deformation. Fig. 37 is the dimpied surface with some mraces of cleavage. Finally, Fig. 38 shows a
magnification of the dimpied region. Overall, a severe plastic deformation occurs locally near the
fracture surface and some patches are deformed further due to local sliding. Temperature increase
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in the local sliding areas must be quite high. This is supported by numerical results of Fig. 3. The
local sliding and the mechanics of ASB's propagaton should be studied further.

Experiments with YAR4340 steel

In order to0 study the impact velocity effects, or the nominal strain rate effects, on impact
shearing, a series of tests have been performed with the Vacuum Arc Remelted AISI 4340 high
strength steel. The original material was supplied by MTL-Watertown in the form of 305 x 305 x
9.52 mm cross rolled plates. The chemical composition of the supplied VAR4340 steel was as
follows : C0.42; Ni1.74; Cr 0.89 ; Mn 0.46 : Si 0.28 ; S 0.001 ; P 0.009 (% wt.). About forty
MDS specimens were machined with gecometry shown in Fig. 20b. The shear piane was assumed
as perpendicular to the plane of the original cross rolled piate. After precision machining the MDS
specimens were austenitzed 1 hour at 925°C and oil quenched, re-austeninzed 15 min at 845°C and
oil quenched and finally tempered at 200°C during 2 hours. The final hardness was ~ 52 HRC. As
it has been shown in [60] such thermal treatment assures maximum of the enzargy absorbed up to
the point of instability at [ = 10 s°i.

Around 30 MDS spscimens were used for quasi-static and impact loading. In the case of
loading at quasi-static rates the rig shown in Fig. 23 was used together with the closed-loop fast
machine. In the case of impact loading four impact velocitdes were applied : V, =20 m/s ; V2 = 35
m/s ; V3= 72 m/s and V. = 160 m/s. For every nominal strain rate from three to five specimens
were tested. At low swain rate, I = 1.1 * 10¢ 5%, some specimens fractured in the mixed mode,
that is shearing and opening. The scanning elecron micrography (SEM) of those surfaces revealed
small facets of cleavage mixed with some ducale tearing. The cleavage facets showed a mean dia-
meter of few micrometers. Diameters of plasac dimples were much sroaller. At all higher rates, and
50 in some cases at this small strain rate, the fracturing occured in the shearing mode.

The level of shear szains to fracture was quite limited. for example at I = 1.1 « 104 5°% the
cnitical shear strain was around [, = 0.0425. The mean level of the maximutn shear suess tq fOr

MDS specimens tested a: [ = 1.1 = 10457} was t, = 363 MPa. For the same temper tested in

torsion [61], HRC = 54, at I = 6 « 10 s°! the maximum stress was t, = 1070 MPa. It is found
that relatively good agreement exists between daa from a torsion test of a thin-walled specimen and
the MDS test. Overall behavior of the critical shear stress as a function of log I" is shown in Figs.
39aandb.‘n|emeanvalmofmssshowninFig.B‘)b'mdiwefonmimmnoft,atf"uS-
10% 5! and next a drop at higher strain rates occurs. The same experimental results are shown in
the linear scale of I in Figs. 302 and b. Since the maximum impact velocity was V, = 150 m/s, and
at this velocity relatively sma!! decrease of T, was found, it is presumed that just beginaing of a
more severe drop of ¢, was found. Thus, the cridcal impact velocity may be around 200 ovs with
the nominal velocity of shearing i*; = 105 s-1. Those values are higher in comparison to XC18
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steel. Fig. 31. In certain regions of strain rare it is pos:zible to calcuiate local strain rate sensitvites
of the critical swess. This is azmmonstrated in Fig. 41 and Fig. 42 where by the broken lines the
linear regions are indicated.

At low sain rates the siandard rate sensitivity may be introduced Bg

(

B;::{ .
\,\8 IOg r T (63)

The slope indicated by the broi2a line gives 3z = 54.79 MPa.
At high strain rate region the linear rate sensigvity or pseudo-viscosity can be defined

e
o (64)

the slope of the broken line of Fig. 42 gives Mg = 6.43 Pa.s, value comparabie to values for XC18
steel (Table 2).

A typical osciilogram for a2 MDS specimen of 4340 swesl tested at V, = 160 /s shown in
Fig. 13 indicates that the ol exergy to break the specimen is quite smail as compared to XC13
sieel which shows 2 large-sTan plasScicy. In the case of XC18 steel the peak of the total energy to
brzak the MDS specimen can =2 2sumated Srom Fvg 32 as W = 230 ], tais number gives the
energy absorped per uait of sheining surface as W/A = 2.4 Jimme. An analysis of the total energy
adsorbed for three MDS specimans made of VARY3SQ steel and loaced at impact velocity Vo = 160
mv's. give the mean vajue WA = Q.30 Mmm:=. The totai energy per uai ares reported in {63] to
break a thin-wailed woular specimen of VAR4340 steel, HRC30, at [ =109 5, was W/A = 0.185
Jimm=. The mear 2aergy ansoroed up 0 the point o7 instabiinty for “hat” specimens of VARJIIL0
steel, and for the same temper &5 :n the present study, can be esumated fom Fig 7 of {60]. At an

verage displacement rate imposed on the “hat” specimen. V = 5.1 miis. and at the local strain rate
[ = 10° 5%, the me2n energy per unit area dissipated up 10 the maximum force is estimated as W/A
« 9).084 J/mm-.

Because of cufferent specimen geomemies and different imposed veiocites. as well as thermal
treaiments. vaives of WoA {07 VARAS0 sieel are not egual, but thew give an order for this
measure. Aiso. uwse to fractire wers quiie different at different expenmenis. For example, tme 10
fracture in SHTB can e assurned as t; = 100 us. whereas time to fracture of the MDS specimen
can be as short as severnal us.

Since iniual and bounda: conditions play an unportant role in ASB's formation and fractu-
018, comparison of results fror different experimental techniques must be studied further.

The next step in this stuéy was fractographic examination of fracture surfaces by SEM. A
review of previous meallograpiic and fractographic studies on susface morphologies after adiaba-
uc sheanng was oivenan (637 in gencrai, thers 15 20 agreement as 10 the occurence of phase
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ransformation in the so called "white bands”. Recent studies seem to indicate that those bands
consist of a very fine-grained, highly dislocated microstructure, [60]. The interior of so called
"transformed” shear bands of 4340 steel showed an extremely fine microcrystalline structure with
grain diameter ranging from 8 nm to 20 nm [60]. This observation supports the idea that no trans-
formation occurs in the white bands and the interior of the band is a very heavily deformed marten-
site, [60]. The exwemely fine graines are combined with the additional carbon in solution.

SEM micrography should provide further information on the separation mechanics of the
white bands. Figures 43, 44, 45 and 46 show SEM pic: res of the same region of fractured
surface of the MDS specimen deformed at impact velocity V, = 165.8 nvs. The three typical mor-
phologies of fracture surfaces can be observed in those figures. In Fig. 43, a small magnification,
tongues of highly smeared material are identifiable. The borders of those tongues are marked by
the bnghter lines. The distances between the borders of tongues diminishes when the impact
velocity is increased. In Fig. 4, a larger degree of magnification, the border of the smeared and
dimpled zones are clearly visible. Fig. 45 shows the border between smeared and dimpled parts.
The end of the tongue is covered with knobbies, which are charactenized by spheroidized surface
debris, apparently from a high temperature, close to the melting point [42]. This is probably a
separated white band with a very fine microcrystalline stucture, this microstructure is partally
visible in the bottom of Fig. 45. The area in the upper side of the tongue. the same magnificadon as
in Fig. 45, is shown in Fig. 46. This figure shows clearly identifiable elongated microvoids of
diameter from | pmto 3 um. The white spots visible in most of fractograms are probably debris of
tetion dispersed after impact.

Another series of SEM micrograph examinations was performed for the MDS specimen loa-
ded with the impact velocity V, = T1.9 nrvs. Again three typical morphologies of fracture surface
can be identified. Fig. 47 shows the end of the tongue with the white border line. The magnified
Cart of the border region is shown in Fig. 48. At the left bottom the tongue is covered with
knobbles. at the nght upper par: the dimples are clearly vasible. The central area of the tongue with
the same magnificanon as the mucrograph of Fig. 48 is shown in Fig. 49. This micrograph
stongly indicates for ar 2xistence of a very high temperature in this region. The quasi-dimples are
completeiy spheroidized and it indicates a viscous separaton of surfaces.

The SEM examination of specimen surfaces produced at impact velocites 160 m/s and 72

Vs clearly revealed patches of elongated microvoids (Figs. 46 and 48). It is presumed that auclea-
tion and coalescence of mucrovoids is the poimary tuechanism of the surface separation. Exisience
of tongues and knibbled surfaces indicate for an existence cf high local temperature (close to the
melting point) and severe sliding. Those i zions may be much softer, and production of tongues
can be explained by a local displacement of a soft maserial by sliding surfaces. When thickness of a
sliding microlayer is sufficiendy large 2 wngue is formed and the vicinities retain its dimpled struc-
ture. Separanon of tongue regions occurs with presence of very high semperature, for exampie Fig.
49. Prelimunary analyses indicate for an relation beiween the mean tongue size and velocity of




- 36 -
sliding. The proportion between knobbly and dimpled surfaces mav depend on specimen geome-
ov and loading conditions.

Present SEM fractographic study shows some similarities with results for VAR4340 steel
(HRC40) reported in [63]. A further study is nesded to define correlation between morphologies of

micrographs and impact veiocites.

Discussion and conclusions

This study has raised some points for further studies in the area of ASB's and fracture
dyvnamics.

There is general agreement that the crirical instability strain is related to the zero hardening
condition. dz/dl" = 0. of the zdiabatic stress-strain curve. The post instability behavior is much
more complex. In addidon to maierial behavior. inidal and boundary conditions could play decisive
role in development and formation of ASB's and also fracture. The steady-state solutions, like the
numerical one reportad in this report, or analyvrcal ones, are very useful 100ls in ASB studies, they
¢an depict the late stage morpnology during ASB development as a funcdon of initial and boundary
conditions. However. those solutions neglect stess concenmators which are always present in real
situations including experiment. It has been shown in this study that the soess concentrators
inverse the post iccalization behavior as a funcion of the nominal strain rate. To study further
those effects a variety of experimental techniquas must be appiied with well specified inidal and
poundary conditions. The next inevitable step is a superposition of fracture dvnamics on ASB
morphology. Comparison of all available approaches for the same or similar materials may provide
a dara base on development and formation of ASB's.

It may be argued that in order to compare the susceptibility to adiabatic shear in different
conditions, that is in presence of different saess concentrators, it is necessary to define the defect
that initiates the localised ASB. It was suggested in (6] that the defect, or stress concentrator,
must be scaled in an appropriate way to the homogeneous response in the onset of ASB.

The new experimental technique developed during this project permits for shear testing at
large strains within a wide range of the nominal strain rates, from quasi-static up to 5 x 104 s-1,
The local strain rates during localization must be much higher. The configuration of impact experi-
ment with MDS specimen and direct optical measurement of displacement permits for sufficient
flexibility to change the notch geomerwry. The limiting case is t0 apply MDS specimen with symme-
tric fatigue cracks to study Mode II fracture under impact condidons. A general study of Mode II,
quasi-static loading and dynamics, has been recently completed as the Appendix N° 1 to this
Report, [4]. Dynamic plasticity has been included in this Mode II study. Alsc differen® notch

geometries could be applied to vary stress concentrators.
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The most important finding of this study is confirmation of the existence of the critical impact
velocity in shear deformation. This velocity is around 100 m/s for the mild steel XC18 and above
160 m/s for VAR4340 steel (HRC 52). The experimental technique with MDS specimens permits
for stll higher impact velocities to be tested.

Another important area in studying ASB's is post factum metallographic exarination of frac-
ture surfaces. In the present study the SEM has been applied for both steels studied (XC18 and
VAR4340 - HRC52). The mild steel XC18 showed large str: ins before the onset of instability. But
those large strains were substantially reduced at impact velocity ~ 100 my/s. In the case of this steel
a substantial adiabatic increase of temperature occurs not only during localization but tefore. On
the contrary, in the case of VAR4340 the temperature increase prior to the onset of instability is not
high, but during an abrupt localization the melting point can be reached in rubing islands, Fig. 49.
The morphology of fracture and shearing velocity should be studied further, using perhaps an
irnage analysis.

Although considercbly more evidence must be gathered for other materials and other defec:
geometries, this study has revealed that the very important parameter in studying ASB's is the
impact velocity.
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Figures
Fig. 1 a. Gradient of iemperature (dT/dx) as a function of log Iy for L =2.0 mm ; 1-mild steel,

2-aluminum, 3-coppar ;
b. Values of  as a function of log I’y ; L = 2.0 m, maximum of  defines transidon

(Tn)zr

Fig. 2 Critcal values of shear swain rates (I'y)e; as a funcdon of wbe length L ; + - copper,
* - aluminum, o - steel.

Fig. 3 Nominal values of instability strain I'¢ and localization strain I' oc as a function of the

nominal strain rate I'; = V/h, numerical simulation for XC18 steel.

Fig. 4 Nominal values of instability strain I'c in expanded scale as a function of the nominal
strain rate I'=. numerical simuiation for XC18 steel.

The rato of [, T oc s a function of log I'y. numerical simulation for XC18 steel.

&y
(!Q
wn

Fig. 6 Localization of shear strain at different levels of the nominal sgain I at I = 10° s-i.

Fig. 7 Localizacon of :amperature at different levels of the nominal stwain [pat Ty = 103 7.

Fig. 8 Evolution of srain gradients gr (v) at the same levels of the nomina! strain as indicated in
Fig. 6. nominai sran rate [ = 103 574,

Fig. 9 Evoiution of scain gradients in the half-thickness of the laver at {; = 10% s°i and diife-
ren levels of nominal sgan [ o dashed line shows the asymptotc procedure in finding
the ASB @ic aess.

Fig. 10 Evoluucn of the ASB band :nickness as a funcoon of the norunal sain rate ; 0 - analysis
Sasec on szaw Fradizals ;- - analysis dased on temperature gradients.

Py

New configuranon of expenimental setup developed in LPMM-Mez : P - projectile :
S - doubie shear specimen . L - source of iight: i.2.3 - fiber opuis . F - photodiodes :
TC.. TCZ - ume counters . E - opucal extensomezer : T; - stain resistance gage : S - DC
suppiv umit: Al - amphuier : DO - digiai osciiloscope : PC - personai computer ; R - XY
feCOTSer Of grapghi phinter.

4L
"

Fig. 12 Oscilogram from the st of XCi8 steel at impact veiocity V, = 35.08 av's ; upper trace is
tae signai from 3R station T : lower trace is the disgiasemen: signal from the optical
extensometes.

Fig. 13 Oscillogram from the test of VAR 4340 stee! at impac: velocity V, = 160 nvs | the upper
trace is the signal from SR station T1, the lower race is the displacement signal from the
opacal exwensometer.

Fig. 14 Deuaiis of the Hopkinsen tube .
a. the face at which pressure is applied - shadowed surface suppor's MDS specimen
taxbd:
b. dirmensions and dis:ances used in FE caicuiagons x- = 905 mm ;x> = 170.5 mm.
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Initial conditions of pressure on the surface 2 (a x b) as siiown in Fig. 14 ; wrapezoid
pulses with different times t,, t, and t, as shown at the bottom.

Results of FE calculations € (t) for x; = 90.5 mm, case N° 1 of Fig. 14, solid and br¢
ken lines are respecdvely for external and internal surface of the mbe ; a - plane parallel tc
the MDS specimen ; b - perpendicular plane.

Results of FE calculations € (t) for xa = 17C.5 mm, case N° 1 of Fig. 14, solid and bro-
ken lines are respectively for external and intemnal surtace of the be ; a - plane parallel to
the MDS specimen ; b - perpendicular case.

Results of FE calculations € (t) for x; = 90.5 mun, -ase N° 4 of Fig. 14.

Results of FE calculations & (t) for x; = 170.5 mm, case N° 4 of Fig. 14.

Two specimens with modified geometries for Jouble shear tests ; a - geometry initially
assumed after modifications with respect tc: {48) ; b - perfected geometry with enlarged
supports.

Distribution of shear stresses in MDS sp~cimen zfter nominal shear strain: (a) [ =2.5 x
10-3; (b) T =0.30.

Distribution of the shear sain component in MIDS specimen after nominal shear strain :
(@) =235x107%:(b) I =050

Rig for deformation of MDS specimens at lifferent strain rates, from 10 s+ to 109 s°1,
using a fast closed-loop testine machine ; MDS specimen is shadowed.

-

Values of the nominal shear strain rate T as a function of gage length I for rwo axial
velocities V, 20 mv/s and 1 Q m's : CF - gage lengths used in (48] ; JRK - gage length I,
= 2.0 mm used ia MDS specimen.

Vanation of upper vield stress t, in shear with logarithm of srain rate, log I', MDS spe-
cumen.

Upper vield swess t, versus shear :tmain rate [ in linear scale o I

Vaniation of lower yield stress ty; in shear with logarithm of shear strain rate, log -
MDS specimen : - - experimental points from ref. [48).

Companrison of results for lower yield stress ty) for XC18 stee! of Moudified Double shear
(=), and incitned impact (0) for pure iroa, [15].

Upper vield stress t, versus shear strain rate [ in linear scale, XC18 steel, MDS speci-
men ; broken line shows the best linear fit.

Lower yield saress <, versus shear strain rate I in linear scale ; XC18 steel, MDS speci-
men ; broken line shows the best linear fit.

Shear strains of localization verses log [" : XC18 steel, MDS specimen ; circles denote
mean valves.
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Total fracturing energy for MDS specimens as a function of log I, range of high strain
rates, steel XCl18.

Fracturing energy for "hat” speciments as a function of log I, results from (58] re-analy-
sed for two carbon steels.

Fracture strain as a function of strain rate for 93% W alloy, after [59].

SEM micrograph of transition region from smeared shiny surface to microvoid separa-
tion, steel XC18, V4 = 100 mys.

S£M micrograph of smeared shiny surface, steel XC18, V, = 100 my/s.

SEM micrograph of region of heavily elongated dimples with traces of cleavage, steel
XC18, Vo = 100 m/s.

SEM micrograph showing magnified part of Fig. 37, steel XC18, V, = 100 m/s.

Csdcal shear swesses 7.. for VAR 4340 ste2l versus log I ; a - data from individual MDS
t2sts . b - mean vaiues.

Crdical shear swresses T for VAR 4340 stee] versus linear scale of [ ; a - dara from indi-
vidual tests ; b - mean values.

Results for VAR 4320 stes! indicating approximadon by rate sensicvity B, eq. (63).
Resuits for VAR 2320 steel showing approximation by pseudo-viscosity N, eq. (64).
SEM micrograph of fracture swrrace, MDS specimen Vo = 163.8 nvs.

SEM micragraph of fracture surface with higher magnification, Vo = 163.8 mvs.

SEM micrograpn of fracture surtace, end of toague, V, = 163.8 mvs.

SEM mucrogranh of Taciwre surface, dimpled region, V, = 1658 mus.

SEM mucrograph of fracture surface. region of tongue, impact velotity V, = 71.9 mys.
SEM mucrograpn of fTacture surface, end of tongue, V', = 71.9 nvs.

SEM micrograph of fracure surface, ceacal part of the tongue in Fig. 47. Vo = 1.9 ms.
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