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Extended abstract

An investigation was conducted into the effect of the imposed velocities, including
impact up to 120 m/s, on adiabatic shear band (ASB) formation and failure for VAR 4340
steel, 52 HRC. Experiments on impact shearing have been performed on four specimen
geometries with different stress concentrators, from standard geometry to a sharp notch.
Each geometry was tested within a wide range of imposed velocities, from 2*10-6 m/s to
120 mV/s, increased by 19 steps. To cover the whole rate spectrum a fast hydraulic testing
machine was applied up to Vj = 2,5 m/s, at higher velocities a relatively new experimental
technique was used. This technique is based on direct impact of a projectile on the double
shear specimen, [1, 4].

For all four geometries a series of curves has been produced in the form of shear
stress T versus the nominal strain I'y. The characteristic points of those curves, like the
instability strain I'yc and the final localization strain I'y at failure have been found. A
threshold has been identified for all four geometries between isothermal and adiabatic
reaction to the imposed velocity. At velocities higher than Vi = 0,02 m/s (I'y = 10 sDha
substantial drop of the instability strain had occured. This leads at higher velocities to
even more pronounced drop of the failure energy for all four geometries studied. The
stress concentrators act as the starters to failure.

Preliminary FE simulations performed for two different notch geometries with a
complete thermal coupling, that is that the plastic work produces an increase of the local
temperature and the thermal diffusion produces thermal sinks, have confirmed the
experimental observations. Around the notch tips a zone of large plastic deformations and
high temperatures are formed very rapidly.

Finally, an extensive FE study has been completed for VAR 4340 steel, 52 HRC, on
plastic instability by wave trapping, [11, 12]. It has been found that the Critical Impact
Velocity (CIV) in shear can be precisely estimated from a FE technique. Transition from
quasi-static instability with thermal coupling to the CIV in shear is the PROCESS with
almost instantaneous drop of the failure energy when the CIV is exceeded. A good
correlation was found between the CIV values found by the FE code and experiment.

List of Keywords:  Adiabatic shear bands
High strength steels
VAR 4340 steel
Shear test
Dynamic plasticity

Shear fracture
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Introduction and objectives

The main purpose of the first year of this research program was to gain more
information on the effect of stress concentrators and rate effects in formation of adiabatic
shear bands (ASB) and fracture. In pursuit of these goals, experimental studies on the
effect of stress concentrators and impact velocities have been undertaken. The material
tested was VAR 4340 steel, ~ 52 HRC. On the other hand numerical calculations with
more realistic boundary conditions have been performed.

The main purpose was to investigate the discrepancy between numerical calculations
and experimental results reported in [1] for 1018 annealed steel (0.18%C) and VAR 4340
steel. A finite difference computer program has been put into operation in LPMM-Metz
around 1988, [2]. Recent version of this program has been modified in comparison to
that used in [2] into two directions [3]. The geometry of the deformed layer was assumed
the same as for the experiment, [4], and the number of elementary sublayers was
increased to 100. The results of those calculations for 1018 steel are shown in Fig. 1 and
Fig. 2. It is clear from those figures that both, the nominal shear strain defined as
I, = Ax/h,, where Ax is the shear displacement and A, is the height of the layer, and
temperatures outside and inside of the ASB, increase when the nominal strain rate
I', =V / h, increases.

This result is logical for the steady state development of the ASB when the initial
conditions of the imposed velocity are not precisely defined. In other words, the imposed
velocity V, on the top of the layer already has its prescribed value without clear
specification how this value has been reached. As it was concluded in [1] and [2], at high
nominal strain rates the local inertia and rate sensitivity substantially delay the final stages
of localization.

A series of experiments performed for 1018 steel (XC18 French Standards) with the
direct impact on the Modified Double Shear (MDS) specimen [4], at impact velocities
30m/s <V <100m/s (nominal strain rates 1.5%10* s' <I"<5%10* s™) has revealed
a substantial differences between experimental results and numerical steady state
calculations. Those experimental results are reproduced in Fig. 3. Wiiuin the region of
lower nominal strain rates the trend is similar as it was predicted by the numerics, that is
the nominal strain at the end of localization increases when the strain rate is increased, but

at higher strain rates, or impact velocities, a substantial drop of the localization strain
(fracture strain) occurs. For example, estimated mean value of the fracture strain I‘nf from

five tests performed at I'=1.5%10%s™" is T, =2.95 and the mean value of three tests at

I'=5%10*s™ is I, = 1.31. Thus, this result is in complete contradiction to the numerical
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results of Fig. 1 where the stabilization effects at increasing strain rates are quite clear. In
conclusion, it is easier to develop ASBs and fracture in real parts (specimen) at increased
impact velocities. This effect has been confirmed for 1018 steel by evaluation of the total
energy to fracture of MDS specimens, the result is shown in Fig. 4 after [1]. The drop of
energy as a function of I is less intense as compared to I",,f(log f‘), mostly due to very

high positive rate sensitivity of 1018 steel. Nevertheless, the mean value of the energy to
fracture is reduced about twice for two impact velocities, 30 m/s and 100 m/s. Similar
results were also reported in [1] for a limited series of tests on VAR 4340 steel.

A fundamental question arises why in the case of steady shearing an increase of
calculated critical strains clearly occurs at strain rates higher than 10°s™ and in the case of
direct loading at different velocities with the MDS technique, [4], both critical strains and
fracture energy strongly diminishes with the nominal strain rate. It is of practical interest
to study further this fundamental discrepancy, experimentally and by numerical analyses.

In order to clarify the problems rised, the effect of the MDS geometry, more
specifically the existing stress concentrators, was one of the objectives of this study. The
Finite Elements (FE) calculations for the MDS specimen reported in [1] have shown
existence of the stress concentrators around the corners present in the standard geometry.
The numerical calculations for the 1018 steel were performed for the uniform layer with a
small geometry imperfection, [2, 3].

To study further the effect of stress concentrators at different loading rates on
formation of the ASBs four different specimen geometries were tested with increasing
stress gradients.

The second specific objective involving a more realistic initial conditions imposed
during experiments on the MDS specimen, was to clarify the effects of plastic waves,
more specifically existence of the Critical Impact Velocity (CIV) in shear [5, 6, 71. The
FE technique has been applied for this purpose.




Experimental technique of direct impact
on Modified Double Shear specimen

This relatively new experimental technique, which has been described with details in
[4], is now operational in LPMM-Metz. Such technique has been already applied for
1018 steel, also a limited series of tests was performed on VAR 4340 steel (~52 HRC),
[1]. Because the theory and details of this experimental technique is given elsewhere [4],
here only a brief description is offered. Fig. 5 shows the principles.

The MDS specimen with its new geometry, which prevents plastic deformation and
rotation of the supports, has been discussed in [1]. The deformed layer of the MDS
specimen has 2 mm and it initially assures the uniform deformation over the gage length
at low nominal strain rates. The MDS specimens are loaded by direct impact using a bar
projectile, as it is shown in Fig. 5. The scheme of loading by direct impact permits for
greater flexibility in programming of the nominal strain rate in shear, simply by changing
the impact velocity. The rise-time with this type of loading is practically eliminated in

comparison, for example, to SHTB technique. The flat-ended projectiles of different
lengths, and diameter d, =10 mm, are launched from an air gun with predetermined

velocities V; 1 m/s<V, <200 m/s. The impact velocity V. is measured by three

sources of light 1, fiber optics 3, three independent photodiodes 2 and two time counters
4. Axial displacement U () of the central part of the MDS specimen is measured as a
function of time by an optical, non-contact, displacement transducer 8. In addition, the
axial displacement of the specimen-projectile contact is measured at the same time by the
second channel of the optical transducer 8. The optical transducer reacts to the axial
movements of a small black and white target cemented to the central part of the MDS
specimen, channel 1. Since the impact end of the projectile is black, the displacement of
the contact between the projectile and MDS specimen is measured in the same way,
channel 2.

The axial force transmitted by the specimen symmetric supports can be determined as a
function of time from the transmitted longitudinal elastic wave £,(¢) measured by strain
gages 7, DC supply units 11 and amplifier 10. All electric signals, that is voltages &
displacement V (¢) and V. (¢) and transmitted wave &£,(t) are recorded by a digital
osciloscope 12 and stored later in the computer hard disc 13 for further analyses. After
analyses of the recorded signals and elimination of time, a force-displacement curve can
be constructed for the MDS specimen and 7(I") and f(l“) finally determined, where 7
and I are respectively the shear stress and shear strain, ¢ is time and I'=al'/dt. The
complete theory of this test is published elsewhere, [4].

6




The experimental technique based on the MDS specimen and direct impact has
appeared to be quite effective for materials testing at high strain rates in shear,
10%s™ <T'<10°s™. Typical oscillogram of such test is shown in Fig. 6. The MDS
specimen made of VAR 4340 steel, ~52 HRC (standard geometry) was loaded by
projectile Lp =200 mm at impact velocity V.=72.3 m/s. The two channel digital
oscilloscope with the sampling rate 1 GHz was triggered by the signal from the optical
transducer, channel 1. It is visible that the velocity of the central part of the MDS

specimen is almost constant, no vibrations are present. The theoretical time of contact is
t,=2L,/ C, where C, is the elastic wave speed in bar, C,~5.0 mm/us, finally

t. =80 us, the time interval much longer in comparison to the rupture time of this
specimen ¢, =14.0 us. The transmitted wave is recorded by channel 2. The delay to
propagate the elastic longitudinal wave in the Hopkinson tube, from specimen to the
strain gage is ¢, =37.2 ps. A special computer program has been developed to analyse

the oscillograms and to determine 7(I") and f(l“) curves.

Experiments on MDS Specimen With Different
Stress Concentrators, VAR 4340 Steel

The main interest was to study further the effect of stress concentrators on formation
of ASBs at different rates of loading. The external geometry of the MDS specimen was
kept unchanged and only the shear parts were modified. Four geometries were applied as
it is shown in Fig. 7, that is the standard geometry, Fig. 7a, the U-geometry, Fig. 7b, the
V-geometry, Fig. 7c and the fine notch geometry, Fig. 7d. The ligament a as well as the
thickness b were the same for all geometries, a =5 mm, b= 6.0 mm, with exception of
the fine notch geometry with a = 5.5 mm. Dimension of this notch, cut by the electro-
sparking technique, was ~0.2 mm. The specimens were cut from the second part of the
cross-rolled plate of VAR 4340 steel supplied earlier by the ARO-Watertown. The first
part was used for a preliminary series of tests reported in [1]. The chemical composition

of this plate was :
C-0.42 (wt. %)

- W-174
Cr-0.89
Mn—-0.46
Si—0.28
$—-0.001
P-0.009




All together 91 MDS specimens were produced. Dimensions of specimen for each series, .
from A to D, geometries from standard to fine notch (Figs. from 7a to 7d), are given in
Tables from 1 to 4. All specimens were thermally treated : austenitization 1 hour 925°C
and oil quenched, re-austenitized 15 min at 845°C and oil quenched, finally tempered at
200°C - 2 hours. After such thermal treatment the Rockwell Hardness was 52-53 HRC.
The MDS specimens of all four geometries, from A to D, were tested at wide range of

the nominal strain rates, from 5¥10™*s™ to ~3*10*s™". Two types of loading were
applied. In order to perform quasi-static tests and also tests with higher strain rates, of the
order of 10°s™, a special loading device has been used, [1]. This device is equipped with
own measuring systems. The axial force is measured by SR-gages and a signal
conditioner, displacement is determined by two precise LVDTs and amplifier. The device
was used together with a fast, hydraulic, closed loop, universal testing machine available
in LPMM. The signals F(t), that is the force, and LVDT displacement &,(¢), 6,(¢) were
recorded by a digital oscilloscope and next stored in a PC hard disk for further analyses.

After such tests the shear stress and shear strain can be obtained as a function of time.
After elimination of time the T(I",,) curves can be determined, [1]. The second type of

loading was by direct impact, the experimental technique is shown in Fig. 5. The

following characteristic points have been determined from all quasi-static and dynamic
tests: the maximum shear stress 7,, and the nominal strain T’ at this maximum, the

rupture shear stress 7, and the nominal strain T', at this stress. For each nominal strain
rate two tests were performed and shear strain T vs the nominal shear strain I';, were
found. In addition the strain rate history, I'(l’"),‘was also found. Typical results for the

standard MDS geometry are shown in Fig. 8 and Fig. 9. Fig. 8 shows the test results at
low strain rate, the mean value I' = 5*107s™. The dotted curve shows the current strain
rate during the test. Fig. 9 shows the tests result at high strain rate I =2.8%10*s™,
obtained with the technique of direct impact, [4]. Comparison of those curves indicates
for the relatively reduced rate sensitivity of the yield and flow stress. On the other hand,
at the high strain rate, the plasticity is substantially reduced and a quasi-brittle behavior
dominates. Of course, this is caused by adiabatic coupling and stress concentrations
around the corners of the standard MPD geometry, [1]. This behavior indicates that the
specimens of the VAR 4340 steel of this series are overall more brittle in comparison to
the preliminary series of tests reported in [1].

The final results for all four specimen geometries, from A'to D, and for all spectrum of

strain rates, are reported in tables from Tab. 5 to Tab. 8. The following quantities have
been determined for each test: the mean strain rate I [1/s], the imposed velocity V; [m/s],

the maximum shear stress 7, [MPa], the shear strain at 7, thatis I, the rupture stress
7, and the shear strain at 7_, that is T',. All test results are also shown in the form of
graphs from Fig. 10 to Fig. 13, respectively for the standard, "U", "V" and "fine-notch” -
geometries. The last one is called "S"-geometry.
8
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Because of reduced plasticity the rate sensitivity of shear stress is also reduced, which
is visible in Fig. 10 for the standard geometry. The mean values of the rupture stress is

from 600 MPa at low strain rates to 900 MPa at strain rate ~5*10*s™. The mean rupture
strain I', increases within the region of smaller strain rates from ~0.018 at [=6%107"

up to 7,~0.03 at I'=1.0s", and next diminishes substantially to the level ~0.01 at

I"=10%s™". This effect is due to occurrence of adiabatic heating and formation of ASBs.
It must be mentioned, however, that overall the fracture behavior dominates at this level
of hardness (52 +53 HRC). A similar behavior is found for the U-geometry, Fig. 11.
But the transition from isothermal to adiabatic regimes at I'=1.0s™ is more abrupt.

Geometries V and S (fine notch) behave as almost brittle, and the transition from
isothermal to adiabatic regimes are bearly visible. The mean value of fracture stress is
about 800 MPa for both cases. Reduced volumes of plastic zones around the notch tips
reduce the nominal fracture deformation determined at low strain rates by LVTDs. In
conclusion, at this level of hardness the level of brittleness obscures the typical behavior
caused by thermally-coupled plasticity. It is well known that stress concentrators supress
the volume of plastic zones. The smallest volume occurs for an ideal sharp crack in
MODE II, for example [8].

The transition from isothermal to adiabatic regimes of fracturing is more clear when
the plastic energy to fracture is analysed as a function of the logarithm of strain rate.
Figures from Fig. 14 to Fig. 17 show the plastic fracture energies respectively for the test
series from A to D. Within the domain of small strain rates the energy increases at
increasing strain rates, this is the case of standard and U-geometries. The maximum level
is about 18 MJ to 19 MIJ for the standard and U-geometries. The transition to the
adiabatic regime is more abrupt for the U-geometry and at high strain rates the plastic
energy to fracture is almost zero. Such behavior is caused rather by stress concentrators
and a local adiabatic instability, and not by, for example, the CIV in shear, usually,
observed for a more ductile metal. The stress concentrators trigger fracture-like processes
at loading rates lower than the CIV in shear. Behavior of V- and S-geometries is similar.
At low strain rates the mean plastic energy to fracture is around 5 MJ for both geometries,
V and S (test series C and D). At high strain rates the energies drop again to a very low
level.

The energy analyses resemble very closely the ductile-brittle transition observed in
fracture mechanics for an isokited crack when the loading rates are increased from quasi-
static to impact. Such behavior was reported in [9] for 1045 steel.

A general conclusion emerging after all series of tests on VAR 4340 steel (52-53
HRC) with different stress concentrators is that at high loading rates this steel is much
more prone to fracture than in the quasi-static conditions. Relatively high hardness
reduces substantially the plasticity and behavior is closer to fracture mechanics with an

adiabatic process zone, for example [10]. This behavior contrasts with previous
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preliminary experiments on VAR 4340 steel, with a slightly reduced hardness
(50 +52 HRC), reported in [1]. In this later case a high rate sensitivity of the maximum
shear stress was observed and the CIV in shear has been determined around 130 m/s. On
the other hand, a relatively small variations of hardness can change behavior of the

standard MDS specimen and perhaps, as well, the role of stress concentrators.
Preliminary FE Analysis of the "U" and "V" Geometries *

The three-dimensionnal FE analyses presented here model both the spatial distribution

of strain and temperature in MDS specimens with "U" and "V" geometries. Analyses
were performed for five levels of the nominal strain, that is T, =Ax/h, with

h,=2.0mm: I, =0.04 ; 0.08 ; 0.12 ; 0.16 and 0.20. The analyses were repeated for
three nominal strain rates I'=V,/h,, that is T, =0.1s";10.0 s" and 1000 s™. The

nominal strain rates were obtained with the following imposed velocities:
V;=2*%10"* m/s; 2*10” m/s and 2.0 m/s. Constitutive relation used in those

preliminary analyses was assumed as follows
]
o= ooe;[1+B(T)éA’(T)] (D

where 0, is the quasi-static yield stress in tension-compression, n is the strain hardening
exponent, Bandp are two material constants which are temperature dependent.
Normally B(T') is an increasing function of the absolute temperature T and p(T) is
decreasing when temperature increases. That means that the rate sensitivity
m(T)=1/ p(T) is an increasing function of temperature. The constants were fitted to
model VAR 4340 steel. The isotropic Huber-Mises flow rule has been assumed in
calculations. The problem was treated with the heat conduction. The final deformation
and temperature fields for T, =0.20 are shown for the U-geometry in figures from Fig.
18 to Fig. 20. The results for the same conditions and for V-geometry are shown in
figures from Fig. 21 to Fig. 23. In every case Fig. (a) shows the deformation field (the
shear component) and Fig. (b) the temperature field in Kelvins. The figures are referred
to the symmetry plane of the specimen.

Concerning the U-geometry the deformation fields are quite similar for three strain
rates studied, but the temperature fields show substantial differences. At the highest strain
rate (I"n =10’ s‘l) the highest mean increase of the temperature in the central part of the

* These numerical analyses were performed by Dr O. Oussouaddi.
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cross section is A" = 73.5 K. The temperature increments at lower strain rates are much
smaller.

Concerning the V-geometry the deformation fields are concentrated near the vicinity of
the notch tip. The maximum shear deformations are locally much higher as compared to
the U-geometry. At the highest strain rate (f‘n =10° s") the highest increases of

temperature are in the vicinity of the notch tip. The increment is substantial, AT =375K.
It is expected in conclusion that behavior of the V-notched MDS specimens should be
different in comparison to the U-geometry specimens. This preliminary numerical
analysis confirms the differences observed in experiments in transition from the
isothermal to adiabatic regimes of deformation for both geometries. The summary of the
FE results is shown in Fig. 24 for the U-geometry and in Fig. 25 for the V-geometry.
The evolution of maximum values of shear strain and temperature as a function of the
nominal strain T, = Ax/h_ confirms the physical intuition, the U-geometry produces
much lower strain concentrations and consequently the temperature increments are lower.
At higher strain rates the distribution of shear strain is more uniform (the maximum of
local strains are lower). On the contrary, the V-geometry produces high local
deformations and temperatures in the vicinity of the notch tip and consequently very high
gradients of strain and temperatures occur in the shear plane. The instantaneous increase
of strain and temperature near the vicinity of the V-notch accelerates the reduction of
energy expended for fracture via the local formation of an ASB.

FE Analysis of the Critical Impact Velocity in Shear, Technical Details

‘A fundamental study has been undertaken to analyse numerically the main factors
which trigger the Critical Impact Velocity (CIV) in shear. The study is focussed on VAR
4340 steel, 50-52 HRC, which exhibits limited plasticity. Occurrence of the CIV in shear
for this steel has been confirmed experimentally, [1]. Since the analyses based on the
concept of the steady-state shearing, [2, 3], do not provide complete information on
instability and localization processes when the initial boundary conditions are more
realistic, it was decided to define precisely how the velocity is imposed at the begining of
the shearing. Thus, to assure occurrerice of strain gradients and instabilities caused by
inertia, the elastic-plastic wave propagation in shear has been accounted for in the FE
analysis.

Finally, the geometry of the deformed layer was assumed the same as previously
studied by the steady-state approach, [3]. The layer had a sinusoidal imperfection of

11




geometry 1% along the height s, =2.0 mm of the layer. The height is exactly the same

as in the MDS geometry.

A very detailed description of the whole project is attached to this Report in the form
of Appendix N°1, [11]. An improved version of this study, with more data, can also be
found in [12]. Here only the main results are provided.

The infinite layer analysed, depicted in Fig. 26, was charged on the top by the
imposed velocity V. with a specific rise-time. The bottom was completely fixed. In fact,
only a part of the infinite layer was modeled, that is 0.5 mm along the direction of impact
(x-direction). The geometry imperfection was assumed in the form of sinusoid

- inf X o112
a)(y)—a)0|:1+5ms1n(2 2Hh)] 2)

where &, =0.005 is the geometry parameter, and @, is the mean width of the layer, Fig.

26, [3, 11]. All numerical analyses were performed by the FE codes ABAQUS/Standard
and ABAQUS/Explicit. The technical details of the FE calculations are given in the
Appendix 1 to this Report, [11]. The state of plane strain of the layer was assumed in all
calculations. Taking into account the fact of two expected shearing modes; that is "quasi-
static" with the strain localization in the middle and "dynamic" with localization at the top,
two kinds of meshing were used for 2D simulations, Fig. 27 and Fig. 28. Similar

meshes for the 3D simulations, but with smaller number of elements, are given in [11].
Comparison of numerical results for V, =20 m/s obtained in the form of fA(F") at

y =0 (top of the layer), where 7, is the shear stress determined at y=0, and T, is
defined as T, =V, / h,, gave a good agreement between two models, [11].
Depending on the imposed velocity V, at y=0, the problem was considered either

H

with heat conduction or adiabatic. In the analysis with the heat conduction (fully coupled
temperature problem) the inertia effects are neglected (no plastic waves). On the other

hand, the analyses with wave effects are assumed adiabatic.
The principal parameter in this study is the imposed velocity V; at y=0. The velocity
V. was increased by 8 steps from V,=2*10" m/s (fn = 10'25']) up to 160 m/s

H

(fn =8*10* s'l), more details are given in [11]. A more advanced analysis with 17 steps

and application of the ABAQUS/Explicit scheme is reported in [12]. » ,

Shear velocity V,(r) at y=0 was applied in the specific way from value of zero to
maximum V,_ . The total rise-time ¢, was chosen according to the Gaussian cumulative
distribution function. The mathematical form of the rise-time function is given by the

following equation
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with ¢, =0. Schematic representation of the rise-time function is shown in Fig. 29.
Values of the rise-time were assumed as follows : #, =107s for V<1m/s, t, =10"s
for Im/s<V,<20m/s and ¢, =107"s for ¥, 220 m/s. Values of constants in eq. (3)
are m=0.5 and 0=0.125.

In the FE codes available on the market the constitutive relations are usually quite
simple and not specifically tailored to particular problems. All problems of plastic
instabilities including thermal coupling must be analysed with a precise and reliable
constitutive relation or relations. A model chosen reflects later the results. In order to
approximate adiabatic instabilities, localization and wave effects, constitutive relations
must include strain hardening, rate sensitivity and temperature sensitivity of the flow
stress within a wide range of strains, strain rates and temperatures. After careful analyses
of experimental data available in the open literature for VAR 4340 steel, ~ 52 HRC, the

following explicit form of the constitutive relation has been worked out

-V . m
T= ?{B[le (Fo + I“p)n + 10(1 - %log%J } 4)

where B, l,, V, n, m are respectively, the modulus of plasticity, the shear modulus at
T =300 K, the temperature index, the strain hardening exponent and the logarithmic rate
sensitivity, T, T, ,I" and D are normalization constants. The temperature change of the

shear modulus is given by

W(T) = po(1= AT *~CT **) ; T*=T-300 )

where A and B are constants, and 7% =7T-300 K is the modified temperature. In
principle, this version of constitutive equations can be applied at RT and temperatures
above 300 K.

At the begining a simplified version of the constitutive relation (4) was used in the
prelizniinary FE calculations. In this approach the strain hardening exponent n was
assumed as a constant. It appeared that the process of localization is unrealistically
extended into large strains because of a strong parabolic hardening. It is known,
however, that the rate of strain hardening in steels is temperature dependent and it
diminishes with an increase of temperature [13]. In the second approach n was assumed

as a linearly decreasing function of the homologous temperature, [13]
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nT)= no[l - 'T—) (6

m

where n, is the strain hardening exponent at 7=300 K, and T, is the melting point.

This modification was found essential for VAR 4340 steel.

The structure of the constitutive relation, eq. (4), has some elements based on the
materials science approach. First of all the level of stress is normalised by u(7T)/ i,
which takes into account the thermal softening of the crystalline lattice. The first
expression in the brackets is simply the internal stress and the second one is the rate and
temperature-dependent effective stress, [14].

The procedure of how the constitutive relations have been developed is described with
details in Appendix 1 to this Report, [11]. In order to better illustrate the constitutive
relation used, the constitutive surface is presented in Fig. 30 in 3D as the shear yield
stress in function of absolute temperature and logarithm of shear strain rate.

Total number of constants in eqs (4), (5) and (6) is 12 and they are given in [11].
Majority of results of numerical simulations were obtained with the modified version of
the constitutive relation with n(T), however, some results with the constant value of #
were also produced, mainly, in order to make comparison of the FE results where both
relations are used. Complete FE results are reported elsewhere [11] in this Report only

the most important results are discussed. It should be noted that modification of the
constitutive relation by n(7T) changes only certain temperature-dependent terms in eq.

(4), for instance both constitutive relations have identical strain rate sensitivity.

The FE calculations have been carried out with the thermal coupling. Since a large part
of the plastic work is converted into heat the temperature of a material increases when
plastic deformation advances. The balance of energy with the heat conduction leads to

the following relation

2
ar C&T l&T

.37—8‘;=P Vo o (N

where y is the axis of the heat conduction, f is the coefficient of energy conversion,
[11], p, C, and A are respectively the mass density, the specific heat and the heat
conductivity (Fourier constant). When thé process is entirely adiabatic, A =0, (no heat
conduction) the heating is uniform in an elementary volume. All material constants, the
total is 5, are given in Appendix 1 to this Report, [11].

The thermal characteristics which are discussed above permit for numerical
simulations of all temperature-coupled problems as purely adiabatic as well as with the
heat conduction. The code ABAQUS includes those thermal-coupling problems in the FE
procedures.
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Results of the FE Simulations

This part of the Report presents the final results obtained from the ABAQUS
simulations. The final results reported here were obtained with the ABAQUS/Explicit FE
code, [12]. Preliminary results are reported in Appendix 1 to this Report, [11].

Fig. 31 defines position of the analysed cross-sections of the layer, called A and B.
The following definitions of different parameters or variables are used in the figures

which show the numerical results:
)] Nominal shear strain T, T, = Ax, / h , where Ax, is the displacement of

the top surface (at y=0), and A is the height of the layer, A =2.0 mm;

(ii) Plastic shear strain I', is the current shear strain determined in the cross-
section A;

(iii) Plastic shear strain I', is the current shear strain determined in the cross-
section B;

(iv) Critical nominal shear strain I, is the strain which corresponds to the

condition J7, / T, =0 (maximum stress) and can be determined from the
7,(T,) curve;

) Shear stress T, determined in the cross-section A (at y = 0), this quantity

is found from experiments with the MDS geometry.

The complete series of calculations was focused on analyses of the instability point as
determined by d7, / JI' =0 and conditions of localization. The main parameter in those
calculations was the imposed velocity V;.

The main conclusion is that in the isothermal conditions of deformation (V; = 2%10°5
m/s), in the absence of thermal softening, the instability strain is infinite. When the
impact velocity is increased, begining from V;=0.2m/s (f‘n =100 s’l)the instability
strain is finite, I}, =0.346. Thus, an increase of the imposed velocity V; leads to a
decrease of the critical strain. The most substantial change in the instability strain I}
occurs between velocities V; = 115 mv/s and V; = 120 m/s, values of I}, are respectively
I, =0.18 and T}, =0.008. A similar transition occurs with the localization strain I} at
slightly highes values of V;, that is in between 125 m/s and 136 m/s.

This transition is caused by the CIV in shear. At lower impact velocities, due to
geometry imperfection, the localization occurs in the middle of the layer, that is in the
cross-section B, whereas at impact velocities higher than 103 m/s localization occurs near
the cross-section A. This is demonstrated in Fig. 32 where the displacement fields are
shown for two impact velocities: V; =40 m/s and V; = 115 m/s. The most important is
the COMPLETE change in the displacement field, from the “quasi-static” mode to pure
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“dynamic” mode. The difference in the shear strain evolution in cross-sections A and B
as a function of the nominal strain I, that is the Marciniak plots, are shown respectively
for V;=40 m/s and V;=115 m/s in Figs 33 and 34. Although the nominal strain rate in

Fig. 33 is fn =2+*10*s™! the evolution of I', and I3} is typical for a layer with an
imperfection deformed quasi-statically. On the contrary the Marciniak plot shown in Fig.
34 for V,=115m/s, T, =5.75%10%s", is completely inversed, the bulk of plastic

deformation and localization occurs in the cross-section A, the evolution of plastic
deformation in the cross-section B is substiantially reduced. It indicates that the impact
velocity 115 m/s is very close to the CIV in shear. Comparison of the spatial distributions
of the local strain rate at four impact velocities at the assumed end of localization,
at/dl, = ~7#10° MPa, is shown in Fig. 35. At impact velocity V; =130 m/s practically
all plastic deformation is localized at y=0 indicating on the wave trapping of plastic
shearing. Spatial distributions of temperature for the same set of impact velocities is
shown in Fig. 36. It is clear that the maximum increase of temperature in the middle of
the shearing zone may be quite high, around 1000 K in the cross-section B for V; =100
m/s. At higher impact velocities, above the CIV, the local temperatures at the cross-
section A may be even higher reaching values close to the melting point. This was
confirmed by the SEM for VAR4340 steel [1]. The local strain rates in the cross-section
A are also very high, for example for V=130 m/s, ' =2%10°s™, Fig. 35. It is
interesting to note that at high impact velocities, but lower than the CIV, the maxima of
strain rate and temperature are shifted off-center. This is probably caused by the plastic
wave propagation in the layer interior. Another observation is a slight increase of the
critical nominal shear strains I begining from ~ 40 m/s. This is caused in turn by the
competition between two extreme deformation fields shown in Fig. 32. Such behavior is
also clear from Fig. 35.

The most important observation is that the T4(T},) curves differ substantially at

different impact velocities. This is demonstrated in Figs 37 and 38. In the range of lower
impact velocities the T4 (I},) curves reflect a real behavior of material, this is true up to

V;~40 m/s, I~2%10%*s™'. The ‘CA(FH) curve determined at this velocity shows
characteristic peak of stress at very small strains. In addition, the initial slope in the
“elastic” range becomes much steeper than predicted by the shear modulus. This is
caused by iniiraction of plastic waves and adiabatic instability near the cross-section A.
When the impact velocities are still higher, the maximum of shear stress occurs at very
small nominal strains, Fig. 38.

The slopes (81:/ 81"‘) , after the stress maxima are negative and they decrease very
rapidly when the impact velocities are high enough. This indicates that the CIV is
reached. The instability points appear almost instartaneously with more and more shorter
process of localization. In Fig. 14 are shown, normalised by  (the shear modulus), the
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initial slopes of the T A(Fn) curves as a function of imposed velocity V;. At low velocities

the slopes are equal to W, but at higher loading rates they are much steeper. The
normalized slopes depend also on the rise-time.

The sequence of previous figures clearly demonstrates a substantial evolution of shear
stress T A(Fn) determined at y=0, when the impact velocity is increased. Such curves can

be determined from the MDS tests. The set of all values of I, and I';; determined by the
FE analysis is shown in Fig. 40 as a function of the impact velocity V;. The sequence of
points indicates for a complicated interplay of thermal coupling and wave processes.
Three regions can be recognized, in the first one the ratio of the localization strain I}, to
the instability strain T}, is almost constant. The second region from V; =103 m/s to
V; =130 mV/s is characterized by the beginning of the thermoplastic deformation trapping
by plastic waves. Finally, in the third region at impact velocities higher than 130 m/s the
trapping is complete and instantaneous instability and localization occurs with a very
small localization strain, typically I is of the order ~0.002.

It is clear that the phenomenon of the CIV is a PROCESS where the transition is not
instantaneous. Consequently, the analytic solutions for the CIV, as presented in the first
part of this Report, can not provide an exact value of the CIV but only a crude estimation.
The CIV estimated for VAR 4340 steel from the FE simulations is ~ 103 m/s, that is the
begining of the CIV transition zone.

The CIV in shear has a far reaching consequeces in fragmentation. Experiments
performed with MDS specimens made of VAR 4340 steel [1] clearly indicated on a
decrease of the fracturing energy when the impact velocity exceeded ~ 130 m/s. In order
to estimate the fracture energy by the FE method as a function of the impact velocity, the
74 (T,) curves have been integrated up to the localization strain I'y. The results for all
seventeen simulations are shown in Fig. 41. Within the first region the fracture energy
increases up to E = 681 MJ/m3 for Vi = 100 m/s and next, in the second region, a
considerable decrease occurs, for impact velocity Vi = 100 m/s the energy. For reaches
level ~8 MJ/m3. In the third région the fracture energy stays almost constant on the level
from 6 to 8 MJ/m3. Thus, the energy drop is practically hundred times. Different scales
should be used to show the energy level for velocities exceeding 130 m/s.

Summary, discussion and final conclusions

This study was focussed on finding the resistance of VAR 4340 steel ~ 52 HPC to
formation of Adiabatic Shear Bands (ASB) at different impact velocities including the
range of velocities from 100 m/s up to 130 m/s where the Critical Impact Velocity (CIV)
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in shear occurs. In order to gather more informations on the role of stress concentrators
in formation of the ASBs a series of tests with the modified double shear technique
(MDS) has been completed with four specimen geometries. The stress concentrators were
charged to be more and more acute, from the standard geometry to the sharp cut by the
electro-spark machining. In addition, a series of FE calculations performed for two notch
geometries, that is the "U" and "V" geometries, have shown as it is confirmed by fracture
dynamics, large deformations, high strain rates and temperatures at the tip of the V notch.

High increments of temperature around the noch tip reduces, to some extend, the
brittle fracture, if the hardness is sufficiently high, and promotes a local development of
the ASB, which can propagate later with a high speed, [10, 15]. If the hardness is still
higher, plastic deformation is almost completely suppressed and there is no adiabatic
crack initiation, the fracturing is brittle. On the other side, thermodynamics and thermally
activated processes play a decisive role in ductile to brittle transition in fracture
mechanics, [9]. It is known that the high rate of loading in all modes of fracture, I, I and
III changes the size of the plastic and process zones. For example, an analysis for Mode
II reported in [16] shows a substantial reduction of the plastic zone when the loading rate
increases. The next stage is the propagation of ASBs and Mode II cracks. Some analyses
are available, for example [17, 18]. However, all analytic estimations are limited to
relatively simple solutions. A more detailed analyses would be performed with a more
complete constitutive relation which includes the state of hardness or the level of strain
hardening.

The results of experiments with the four notch geometries are shown in Figs. from
Fig. 10 to Fig. 13. For each geometry from 20 to 25 tests have been performed, the total
number was 91. The adiabatic heating causes that for all geometries the localization or the
nominal shear strains I}, at failure decrease at higher imposed velocities V;. But the
sharp notch introduces a quasi-brittle fracture, even at lower loading rates. For VAR
4340 steel, 52 HRC, a sharp notch reduces the failure energy to very small values for all
imposed velocities, Fig. 16 and Fig. 17. A substantial drop of the failure energies is
observed for the standard and "U" geometries at the threshold of the nominal strain rates
I, from 10 s! to 30 s-1. At rates higher than the threshold the failure is quasi-brittle for
all four geometries. Since the imposed velocities V, are lower than the CIV for the steel
studied the only explanation of this behavior is existence of the stress concentrators. The
stress concentrators increase Zocally the shear strain and temperature reducing at the same
time the volume of a material resisting to the imposed load. Although a material may
show in a bulk some resistance to fracture and adiabatic shear banding, stress
concentrators diminish the VOLUME within ‘which that resistance takes place. Such
scenario explains reduction of the failure energy at higher loading rates. This is the case
of more brittle steels with a high level of hardness. If a steel exhibits more plasticity the
stress concentrators will be “relaxed” and accomodated by the bulk plastic flow. In such
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case the failure energy will increase steady by up to the first sign of the CIV and next will
drop abruptly, as it is demonstrated in Fig. 41. This was the case of the VAR 4340 steel
~50-52 HRC tested previously, [1]. '

A clear picture emerges from the scenarios given above. In tempered and normalized
alloy steels the most important factor is the level of hardness, [19]. The hardness
indicates for ability to plastic deformation. If plasticity is not much inhibited the main
failure will be by adiabatic shear banding or the CIV in shear. Whereas, the thermal
treatments which produce a higher level of hardness will introduce a high failure
sensitivity to stress concentrators at relatively low rates of loading, lower than the CIV in
shear. In such cases the fracture toughness should be evaluated in Mode I and 11, [16,
19, 20]. It is also well known that steels exhibit the ductile to brittle transition
temperature, which is different at different loading rates, [9, 20]. The transition
temperature is normally shifted to a higher temperature as the loading rate is increased.
Due to this shift in the transition temperature, a more brittle behavior is the most probable
for dynamic loading, whereas more ductile behavior is typical for quasi-static loading.

All those effects, that is the stress concentrators, the CIV in shear and the brittle to
ductile transition, play an important role in resistance to impact loading and
fragmentation. The thermal treatment and the final microstructure are the key factors in
the optimization process. Combination of plasticity and a high fracture toughness is
difficult to achieve. The tests on VAR 4340 steel, previous one [1], and present, seem to
indicate that the transition from the quasi-brittle behavior to failure by ASBs is very
sensitive to the level of hardness. The threshold seems to be around 52 HRC for this

steel.
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TABLES

Dimensions of specimen VAR 4340 steel, series A: standard geometry.

Dimensions of specimen VAR 4340 steel, series B: U-geometry.

Dimensions of specimen VAR 4340 steel, series C: V-geometry.

Dimensions of specimen VAR 4340 steel, series D: fine notch.

Test results for VAR 4340 steel, series A: standard geometry, below the
thicker line are the direct impact tests.

Test results for VAR 4340 steel, series B: U-geometry.
Test results for VAR 4340 steel, series C: V-geometry.

Test results for VAR 4340 steel, series D: fine notch.
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10
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FIGURE CAPTIONS

Nominal instability strain, I, = AX/h; and localization strain I',, versus

nominal strain rate V,/ h_, [3] ; numerical results for 1018 steel.

Changes of temperature within the uniform deformation zone (at layer

edges) and in the ASB core, [3] ; numerical results for 1018 steel.

Nominal shear strain to fracture for 1018 steel (XC18 steel, French

Standard) versus shear strain rate, [1].

Energy to fracture for MDS specimen tested at different nominal strain
rates, 1018 steel (XC18).

Configuration of experimental setup for impact shearing of the MDS

specimen.
Oscillogram of the test on MDS specimen, VAR 4340 steel, (standard
geometry) loaded by projectile, L, =200mm, with impact velocity
72.3m/s.

Specimen geometries with different stress concentrators.

Result of quasi-static test on MDS specimen, VAR 4340 steel,
[=5%1077"

Test result of direct impact loading, VAR 4340 steel, I'=2.8*%10%™.
Strain rate spectrum for the standard geometry (series A), VAR 4340 steel.
Strain rate spectrum for the U-geometry (series B), VAR 4340 steel.
Strain rate spectrum for the V-geometry (series C), VAR 4340 steel.

Strain rate spectrum for the fine notch geometry (series D), VAR 4340

steel.
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Total energy to fracture for the standard geometry (series A), VAR 4340

steel.
Total energy to fracture, U-geometry (series B), VAR 4340 steel.
Total energy to fracture, V-geometry (series C), VAR 4340 steel.

Total energy to fracture, fine notch geometry (series D), VAR 4340 steel.

FE shear deformation and temperature fields for I, =0.2 and

[, =0.15s", U-geometry.

FE shear deformation and temperature fields for T, =0.2 and I}, =10 s,
U-geometry.

FE shear deformation and temperature fields for I, =0.2 and
fn =1000 s™, U-geometry.

FE shear deformation and temperature fields for I, =0.2 and

I =0.15s", V-geometry.

FE shear deformation and temperature fields for I', =0.2 and I"n =10 s,
V-geometry.

FE shear deformation and temperature fields for I, =0.2 and
I, =1000 s™, V-geometry.

Evolution of maximum strains and temperatures in the middle of the shear

plane, the MDS specimen, V-geometry.

Evolution of maximum strains and temperatures in the middle of the shear

plane, the MDS specimen, V-geometry.
The infinite layer in x-direction with geometry imperfection in the middle.

FE mesh applied to simulate plastic localization in the middle of the layer -
2D model.
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FE mesh applied to simulate plastic localization at the upper surface of the
layer - 2D model.

Boundary conditions for the imposed velocity V, at y=0.

Constitutive surface for yield stress as a function of temperature and
logarithm of strain rate, case of n = const., VAR 4340 steel, ~ 52 HRC.

Definition of the cross-sections A and B.

Two displacement fields for two different imposed velocities, (a)
V.=40m/s ; (b) V.=130m/s.

Marciniak plot showing evolution of shear-strain in cross-sections A and
Bat V, =4 0mJ/s ; I, =2*%10%7".

Marciniak plot showing evolution of shear-strain in cross-sections A and
Bat V. =115m/s ; [, =5,75%10%7".

Spatial distributions of shear-strain rate for four imposed velocities at the
end of localization, (9" /oI, ) = ~7*10°MPa.

Spatial distributions of temperatures for four imposed velocities at the end
of localization, (9" / 3T}, ) =~7*10°MPa.

Shear stress ', vs nominal shear-strain I';, determined from displacement

of cross-section A, imposed velocities lower that the CIV.

Shear stress I'y versus nominal shear strain I, determined from
displacement of cross-section A, impact velocities close to and above the
CIV.

Nominal slopes of I'y(I') curves.

Nominal shear strains of instability I, and localization I}, as a function
of impact velocity V;.

Fracture energy versus impact velocity V.
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SERIES A
N°|a1 [mm]|b1 [mm) la2 [mm] |b2 [mm] |a mean {mm] |b mean [mm] IAREA [mm?]
1 5,26 6,45 5,38 6,32 5,32 6,39 33,97
2 5.29 6,41 5,42 6,51 5,36 6,46 34,59
3 5,13 6.16 5,06 6,12 5,10 6,14 31,28
4 5,13 6.25 5,22 6.26 5,18 6,26 32,37
5 5,28 6,35 5,42 6,41 5,35 6,38 34,13
6 5,03 6,12 5,15 6,06 5,09 6,09 31,00
7 5,31 8,35 5,20 6,23 5,26 6,29 33,05
8 5.24 6,27 5,33 6,24 5,29 6,26 33,06
9 5,02 6,18 5,14 6,09 5,08 6,14 31,17
10 5,33 6,35 5,36 6,38 5,35 6,37 34,02
11 5,41 6,25 5,24 6,31 5,33 6,28 33,44
12 5,28 6,37 5,38 6,48 5,33 6,43 34,25
13 5,32 6,43 5,19 6,32 5,26 6,38 33,50
14 5,06 6,26 4,93 6,17 5,00 6,22 31,04
15 5,06 6,09 5,15 6,14 5,11 6,12 31,22
16 5,38 6,44 5,27 6,38 5,33 6,41 34,13
17 5,22 6,35 5,34 6,37 5,28 6,36 33,58
18 5,31 6,37 5,39 6,31 5,35 8,34 33,92
19 5.20 6,28 5,32 6,38 5,26 6,33 33,30
20 5.39 8.42 5.26 6,29 5,33 6,36 33,84
21 5,26 6,33 5,36 6.40 5,31 6,37 33,80

TAB. 1




[SERIESB |

N°|at [mm] |b1 [mm) |a2 [mm] |b2 [mm] |a mean [mm] |b mean [mm] [AREA [mm?]
1 4,83 6,33 4,85 6,33 4,84 6,33 30,64
2 4,81 6,31 5,01 6,16 4,91 8,24 30,61
3 4,72 5,96 4,77 6,13 4,75 6,05 28,68
4 4,64 6,04 4,63 6,06 4,64 6,05 28,04
5 4,72 6,05 4,93 6.18 4,83 6,12 29,50
6 4,62 6,25 4,60 6,16 4,61 6,21 28,61
7 4,81 6,23 4,96 6,10 4,89 6,17 30,12
8 4,97 6,11 4,89 6,07 4,93 6,09 30,02
9 4,85 8,22]. 4,88 6,25 4,87 6,24 30,33

10 4,78 6,17 4,87 6,05 4,83 6,11 29,48

11 4,70 6,00 4,82 6,07 4,76 6,04 28,73

12 4,80 6,08 4,84 6,13 4,82 6,11 29,43

13 4,92 6,19 4,86 6,04 4,89 6,12 29,90

14 4,83 6,17 4,85 6,10 4,74 6,14 29,08

15 - 4,84 6,08 4,90 6,20 4,87 6,14 29,90

16 4,98 6,05 4,88 6,13 4,93 8,09 30,02

17 5.00 6,23 4,82 6,15 4,91 6,19 30,39

18 4,78 6,06 4,86 6,20 4,82 6,13 29,55

19 4,79 6,19 4,84 6,10 4,82 6,15 29,59

20 4,77 5,98 4,96 6,14 4,87 6,06 29,48

21 4,78 6,14 4,88 8,27 4,83 6,21 29,97

22 4,66 6,15 4,83 6,20 4,75 6,18 29,30

23 5,01 6,19 5.02 6,21 5,02 6,20 31,09

24 4,89 5,18 4,63 6,14 4,76 6,16 29,32

25 4,84 6,18 4,70 6,30 4,77 8,24 29,76

TAB. 2




SERIES C

AREA [mm3)

N°Ja1 [mm] |b1 [mm)|a2 [mm] |b2 [mm]|a mean [mm] |b mean [mm]
1 497/ 6,05 5,17 5,98 5,07 6,02 30,50
2 5,06 6,04 5,08 6,24 5,07 6,14 31,13
3 5,08 6,03 5.17 6,07 5,13 6,05 31,01
4 5.24 6,16 5,35 6,25 5,30 6,21 32,86
5 5.12 6,01 5.15 6,11 5,14 6,06 31,12
6 5,03 6,13 5,12 6,08 5,08 6,11 30,98
7 5,08 6,08 511 6,20 5,10 6,14 31,28
8 5,14 6,07 5,09 6,10 512 6,09 31,12
9 5,14 6,28{ ° 5,12 6,26 5,13 8,27 32,17
10 4,88 6,04 5,00 5,96 4,94 6,00 29,64
11 5,26 5,92 5,02 5,95 5,14 5,94 30,51
12 5,19 6,36 5,08 6,13 5,14 6,25 32,07
13 4,91 6,05 4,98 6,16 4,95 6,11 30,19
14 5,11 6,17 5,14 6,07 5,13 6,12 31,37
15 5,03 6,08 5,02 6,06 5.03 6,07 30,50
16 5,09 6,42 5,01 6,42 5,05 6,42 32,42
17 5,06 6,09 5,01 6,07 5,04 6,08 30,61
18 4,80 6,03 4,68 6,08 4,74 6,06 28,70
19 5,07 6,05 5,17 6,17 5,12 6,11 31,28
20 4,94 6.17 5,05 6,05 5,00 6,11 30,52
21 5,04 6,06 5,04 6,23 5,04 6,15 30,97
22 5,24 6.11 5,18 6,20 5,21 6,16 32,07
23 5.13 6,11 5,07 6,04 5.10 6,08 30,98
24 5,00 6,17 4,98 6,16 4,99 6,17 30,76
25 4,83 6,12 4,98 6,11 4,91 6,12 29,99
26 4,87 6,16 4,82 6,02 4,85 6,09 29,51

TAB. 3




SERIES D

N°jat [mm]ib1 fmm)laz [mm]\bz [mm] |a mean [mm] |b mean [mm] |AREA [mm?]
1 583 600 616 590 6.00 5,95 35,67
2 7,27 6.08 6,56 6,03 6,92 6,06 41,87
3 5,41 6,08 6,67 5,98 6,04 6,03 36,42
4 6,6 6,04 6,22 6,14 6,41 8,09 39,04
5 5,18 6,05 5,33 5,97 5,26 6,01 31,58
6 5.36 6.08 5.35 6,07 5,36 6,08 32,53
7 5,48 6,07 5,39 6,02 5,44 6,05 32,85
8 5.6 5,93 525 6,03 5,43 5,98 32,44
9 5,27 - 6,02 5,15 5,85 5,21 5,94 30,92

10 551 5.95 512 5,84 5,32 5,90 31,33
i1 5,24 6,24 5,62 6,09 5,43 6,17 33,48

12 5,27 6,09 5,44 5,94 5,36 6,02 32,21

13 5,11 5,95 5,24 5,94 5,18 5,95 30,77

14 5,59 6,04 5,07 5,90 5,33 5,97 31,82

15 5,26 6,09 5,28 5.89 5,27 5,99 31,57
16 5,24 6,12 5,30 6,02 5,27 8,07 31,99

17 5,24 6,18 5,19 6.12 5,22 8,15 32,07
18 5,12 6,07 5,11 5,99 5,12 6,03 30,84
19 5.28 6.07 5,36 6.00 5.32 6.04 32,11

20 5,41 5.93 5,41 5,89 5,41 5,91 31,97

21 5,13 5,67 5,32 5,63 5.23 5,65 29,52

22 5,11 6,04 5,31 6,07 5,21 6,06 31,55

23 5,06 6,00 5,09 6,04 5,08 6,02 30,55

24 4,94 6,00 4,82 6,00 4,88 6,00 29,28

TAB. 4




SERIES A

Ne T [1/s] Vi[m/s] | tm(Mpa] T 1. [Mpa] I, E (MJ]

AQ1 5,970E-04 2,0E-06 657,0 0,012 605,9 0,017 6,53
AQ2 4 970E-04 2,0E-06 698,0 0,015 661,8 0,019 7,33
AQ3 4,990E-03 2,0E-05 790,8 0,014 668,4 0,024 11,86
AO4 5,670E-03 2,0E-05 757,9 0,017 570,7 0,035 19,69
A0S 5,120E-02 2,0E-04 713,3 0,017 701.7 0,018 7,35
AOB 5,110E-02 2,0E-04 869,2 0,022 802,4 0,031 17,63
AQ7 5,180E-01 2,0E-03 746,0 0,029 730,7 0,030 14,38
A08 5,410E-01 2,0E-03 796,4 0,020 780,8 0,026 12,09
AQS 3,745E+01 . 1,8E-01 849,86 0,023 718,5 0,024 13,58
A10 4,376E+01 1,9E-01 696,1 0,019 - - 11,91
Al 2,542E+01 1,9E-01 7474 0,018 742,5 0,018 6,06
A2 2,240E+02 2,5E+00 662,7 0,013 642,5 0,015 4,19
A13 2,677E+02 2,5E+00 687,7 0,012 642,1 0,016 5,79
Al4 2,220E£+03 21,7 722,0 0,009 - - 0,00
A15 4,970E+03 23,5 484,0 0,006 - 0,00
Al6 1,400E+04 55,4 773,0 0,011 - 0,53
Al17 2,420E+04 73,4 850,0 0,012 1,47
A18 3,540E+04 118,8 875,0 0,012 - - 1,51
A19 2,800E+04 114,7 981,0 0,014 - 2,77

TAB. 5




SERIES B

Ne I [1/s] Vi[m/s] | tn[Mpa] T 1. [Mpa] T, E MJ]
801 4,840E-03 2,0E-05 893,3 0,022 887,7 0,023 8,97
B2 5,040€-03 2,0E-05 820,1 0,025 918,0 0,026 12,26
B04 4,930E-02 2,0E-04 1056,0 0,033 - - 19,51
805 6,230E-02 2,5E-04 973,2 0,028 972,5 0,028 17,13
BO6 6,130E-01 2,5E-03 1027,6 0,033 - - 20,48
BO7 6,360E-01 2,5E-03 920,98 0,032 - - 18,50
B08 5,138E+00 2,5E-02 927.,8 0,022 - - 9,12
B0O9 4 414E+00 2,5E-02 855,6 0,014 844,6 0,015 4,15
B10 3,275E+01 - 2,5E-01 868,1 0,014 - - 2,07
B11 3,265E+01 2,5E-01 855,4 0,013 842,0 0,014 2,64
B12 3,478E+01 2,5E+00 7374 0,009 - - 0,00
B13 3,250E+03 22,7 7970 0,010 - - 0,00
Bi4 2,540E+03 24,2 798,0 0,011 - - 0,57
B15 1,660E+04 66,5 1031,0 0,014 - - 2,94
B16 1,880E+04 65,6 1047,0 0,014 - 2,83
B17 2,750E+04 115,5 1024,0 0,013 - 0,00
B18 2,610E+04 109,9 1087,0 0,016 - 4,32

TAB. 6




SERIES C

Ne [ [1/s] V; [m/s] Tm (Mpa] T 1. [Mpa] T, E [MJ]
Cao1 4,360E-03 2,0E-06 946,1 0,017 894.4 0,021 8,33
co2 4,280E-03 2,0E-06 870,7 0,018 - - 8,50
C03 4,250E-03 2,0E-05 928,8 0,017 - - 4,52
C04 3,900E-03 2,0E-05 873,5 0,013 - - 2,23
CQ6 4,650E-02 2,0E-04 889,8 0,017 827,2 0,020 8,33
co7 3,990E-02 2,0E-04 850,0 0,014 - - 2,53
C08 4,370E-01 2,0E-03 886,8 0,018 - - 5,67
C09 4,390E-01 2,0E-03 878,2 0,019 - - 6,21
C10 3,119E+01 2,5E-01 861,7 0,012 814,7 0,013 2,73
Ct1 2,090E+02 2,5E-01 734,2 0,016 627,2 0,018 6,30
Cci2 3,660E+01 2,5E+00 773.7 0,012 - - 1,09
C13 3,655E+01 2,5E+00 889,5 0,013 - - 1,83
Cci4 3,350E+03 23,6 819,0 0,011 - - 0,00
C15 2,740E+03 23,6 832,0 0,010 - - 0,00
C16 1,790E+04 63,5 765,0 0,010 - - 1,02
C17 1,440E+04 64,8 851,0 0,012 - - 0,35
C18 2,160E+04 115,5 1049,0 0,015 - - 3,44
c19 1,890E+04 113,9 871,0 0,011 - - 0,75

TAB. 7




SERIES D

Ne r[1/s] V,[m/s] | twm(Mpa] T . [Mpa] T, E [MJ]
D02 4,590€-03 2,0E-05 729,7 0.017 - - 5,26
D03 4,670€E-03 2,0€-05 834.0 0,020 - - 7,39
D04 4,500E-01 2,0E-03 765,6 0,015 760,4 0,016 4,64
DoS 4,530E-01 2,0E-03 949,4 0,017 944,7 0,019 6,58
D06 3,803E+00 2,5E-02 798,7 0,012 - - 1,84
D07 3,243E+00 2,5E-02 871,5 0,013 - - 1,77
DO8 2,680E+01 2,5E-01 720,1 0,011 706,9 0,012 1,76
D09 2 684E+01 2,5E-01 908,2 0,014 - - 2,23
D10 3,363E+01 2,5E+00 710,7 0,009 - 0,00
D13 27806403 232 825,0 0,010 - - 0,00
D17 3,710E+03 23,2 803,0 0,010 - - 0,29
D18 2,530E+04 65,6 849,0 0,011 - - 0,83
D19 2,140E+04 67,4 853,0 0,012 - - 1,37
D21 2,050E+04 111,8 871,0 0,012 - - 0,93
D23 2,800E+04 1149 1010,0 0,015 - 3,52

TAB. 8
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