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ABSTRACT

Using as striker a cylindrical high strength steel projectile of 600 mm
length and 40 mm diameter (mass 5,8 kg), ejected by a gasgun at velocities
up to 80 ms ], SENB-specimens of 100 mm length, 50 mm thickness and sup-
ported on a span of 400 mm were separated by impact.

By suitable instumentation, using high speed photography, a laser-Doppler
technique, a photocell array and straingauges the dissipated energy as a
function of crack extension and at separation could be found from energy
balance considerations. and Jp/Aa curves could be determined as well
for the relevant limit loag conditions.

KEYWORDS
Dynamic fracture propagation resistance; high velocity impact; gasgun; high
speed photography; laser-Doppler technique; electronic instrumentation;
straingauges; photocell; energy and momentum balance; energy dissipation;
crack velocity; J-integral; limit load and moment; SENB-specimen.

NOMENCLATURE

x,y,z = Cartesian coordinates of to the laboratory fixed (Euler) OXYZ-system

0 = centre of initial rest position of specimen

(0) 4 = length direction of initial rest position of specimen

oy = height direction of initial rest position of specimen oppositie to
crack extension direction in OXYZ

0zZ = thickness direction of (initial rest position) of specimen

X,y,z = Cartesian codrdinates of to the moving specimen half 1 fixed
T 7 7 (Lagrange) OXYZ-system

0 = to a specimen half fixed point, coinciding with O in the initial

- rest position

0X = length direction of mov1ng specimen half 1 rotating in right hand
way in YOX-plane

oY = height direction of moving specimen half |
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0z = thickness direction of (moving) specimen half
£ = time
2 = length of specimen half 2
28-2q = span of specimen e
w = height (or width) of specimen ﬁ@
b = thickness of specimen -
D = diameter supports o
m = mass of specimen half .
s = density of specimen material s -3
a = cracklength ’:k_g =
vy = m?ment.of inertia of specimen half w.r.t. axis in thicknessLmJ
direction through its centre of gravity ik q
¢ = rotation angle P
o = rotation factor
M = mass of projectile
v = projectile velocity (in OXYZ-system) !Fgll
r = polar radius ’ B
P = momentum o ﬂ
v = veloc%ty in surface point of impacted specimen B%_ms
o = rotation factor = (a -a)/(w-a) ok H
P = force =
T = impact duration Eﬂ
f = deflection &
9 = crack mouth edges distance @@
CTOD = crack tip opening displacement b
c = elastic compliance mq_j
E = energy o
£ = Young's modulus i _ﬂ
R = fracture resistance uﬂﬁ?l
¥ = yield strength D Jé
Q = applied moment e
I = area moment of inertia of cross section lﬂﬁh
c = sound velocity ; ¥@ "ﬂ
Y = correlation coéfficient for curve fitting i
J = J-integral
A = a/w E’le_E
subscript: to: refers to:
1,2 1,m,T,p,Z,v specimen half 1,2
° a,v,s8 initial value
; t,d;p,a momen? of impact of specimen and supports
a elastic equivalent
7A X,T centre of gravity
P TP projectile and specimen
;. TSP s?pport(s) and specimen (half)
in E kinetic energy
tFansl E translational kinetic energy
vib E vibrational kinetic energy
rot E rotational kinetic energy
e}ast E elastic energy
g}ss E dissipated energy
iss; p E dissipaSed energy for ligament zero (dissipated
kS energy due to penetration of projectile i i
g%ss, a E d}s§1pated energy by crack eerniion e
im ¢$,Q,P limit load or moment conditions
b r plastic zone size at crack tip
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superscript o refers to:
sep E at complete specimen separation
x a notional cracklength (a* = a+rY)

abbreviations: SENB, single edge notch bend; h.s.p.(r.), high speed
photography (recordings)

INTRODUCT ION

In a previous paper (Van Elst, 198la) the evaluation of the fracture propa-
gation resistance from impact testing of SENB (""dropweight tear test like')
specimens, using a projectile ejected by a gasgun as striker and applying
suitable Instrumentatiod'was described. The same experimental technique

was applied in this investigation while moreover a laser-Doppler technique
was used in addition to record two (displacement) velocities in x— and

direction or both in x-direction at the specimen surface in two (sometimes
situated at the

y-
one) fixed laboratory system positions (position) resp.,
surface of a specimen half in its original rest state. This appeared more
promising for assessment of the kinetic energy of the impacted specimen
required for the envisaged energy balance analysis than the (previously
applied time consuming) method, in which the angular velocity had to be
deduced from the with high speed photography recorded angles of rotation

in time of the specimen, in order to find its (rotational) kinetic energy.
High speed photography was applied as before to record the crack extension.
On the determination of the kinetic energy in time of the impacted specimen
from the laser-Doppler technique recordings is elaborated below and in

Van Elst (1984).
MATERIAL AND SPECIMENS; TEST KINEMATICS

50 mm thickness steelplates of a low alloy structural steel Fe510 (code
659K), conforming to B.S. 1501-281 A and a 5% Ni structural steel HY130
were investigated as to their dynamic fracture propagation resistance.

Drop weight tear test like SENB-specimens from both available steelplates
were prepared with 100 mm width, 50 mm thickness (cf. Fig. 1) and 450 mm
length for the Fe510 steel and 440 mm length for the HY130 steel resp.; the

: |

100,

Fig. 1. SENB impact specimen, striker Fig. 2. Kinematic topography of

and supports impacted SENB specimén
Situation is drawn, where impacted specimen — after having lost initial
contact with striker and supports - hits the latter again.
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apan was 400 me, The Feb10 steel plate specimens were provided with a fa-
tigusd noteh tip, The HY130 ateel plate specimens had a machined notch with
©:3 s (at the tip), The geometry and dimensions of the for impact testing

used striker (a cylindrical projectile ejected by a gasgun at velocities up
to BO ma™ ') and those of the specimens are shown in Tig. 1.

The topography of the impacted specimen is illustrated in Fig. 2; on its
kinematics is elaborated elsewhere (Van Elst, 1981la, 1984).

EXPERIMENTAL METHODS; DATA STORAGE AND PROCESSING

Recordings in time of the angular velocity and angle rotation and of the
displacements in x- en y-direction of the centre of gravity of a specimen
half, using a laser-Doppler technique.

Scotch lite tape, type 3290 white, was glued onto the specimen surface to
facilitate the observations. For storage of the v, and vy values with 5 us
intervals were (one) Biomation 8100 and (four) Biomation 805 transient re—
corders at disposal. The first one functions as "master" and triggers the
other omes; it was externally triggered by an impact signal ("breaking wire')
of projectile and specimen. The output of the straingauges responses on the
supports was recorded in intervals of 5 us by parallel channels (1 and 2) of
the (Biomation 8100) transient recorder.

Parallel channels 5 up to 6 of the (Biomation 805) transient recorders were
used for the (vj.vy) recordings, applying the same time clock (set by crystal
resonance frequency and providing the 5 us interval signal storage.) The
applied high speed camera was a moving film Hycam camera, model K20 S4wW,
provided with a rotating prism unit K20 HW and sectors shutter 1:5, This
allows to record 10" f.p.s. with an illumination time of 1/5 x 10™% sec. The
objective was from Schneider with focal distance 3.5 mm; opening 1:2; ap-
plied was diafragma 8. Kodak Plus X 16 mm film with image dimensions 10 x 8
10 x 8 mm was used. Illumination proceeded in a continuous way by 6 halogen
bulbs with reflectors (each bulb 36V - 340 watt.), which cast light on the
specimen under 45°. The specimen was sprayed with "anti-reflex". The camera
was used to trigger the electrical valve of the gasgun, which admits the
compressed air in the barrel for driving out the projectile. The camera
gives an opening signal to this valve ca. 0.1 sec. after start of the film
rotation, which causes the projectile to hit the specimen some 500 ms later
(of which ca. 100 ms are used for travel through the barrel of the projec—
tile). At that time the rotating film speed of the camera (= 100 m/sec.)

has become rather constant (this occurs after 70 to 100 m film is being
spent). The pictures shot after this period start to show the projectile.
From the velocity of the projectile - which is known from these pictures and
also from the response of an illuminated photocell array onto which the
passing projectile casts its shadow, (cf. Van Elst, 198la, 1984) — and its
distance to the specimen, the time at which the relevant pictures is shot,
is kmown. As light pulses with intervals of 1 ms are recorded on the film

as well, the time clock of the film can thus be linked to that of the
transient recorders. This allows to indicate the cracklength in the "read-
out" of the transient recorders, which was processed with intervals of 50 Us
for y1 and yy, the ordinates (in striker direction) of the fixed laboratory
positions, where v] and v) were observed. With intervals of 25 Us the
straingauges responses P; and P, of the forces on supports 1 and 2 resp.
were read. These data allow to find the possible change of (translational)
momentum of specimen in striker direction, the velocity in x-direction of
the centre of gravity of a specimen half, its angular velocity (as
elaborated in Van Elst, 1984) and the synchronous value of the cracklength.
The velocities Vo and V of the projectile with mass M, just before and

3093

after impact with the specimen, measured with the.photocell array are
atored in the Biomation &5C: transient recorder with 5 Us sampling time

as well; these velocities could be compared with those deduced fromdthe
high speed photographic recordings. A manual calculator (Hewlett an !
Packard 97), which could be considered adequate for the data processing,
was used. . ; )

It was assumed that the momentum transfer from projectile to specimen pro-
ceeded linearly in time and was accomplished in ?50 Us (Van‘Elst,'1984?.
@his in fact appears somewhat better justified, if the specimen dlmens%ons
in striker direction being 100 mm) would have been larg?r t?an the projec-
tile length (being 600 mm) and the cross section of prQJectlle a?d specimen
rather the same. For such a latter situation an (elastic) approximation of

: . 2x600mm _ 3
the transferred rectangular pulse time is T = 2L/c = G e 240 us with

L = projectile length and c¢ = sound velo?ity. The ?ppl%ed force PT/T .
}sc(Vo—V) with s = specific mass of specimen mater%al is t?en ?onstant Zr
b = M(V,-V) = totally transferred momentum by projectile in time ZP/c.'ls
during the first 250 us no loss of contacF was obs?rved between projectile
and specimen in the high speed photographic fecordlngg of.the performed
tests, the mentioned assumption appears a fair approximation.

RESULTS

M B : 5
The evaluation of %myZ » 3mk, ©, 3T¢” and ¢ for a specimen half at suc

cessfully performed tests proceeded with a manual calculator, using ¥e1ej
vant algorithms as developed in Van Elst (1984). The obgerved'veloc1t1e§ in
(xl,yl) and (xz,yz) and the calculated data outputs of ¢, ¢, V71> Y210 29>

Xz, are given in loc. cit. (and in a there referred'reporF, which c?n be.
obtained on request). From the experiment on a spec1men_w1th 1 mm wide, i.e.
nearly through initial ligament an esti@ate of the dissipated energy ?diss;p
by projectile penetration into the specimen only could be made: This latter
energy dissipation presumably is completed before crack extension starts for
finite ligament specimen. To find the energy di531gat on. Egjgg;a at crack
extension the total energy dissipation Ediss=%M(Yo —Y ?—gkin @as to be "
decreased with the Eqjgg;p. From an experiment with initial 11gameng nei; g;
zero was estimated Ediss‘p = 6.5 kJ (however, cf. DISCUSSION). In Fig. e
totally dissipated energy for specimen separation Egggs was plotted versus
initial ligament ("multiple specimens approach'). A}s? (Eﬁggstdiss; )/ ]
b(w-a,) was plotted versus w-a,; this shows the ant1c1?ated2113ear behaviour
(cf. loc. cit., and DISCUSSION). The dissipated energy M(V 4=V )Ekin_?dis;;p
and the cracklength a were plotted as functions of time. An example is shown
in Fig. 4. From such diagrams also the diagrams of dissipated energy versus
cracklength were plotted for the single test pieces; cf. DISCUSSION.

ANALYSIS OF EXPERIMENTAL RESULTS

—evaluations in time, also in its parts:
Etransl vib cus Erot * i
This is probably due to the non equilibrium stress con€1gurat10n at each‘
moment in the impacted tearing specimen. This will deviate from'the static
one for a certain deflection not only by (possible) stress amplltud?
(increase) due to dynamic effects, but also by the presence of running stress
waves. The laser-Doppler technique measures the therefore relevant dis-—
placement velocities at the specimen surface. However wh?n the Tovement of
the specimen is very fast (as in the experiments on specimens with

A rather large scatter of the Ekin 3
=2 x %m&zlz; E =2 x %mﬁzlz = 2 x §T$¢~, proved present.
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practically zero ligament) the available laser-Doppler technique equipment
can obviously not follow, when the acceleration is too fast. A frequency

of 40 kH per ms~! is observed by this equipment; cf. Oldengarn (1976, 1977).
The maximum frequency change per unit time that can be observed is 5Mhz per
millisecond. 5 -

This implies, that accelerations up to 1.25 x 10~ ms ~ 12500 g can be fol-
lowed. If a particle velocity of & = 25 ms”!, corresponding with an (elastic)
stress of sci = 8 x 103 x 5 x 103 x 25 Nm~2 = 1000 MNm™“ is achieved in 10
Us, the acceleration is of the order 25 x 103 ms_z, which is 20 x larger.
Running stress waves can thus imply errors of velocity recordings in time,
while moreover the geometrical link between velocities in different points
as elaborated in Van Elst (1984) can be violated. The applied interpretation
of the velocities as recorded by the laser-Doppler technique can then be at
fault. Also a non symmetrical division of the specimen by the moving crack
will entail unequal distribution of kinetic energies in both specimen halves;
as only one specimen half was observed this too account for scatter. [An
analytical estimate of the kinetic energy obtained by a specimen with zero
ligament can in principle be given as well. For this a specimen with zero
ligament, but with an ideal hinge at the point of impact, operative after
impact as long as it experiences compressive forces and then moving in
striker direction can be considered. The relevant differential equations
describing the movement of such a specimen are given in Van Elst (1984). These
equations suggest that the rotational movement has a harmonic character with
a damping proportional to ¢“; it might account for the oscillatory
appearance of iT¢“ as calculated; a frequency estimate has not yet beenumde.]
The totally dissipated energies Ejiss for separation of the specimens:

sep _ 20,2 sisep o 3 7

diss 2m(VO V) Ekin’ plotted versus (w ao) in Fig. 3 (cf. RESULTS),
were curve fitted according to:

sep witgsepl i i = o 2

disssa diss _ Ediss;p Rb (w ao) G ao> M

with presumably R = average fracture resistance with the dimension (MNm‘I)
of an effective surface energy and S = effective energy density with the
dimensions |M¥m™2|. Such a description was found adequate in tearing
experiment on notched specimens of other (ductile) steels (in particular
line pipe steel), when a completely yielding ligament occurs (Van Elst,
1981b). R refers to the local plactic work in the so called process zone
near the crack tip; while S refers to remote global plastic work unavoidably
accompanying the tearing. As figures were obtained:
E. =3.90 kJ; R=1.18 Mvm '; § = 21.6 mvm 25 v2 = 0.894.
diss;p
In this description the dissipated energy value estimated from the experiment
with nearly through ligament was rejected, as this would have implied a _
minimum energy dissipation for finite ligament (and a negative value of R)
However from the model with zero ligament as analysed (Van Elst, 1984) a
satisfactory value for this dissipated energy was found, viz. 4.1 kJ.
Using the assumption that the momentum transfer from projectile to specimen
during impact linearly proceeds in time (loc.cit), the kinetic energy
shows a monotonic ("smooth") increase. Crack extension starts at about the
time that this momentum transfer has been completed (presumably after ca.
250 us). From this onwards the kinetic energy as deduced from the velocity
recordings with the laser-Doppler technique shows an oscillatory behaviour.
Consequently the anticipated decrease of kinetic energy when the crack
extends is not easily detected and in fact it even seems sometimes absent.
Decreasing the loss of kinetic energy of the projectile with both the ob-
tained kinetic energy of the specimen and with the dissipated energy by pro-
jectile penetration into the specimen offers Eais . This was plotted versus
time. Cf. RESULTS. On the same time axis the cracﬁlength a is plotted. This
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. : ; ov
allows to find the diagram of Egqjgq., Versus a (in which thelzzzléi:_o y
behaviour of the kinetic energy of the specimen ?ffectu;tiz iy A
turbance); Fig. 4 shows an exampli._ h?helezzzﬁazia;ram zf;erg e
i this la
relevant a-interval, usually (ay,w) in ; T
i i 11 not influence
indicated as K. A (systematic) error in Ediss;p wi
R = iﬁgiiiii or its approximation ﬁ. [&he intermittent drawn part of the
da . ]
curve Eg:..., in the time interval (0-150 u§) was obtained py ?si?pln%)
that thglﬁiﬁgtic energy loss of the projectile and energy d1§31p§ 1onA M
projectile penetration into the specimen linearly proceeded in tlZiérts
possible physical meaning of this Edisi;a before créckde?tensizzk initiation;1
might be attributed to a dissipation of "energy require or ¢
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Fig. 3 Dissipated energy and aver— Fig. 4. Dissigated enezgy azgdcgizzg_
¥ issi length versus time
a dissipated energy per
uiit craci area increase at pated energy versus crackéength
separation of impacted SENB- during teérlng of ??gf;?e
specimens versus initial SENB-specimens (HY g

crack size ag = 25 mm)

J AND R INTERPRETATION OF RESULTS FROM LIMIT CONDITIONS

Though for the dynamic non equilibrium situation.the J—integraldlsApaigad
dependent, yet a quasi-static J-integral evaluatlo? wgs exp;ire .insfact
i i i t (directly) observable -

data causing specimen deflection are no e )

deflection and tearing proceed, when the spec;menj1§ fiﬁe zizzrsigiznglis

i i or in e

loads or moment after impact - an expression ! N ik 2
i 4 d limit load situation is realize ady

required. Assumedly the beyon : . ! i S s
iati i or 3 points sp

initiation and using the relevant expression s ;i

for this (cf. e.g. Rice, Paris and Merkle, 19?3), one derives with Q

referring to the moment part causing deformation only:

£ W rack {2- Cerack’1in (1-166D55) T (2.1)
~ b(w-a) 0 el 7
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(¢ Vsos
{2- ——crack’lin (1—16822)} (2.2)

crack
¢crack = rotation angle, due to the crack; Y = effective yield strength

D2YW(I~A)¢crack

D2 = 0.365cf. Green and Hundy (1956); g = %E-for the assumedly relevant

. . 2
plane stress Situation; IGBD2 = 0.35 and can become up to 3 x smaller,

1 s s, y 3
when plane strain is prevailing. For ((bcrack)llm was taken ¢ at 250 Us; at
this time initiation (usually) starts and the limit load situation is
arrived at.

hardening was attempted, which unfavorably interferes with tearing

modulus estimates from J/Aa—curves; cf. also Rice, Paris and Merkle (1973)
and Wilson (1970)

To account for the absorbed energy during crack extension in SENB-specimens
under limit load conditons one has with:

O = gs‘zb(w—a)z/zz - % Tbwl (1-1) 2/ 23 (3)
1

= 2
= 3 Ybw(1-})

P .
lim
and thus for span 28 = 4y as relevant:

1 b §{<1—x0)3-(1—x)3} )
a

Plim
12l 2 s 22 2 f

E(AA ) = —Ybw/(1-))%df = 3Ybw" S(1-X)“ Zd)
o 3 o A a

3
o} (e
sep T Loall =2 f_ w3
Ediss(A’Ao) ilm E(A,Ao) 3 Ybw = (1 Ao) (5)
->1 a
With Y = 900 MNm~2; b =10.05m; w=0.] m and - according to observation -
f o= &Z = 25 ms_]; a =100 ms—l; é—?bwz §‘= 0.0125 MNm, (5) appears to offer
1 a

a rather satisfactory description of ES®P _g : > while (4) describes
diss diss;p

1 ) s ; 5
E—M(Vo V) Ekin_Ediss;p’ cf. Fig. 3 and Fig. 4 and Fig. 6.

w

Pi.
) = L Em @Y f AR ] 2
R(A) = = EX(A,AO) = 5 = 7.5(1-X)"MNm ' and R = 5 (1—}0) .

el | Hh.
el [Fhe

CONCLUSIONS

Displacement controlled impact tests on SENB—specimens, in which contact
between striker and specimen and supports and specimen is lost, yet allow
estimates of J1cs J/Aa—curve and dissipated energy E(a) by suitable
recordings of displacement, velocity, angular velocity and cracklength in
time.

In the investigated upper shelf level, where presumably ductility dictates
limit (dynamic) moment. conditions, J-values appear to remain ligament
dependent, while the dissipated energy for crack extension appears to be
describable as:

Ediss(x’ko) = %~{§bw2 f/é.}F(A), with Y a yield strength value for relevant

strainhardening and deformation rate and I'(\) a geometrical factor asg
described in (4) and for )\ = w in (5) resp.
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SENS impact specimen
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= 100 mm \
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* o
0.40| l\ u/

ot /(/&// f//° N 039 :\\»/;
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i 6. Normalised dissipated energy
g . i d ara-
at crack extension and sep
tion for impacted HY130-steel
SENB as function of A and A
resp. under limit moment
conditions

Fig. 5. J/Aa-curves for impac?ed
© HY130-steel SENB-specimens
(with ag as parameter)

NOTE

: 3 1 1 £ hiel 1 ol hi
: . e i ferred to Van Elst (1984).
cordings, fracture surface appearances, etc. is refer
- g
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