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ABSTRACT Sc5O23.1OTR

The damage created by the impact of soft projectiles onto a

brittle target has been examined. The character of the damage near the

threshold has been evaluated , and damage parameters that indicate the

important target properties affecting the Incidence of damage have been

derived. The fracture toughness and elastic wave velocity have been

identified as target variables Of pr imary Importance, and their

significance has been verified experimentally.
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1.0 INTRODUCTION
SC5023. 10Th

The character of the damage created by the Impact of a

projectile onto a brittle material depends on the target response,

elastic or plastic’ (this response is determined , in turn , by the
relative plastic deformation properties, acoustic impedence, etc., of the

projectile and the target). The damage that occurs in the plastic

response regime is. now reasonably well understood and has been

characterized2 primarily in terms of the toughness Kc and

macrohardness H of the target. However, the damage in the elastic

response regime is still poorly comprehended. The initial damage In this

regime is found to occur as short, circumferential surface cracks

(Fig. 1). These cracks have been attributed to the activation of small

pre-existing cracks by the relatively large tangential tensile stresses

associated with the Rayleigh wave.”3’4 An approximate analytic

solution for the spatial and temporal features of the tensile stress

pulse has indicated that the threshold should be influenced by the

follow ing target properties:’ the size distribution of pre-existing

surface cracks , the fracture toughness, and the elastic wave velocity.

However~ the relative importance and the magnitude of the effects

attributed to each of these variables has not been established . The

present paper generates Information pertinent to this problem .

The problem Is addressed by examining the variables that

Influence both the dynamic elastic stresses and the crack propagation

characteristics under stress wave loading. The interrelationships

between these variables are then used to identify impact damage

parameters. Finall y, the utility of the damage parameters is explored

experimentally.

1
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2.0 IMPACT STRESSES SC5023.1OTR

There are a limited number of solutions for the dynamic elastic

stresses , a , generated by the impact of compressive projectiles.5.6

These stresses are dictated essentially by the impact pressure, p(t), the

contact radius between the projectile and target, b(t), and the

deflection of the target surface. The only detailed stress analyses have

been performed for rigid surfaces; a condition that affords a reasonable

approximation to a dam~~e regime of considerable present concern--sott

projectiles (such as water) impacting br ittle ceramic (high modulus)

surfaces. For this condition , numerical analyses6 suggest the pressure
distribution , prior to extensive lateral outflow, shown in Fig. 2 (at

longer times, during lateral outflow, the pressure should , of course ,

gradually decline). An analytic solution for the dyanmic stresses that

develop in response to this pressure has been obtained5 by

approximating the pressure distribution with a uniform pressure,

expanding as the square root of time, t. The important features of the

analysis are:

(i) its recognition of stress field norm~lization through the

material independent parameters

~~~~
2

a/p

I 4v~
2t/k~ (1)

R 4vLr/k2

where r is the distance from the impact center, vt is the

longitudinal wave velocity, and k is a projectile

dependent parameter, determined primarily by the

2
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SC5023. 1OTR
projectile radius rp and its initial velocity v0
(k2’ 2rpvo).

(ii) the occurrence of a maximum in the peak tensile stress

3 (r) close to the impact center (Fig. 3).

(iii) the steep tensile stress gradient from the surface to the

interior (Fig. 4).•
Numerical stress analyses (derived by applying the pressure distribution

of Fig. 2 to an elastic half space) have confirmed the existence of a

max imum in a (r) adjacent to the impact center.6 The analyses have not
been extended to the post-outflow stress development, but it is

reasonable to anticipate that the stress will decline at a more rapid

rate than in the pre-outf low regime. Since outflow is essentially

Independent of the target (it is determined primarily by the wave

propagation and deformation properties of the projectile), the stress

decay will be manifested closer to the impact center for those materials

with higher wave velocities. A schematic of the temporal and spatial

features of the near surface radial tens il e stress (that incorporates the
pr incipal effects noted above) is plotted In Fig. 3, for materials with

two different wave velocities , v v . Note that the durat i on andL~ 
£~

spatial extent of the stress pulse are substantially smaller for the

material with the higher wave velocity. It has been assumed that lateral

outflow occurs well beyond the maximum in ; so that the stress levels of

primary concern for fracture ( cz>~~) are unaffected by the outflow

process. When this assumption becomes Invalid (perhaps in materials with

low wave velocities , e.g., pol~iners), the outflow process could dimish

in the prospective fracture zone, thereby retarding damage formation.

Another important feature of the stress field is the gradient in the

3
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SC5023.] .OTR

radial tensile stress beneath the surface. This Is exemplified in

Fig. 4, wherein the stress gradient is examined for the same two

veloc iti es (
~, 2~~~) at equivalent locations (e.g., at the positions ,

and r2, where the peak tensile stress exhibits its maximum value ,

;~~). This gradient should be directly proportional to the wave

velocity .

4
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SC5023. 1OTR

3.0 DYNAMIC CRACK PROPAGATION

Crack activation and growth in dynamic stress fields Is

determined by both the temporal and spatial details of the stress at the

crack surface. A generalized theory that allows both the temporal and

spatial effects to be treated simultaneously has not yet been developed .

However, an apprecIation for these effects can be constructed by

examining them on a separate basis.

3.1 Temporal Effects

The problem of a spatially uniform stress pulse impinging onto a

crack has been explored in several recent stud ies.7,8 The following

sequence of events appears to prevail. When the stress wave first

impinges on the crack, the wave Is diffracted by the crack surface , and

the stress a L ahead of the crack increases with time , t. An analytical

expression for the stress, deri ved from Freund ,7 is:

~~ [1!v~~(*) 

v
t]1

/2 

(2)

where a0 Is the amplitude of the stress, r is the distance from the

crack tip, v
~ 

is the longitudinal wave velocity* and ~ i s Po isson ’s

ratio. The equivalent stress intensity factor, K, is

*For a surface crack , it has been pointed out by M. V. Swain (private
coninun icatIon ) that the Rayleigh velocity, Vr, might be the
appropriate velocity term In Eq. (2).

5
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1 1/2
K 2a I ~~ z

LT ( l~ 
) (3)

The stress Intensity factor thus exhibits a square root dependence on

time and its magnitude is independent of the crack length. Hence, if K

reac hes the cr itical value 
~ 

while Eq. (3) still pertains , the

incubat ion time r for crack activat ion becomes

ir K
~
2 (l_ ~

2)

2 
( )

V Q ao

An analogous expression (referred to as a “ least action law ”) has been

obtained by Steverding and Lehnigk ,9 using a thermodynamic analysis.

However , Eq. (4) only pertains until the stresses are perturbed by the

wave diff racted at the opposite crack tip (or the wave reflected at the

surface for a surface crack). This occurs when t ~ 2a/v~ , where 2a is

the crack length.8 The post-collision wave pattern Is distorted and K

increases less rapidly with time than anticipated by Eq. (2). SolutIons

for K(t) have been derived by SIh and colleagues .8 These solutions can
be expressed In the form

/v t~K(t) F~4~) K
~ 

(5)

6
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SC5023. 1OTR
where Ks is the quasistatic stress intensity factor and f are the

functions plotted in Fig. 5. The principal feature to note is that K

reaches a peak value K that exceeds the quasi static stress intensity

factor (by a factor -.1.2), and then oscillates about the static value as

a damped sinusoid. A more general expression for the incubation time can

now be derived from Eq. (5), as

vL r Ia \
jw 9~~*J (6)

where a* is a parameter defined by;

a* = (K )2

and g Is the function plotted for a through crack in FIg. 6. A zone of

TM no fracture~ Is evident. This zone is bounded by a critical crack size

minimum ¼ ~ 0.63 a* (dictated by the condition that the peak stress

intensity factor K < Kc), and by the incubation time . The existence of

fracture thresholds of this type has recently been demonstrated by

Kai thoff and Shockey.l0 This incubation bound Is identical to that for

the semi-infinite crack, except for cracks very close to the critical

size (1.0 > a/ac~~ 0.8) 
- even then the divergence Is small. It seems

plau sible , therefore , that the subsequent motion of a through crack

(after Incubation ) should be reasonably well described by solutions

deri ved for semi-infinite cracks. The most comprehensive solution , due

to Freund ,7” can be expressed In the form
7
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SC5023.1OTR
K
~

2 (l ~
2 )

a/y r 1 - 
2a~

2 VQ rt ½ - (t - t0)
½ H(t - t0)1

2 (8)

where 
~ 

is the pulse duration and H is the unit step function . This

expression predicts that once the incubation time has been exceeded

(t’ ~r ) ,  the crack accelerates according to

a/yr 
1 - ‘ K

~
2 /4<~ v Q t (9)

while , after the pulse has passed the crack plane (t’ t0), the crack

acce lerates

~ 1 - 1KC
2/4aO

2vQ f t ½ - (t - t0)
¼1
2 (10)

and finally arrests, as Illustrated in Fig. 7. The crack increment Ad

above the threshold (Appendix) is;

~~~~~~~
. 

~4 +

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
- Rn

(11 + 4t~r/ ( r  + t0)
2 

+ 1

\~
f 1 + 4t r / f r + t 0

) 2 _ l

8
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SC5023. LOTR

~~ The motion of an embedded penny crac k or a surface half-penny crac k may

be numerically different from that predicted by Eq. (8), as might be

anticipated from the differing time dependencies of K for static cracks

(Fig. 5). However, the relative dependencies on the important material

variables should be essentially the same.

3.2 Spatial Effects

When a crack is subjected to a spatially varying tensile stress,

the crack propagation condition can exhibit several unique

characteristics. These special features can be deduced by estimating the

stress Intensity factors for cracks penetrating steep stress gradients .

If the crack is relatively small compared to the sample dimension , W

(i.e., a/li ~ 0.2), the stress intensity factor for a through—thickness

surface crack of depth a in a spatially varying stress,a (z) is given

by; 12

a

K 2111 a (z) 11 + F(z/a)J dz
1 ’J / 2  2 (1 1)

0 Z

where F(z/a ) is given by;

F(z/a) • E l — z/aJ (0.295 - 0.391 (z/a )2

+ 0.769 (z/a)4 - 0.994 (z/a )6 
+ 0.509 (z/a)8]

9
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A functional form for o (z) that allows the important stress gradient

phenomena to be conveniently illustrated (Fig. 8) is the exponential form;

a(z) a0e~~/’
Zo (12)

where z0 is a constant that provides a measure of the severity of the

gradient and a~ is the peak (surface) amplitude . Substituting Eq. (12)

into Eq. (11) and rearranging gives;

a/z 0

____ - 
________________  

z/z~)J d(a/z0)

~ 2a~ v ( ~0) [I (a/zo)] (13)

Setting K equal to the cr it ical value Xc allows the critical peak

stress for crack propagation, aoc, to be expressed as;

fli__ (14)
21(a/z0) \l (a/z0)

d

- - - 
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• 4.0 DAMAGE PARAMETERS

Damage parameters--that classify the respective roles of the
important material properties on the impact damage--can be generated by

combining the information developed in the preceding sections concerning
impact stress wave characteristics and dynamic fracture phenomena. (For

this purpose, the shape of the tensile stress pulse is considered to

exert a minor influence on the relative roles of the important material

parameters, and the solutions for the step profile are used directly.)

Firstly, the incubation time (Eq. (4)) can be combined with the

pulse duration and amplitude (Eq. 1)) to demonstrate the existence of a

threshold contact pressure Pd for the crack activation . This

threshold is a lower bound, that pertains to cracks larger than a

critical” size ¼~ and is given by;

2 1 ~ l(K~~
vt)

ci — 

[

~~ Z 

T j  k2 (15)

where T~ and ~ 
are the material independent pulse duration and pulse

amplitude , respectively, at the location where the product of the pulse

duration and the square of the amplitude is a maximum (Fig. 3). If

damage parameters 0 are now defIned, In the sense that enhanced damage

resistance is Imparted by increasing 0, then the target damage parameter

for the incubation threshold, D~~, is;

or, ‘II K
~~

Y L (16)

11
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This result is plotted in Fig. 8. It is apparent that for a < z0 the

crack can grow unstably, by an amount ’S a~ (that can substantially exceed

the Init ial s ize , a0, Fig. 8); whereas, for a ~ z0 crack growth is

stable and only occurs while the stress continues to increase. It is

also evident that there is an absolute fractor threshold 0th, below
which no crack extension can occur regardless of crack size, given by;

Oth~~KC/ / ~~ Finally, it is important to note the relat ively
large flaw size range, 3 x i~-1 ~ a/z0 ~ 3, for which the activat ion

stress °oc Is flaw size insensitive . The details of the crack growth

behavior under stress wave loading will be different, but similar trends

with relative crack depth should exist. One important difference between

static and dynamic crack activation derives from the larger dynamic value

of K. This causes °oc “i /Kc for a through crack to be reduced by

0.25, as shown in Fig. 8.

t when the crack length is pall relative to the sample dimensions, crack
arrest occurs at K~~ Kc.

1J

12
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SC5023. 1OTR
.4 whIle the projectile damage parameter Dp~ Is

D~1 • K
2 

~~~ v0~
1 (17)

(The Hugoniot of the projectile is also important , of course , because of

its influence on the interdependence of the pressure and projectile
velocity.)

An additional threshold effect, independent of the crack size,

derives from the stress gradient (Eq . (14)). Combining this result with
the stress field normalization (Eq . (1)) gives;

2 4 (K2 v )
c2 k2 (18)

where Z0 and ~ are the material independent stress gradient and
amplitude, at the location where the surface pulse amplitude is a maximum
(Fig. 4) . The damage parameter for the stress gradient threshold Is thus

identical to that for the Incubation threshold (Eq . (16)).

An apparent threshold mi~~t also derive f rom the crac k extens ion

behavior , because cracks are only observed , e.g., using optical or
scanning electron microscopy, when they exceed a minimum size, a,,~
(determined by the residual crack opening disp1ac~,i~ent). Presuming that

this minimum size Is substantially In excess of the initial size a0,

the reduced crack extension result (Eq. (AlO)) can be combined with

Eq. (1) to yield

PC3
IIIP

[
~~~~~Z] 

~~~ 

13 

(19)
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The target damage parameter is thus

— K
~
2v
~
2 (20)

indicating a stronger dependence on the wave velocity than predicted by

the other threshold conditions .

The size of the pre—existing cracks may also, of course, be
important. Spec~ffical1y, if these cracks were very small (<O.1z0, see
Fig. 8), the threshold Pc2 would be substantially larger than predicted

by Eq. (18). The role of the Initial crack size can only be fully

developed, however, when the details of the impact stress field have been
elucidated (e.g., using numerical techniques). Hence, the damage

parameter involving the initial crack size cannot yet be defined, except

to recognize the existence of possible crack size effects when the cracks

are small.

The growth of the damage above the threshold is less readily

described by damage parameters. Initially, it involves the continued

extension of cracks activated by prior Impacts; this process can again be

approximately described in Eq. (19). However, the subsequent crack

growth and material removal process are much more complex, and a

description of these processes is beyond our present capabilities .

14
0199A/ebs
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5.0 IMPACT EXPERIMENTS

5.1 Experimental Techniques

Experiments have been designed to obtain a preliminary

assessment of the utility of the target damage parameters D~ and DT2

for describing the resistance of polycrystalline ceramics to impact

damage (in the elastic response regime). For this purpose, precrack

arrays (Fig. 9) have been introduced into samples of three

polycrystalline materials , MgO, ZnS, and S13N4 (Table 1), and the

samples impacted near the centers of the crack arrays using 1 nm diameter

nylon spheres. The crack arrays were introduced by Knoop indenters ,14

and the plastic zone subsequently removed by grinding and polishing . The

Indentation conditions were preselected,’5 to allow the crack sizes in

each mater ial to be approx imately constant (— 200 ~im radius). This

avoided ambiguities associated with possible crack size effects. The

impact experiments were performed using an exploding foil techn ique;’6

a system which has the directional precision required for this series of

exper iments . The specific materials were chosen to enable the effects of

Kc and to be examined independently (Table 1).

5.2 Critical Velocities: Observation and Evaluation

Critical projectile velocities, vc, were determined for each

material by gradually increasing the velocity until crack activat ion was

detected. An example of crack activation above the threshold is shown In

Fig. 9 for the MgO material . The critical velocities obtained In this

manner, for each of the three materials, are suivunarized in Table 1. It

15
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is evident that the threshold veloc ity increases as both the wave

velocity and the toughness increase, in qualitative accord with the

damage parameters.

A more detailed comparison between theory and experiment can be

affected by taking the contrast pressure p to be directly proportional to

the projectile velocity (although this is not strictly correct, because

of the nonli near projecti le response, the deviation should not be large

in the velocity regime of present interest). Then, eqs. (15) or (18)

predict the proportionality vc~ 1(c 2/3 ~~1/3; while Eq. (19)

predicts Vc~~Kc 
1/2~~1/2~ A comparison of the critical

velocities for MgO and S13N4 indicate a toughness dependence of --.

1(2/3, consistent with the expectations of the damage parameters.

However , a comparison for MgO and ZnS Indicates a wave velocity

dependence, -vi,, that is substantially larger than anticipated by the

damage parameters. This discrepancy would reflect an additional effect

of v~ that has not yet been i dentified. Alternatively, the relatively

coarse grain size of the ZnS (40 ~jm compared with 
- 2 urn for the MgO and

513114) could induce an effective near-surface crack propagation

reslstance* smaller than the indicated (polycrystalilne ) value, so that

the comparison is not being effected at constant toughness. Further

experimentation is needed to clar ify this Issue.

However, the results should not be reagrded as sufficiently definitive to
assess the relative roles of D~ and DT2.

*The propagation of small cracks In re14~v~jy coarse grained materials is
an Ill-defined issue; but it is evident1~

,
~
1 that the crack must be at

least 5—10 tImes the grain diameter before the crack propagation resistance
assumes its polycrystalllne value. For smaller crakcs, Kc var ies between
the single crystal and polycrystal values .

16
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6.0 SUMMARY

The primar y Implications of both the theory and experiment are

that the damage threshold in the elastic response regime is strongly

Influenced by both the wave velocity and toughness of the material. The

wave veloc ity is a microstructure insens iti ve property, and its Influence

on the damage has implicat ions primarily for the basic choIce of the

material , i.e., materials with a l arge modulus and low density such as

SI3N4, SIC, Al 203. By contrast, the toughness is highly

microstructure sens iti ve ,’9,20 and substantial opportunities exist for

increasing the damage resistance by attending to the material’ s

toughness. However, it Is critical to recognize that the perti nent crack

growth resistance rel ates to the extension of surface or near-surface

cracks. This invned i ately establishr the importance of a fine surface

grain size. The requirement for a fine scale microstructure essentially

eliminates one important mode of toughening, controlled microfracture,

which only pertains to relat ively coarse gralned ( 10 urn) materials or

to relatively coarse multiphase systems. Al so, relati vely tough
two-phase metal/ceramic systems (e.g., WC/Co) may not be effective

because of perturbations caused by deformation of the metal phase.

Nevertheless , several attractiv. toughening approaches that can be

applied to essentially single-phase systems, e.g., stress i nduced phase

transformations, grain pull-out, seem pertinent .

The density of a material can be reduced by inducing porg~ity, but theeffect is more than counteracted by the reduced modulus .l~

17
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The experiments conducted in this study are only regarded as

preliminary . Further studies are needed to fully quantify the respective

roles of the toughness and wave veloc ity (through the various damage

paramters), espec ially on mater ials w ith microstruc tures of equi la lent

scale. The detailed influence of the pre-existing crack size also

requires eluc idati on, particularly the possible enhancement of the damage

resistance by developing materials with diminutive surface and

near-surface pre-existing cracks.

18
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APPEUD IX

The Crack Length Increment due to a Supercritical Stress Pulse

During the acceleration phase the crack veloc ity (Eqn.(8)) can be

expressed In terms of the incubation time t (eqn. 4) as;

v (1 - ~/t )  (Al )
da r

The crack increment, Aa , is thus simply;

to
1 (1 - t/t )  dt (A2)

V

~ t0 -

In the deceleration phase, the crack velocity (Eqn. 8) is

~r [i 
- 

~
112 

~(t~t0)
1/2]] 

(A3)

The time ta for the crack to arrest, after the pulse has passed
, determined

by setting the crack growth rate in Eqn. (A3) equal to zero, is thus;

ta - 
( 1  + 

to,T)2 (A4)
t 4
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The crack increment ~a2 is thus given by;

— 

t:~~,
to 

~~~ 
[t~”~ - (t - t0)

112 ]2} 
(AS)

To sol ve the integral , let

t a t
0

1 -x

the integral becomes

xdx.....i. 5 t _ 2 t
f 2 2 (A7)

r (1—x ) (1—x)

where, B iltylta/ (to + ta)• Integration then gives

- ta - 

~ ~~~ 
)Z 

- ‘~~ (i~.)] 
(A8)

The total crack length increment is thus,

(t
~ 

+ t0) -1-tn 1 
_____ -2tn (ii) (A9)

V rT t 
~ [(1-8 )

2 l 6

22
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Note that for to > > r, Eqn. (Ag) reduces to

V r Vrta 
(Ala)
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F I GUR ES

Figure 1 - Circumferential cracks produced by the impact of a nylon

projectile on zinc sulphide .

Figure 2 - A numerical computation of the pressure profile produced

by the impact of a water drop onto an elastic half space .

Figure 3 - A schematic of the spatial and temporal dependence of the

tensile stress pulses produced by impact. The pulse shape

and the stress envelope have been taken from calculat ions

by Adler4 and Rosenblatt.6

Figure 4 - A schematic of the stress profile at the position of peak

surface stress amplitude .

Figure 5 - The time dependence of the stress intensity factor for

through and penny cracks subjected to a step pulse.

Figure 6 - The fracture bounds derived from the dynamic crack

activation analysis.

Figure 7 - A schematic indicating the motion of a crack subjected to

a stress pulse.

24
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Figure 8 - The conditions for the growth of a surface crack in an

exponentially varying stress field.

Figure 9 - The activation of surface cracks in 14g0 by the impact of a

1 nm nylon sphere at 1100 ms-i.

25 1j
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TABLE I

The Threshold Veloci ties for Pre-Cracked Materials

Impacted by 1mm Nylon Spheres

Longltudinal 1 T 
Average Grain Threshold (ms~

~aterial Wave Speed (ms ) Toughness (MPa1~) Diameter (urn) Velocity

ZnS 4.6 x l0~ 1 40 400

MgO 9.4 x 103 1 2 800

5i3N4 l0~ 5 1 2400

i rn ~ 26
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