UNCLASSIFIED

AD NUMBER
ADB280760
CLASSIFICATION CHANGES
TO: UNCLASSI FI ED
FROM: CONFI DENTI AL

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Operational Use; FEB 1942. O her
requests shall be referred to Ofice of
Scientific Research and Devel opnent,

Washi ngt on, DC 20301.

AUTHORITY

OSRD |ist no. 21 dtd 13-17 May 1946; OIS i ndex
dtd Jun 1947

THISPAGE ISUNCLASSIFIED




vonTTTTTTTTTTTTITT T T T e

"

; P R
vion awemiimenit chanre

eosicaly

c:k5442£>

pitiets of O

e ot e 7

NATIONAL DEFENSE RESEARCH COMMITTEE

REPORT NO. A=33 : PROGRESS REPORTv
OSPH #3 Lo

PRELIMINARY EXPERTMENTS ON THE PROPAGATION
OF PLASTIC DEFORMATION

o
Pol, E. Duwez

TECHNICAL LIBRARY

BLDG. 305
~ ABERDEEN PROVING GROUND, MDa
STEAP-TL
Reproduced From

i Best Available Copy
: ! z
v
R Copy No. 04 m %

0701 219




e

NATTONAL DEFENSE RESEARCH COMBITTEE

REPORT NO, A-33 : PROGRESS REPORT

PRELIMIITARY EXPERTIENTS ON THE PROPAGATION

O PLASTIC DEFORI:ATION ' . ‘

by

Pol. E. Duwez

TECHNICAL LIBRARY -
) BLDG . 305
ABERDEEN PROVING GROUND,, 1D
| STEAP=T

.

Approved TFebruary L, 1942 e;Zzi;<;%{’“ / ‘ 4
for submission to the Section Chairman ‘ LAy INGn—

Th. von Karman, Consultant,
Section B, Division A

Approved February 10, 1942 .
for submission to the Division Chairman s L’*°*J“”7X*“J‘J;L/

~John ., Burchard, Chairman
Section B, Division A

Approved February 10, 1942 e f Y Jpke
for submission to the Committee ”{" C’A QA(-/ ( /‘&é R

Richard C, Tolman, Chairman,
Division A

PTARYT.AY




Ye

r

Preface

The work described in this report is pertinent
to the projects designated by the War Department
Liaison Officer as CE-5 and CE-G. The report is
supplementary to HDRC Report A-29 (OSRD Ho.365),
by Th. von Karman. The work was done at the suggestion
of Doctor von Karmin at a time when its possible mili-
tary value was not clearly recognized; hence nn formal
arrangements for an NDRC project were made.

Disposition of copies of this report, —— The
report was prepared for duplication on February 10, .
1942,  The initial distribution of copies was as
follows:s

Coples No, 1 to 23, inclusive, to the Office of
the Secretary of the Committee for distribution in the
usual manner;

Copy Ho. 2L to the Chief of the Bureau of Ordnance,
Havy Department (Attention: Research and Development
Division);

Copy No. 25 to the €hief of Engineers, War Depart-
ment (Attention: Lt, Col, C.H, Chorpening and Lt, Col.
F, J. Wilson); ,

Copy No. 26 to the Chief, Bureau of Yards and Docks,

Havy Department (Attention: Capt, C. 4. Trexel);

Copy No. 27 to the Director, David Paylor liodel
Basin, Navy Department (Attention: Comdr. 7.P. Roop)s

Copies Mo. 28 and 29 to the Chief,Ordnance Depart-
ment, U.S.Army, Frankford Arsenal (Attention: lajor
L.3, Fletcher), Tatertown Arsenal (Attentions Lt, Col.
S. B. Ritchie);

Copy No, 30 to J, &, Burchard, Chairman, Section B,
Division A; A ‘

Copy Ho. 31 to H.P. Robertson, Vice Chairman,
Section B, Division Aj

Copy Ho. 32 to Th, von Karman, Consultant, Section
B, Division Aj

Copy Ho. 33 to F. Seitz, llember, Section B,
Division Aj

Copy Ho., 3L to J. B, Wilbur, ilember, Section B,
Division A;

Copy io. 35 to I, ii. Newmark, Consultant, Section
B, Division Aj

Copy Ho. 36 to L.T.E. Thompson, U. S. Naval
Proving Ground, Dahlgren, Virginia.
iid
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PROLTMTIARY EXT MI“ THTS O TID ”OPAGATION o

OF PLASTIC DEFOuhATIO

- Abstract

In a recent report, % von Karman develops a theory of the
propagation of plastic deformation in solids that may open the
way to a systematic interpretation. of a great many “impact and
penetration problems in which plastlc deformations of beams,
plates and ormor aré involved.” The preserit:report describes’
experiments that have been made with the object of testing the
assumptions of the theory and that provide. data on (i) the
existence of a plastic wave front of a given amplitude, (ii) the
relation between the velocity of impact and the amplitude .of the
plastic wave front, and (iii) the shape. of the plastic wave and
the velocity of propagation of the plastic front.  The experi~

" ments show that the theory is able to describe, along general

lines, the process of the.propagation. of - deforﬂaulon in solids.
In partloulur, the thboretlcnlly predicted relation between the

velocity of impact and the resulting maximum plastic deforma-

tion checks quite well with the expﬁrlmcnts. .The actual shape,

-of the plastic wave is found to be at some varlance with ‘the
“theoretically obtalned curves ﬂnd ‘hence .needs further explana-
- ~tion,

-The object of the experiments described in.thié'répofﬁ is

to cleck the formulas established in von Karman's thuory of the

v q)
:_.propagation of plastic deformatlon in solwds - The verifica~

‘tlon deals chiefly Wlth the f0110w1n9 threo 001nts

(1) The existence of p]gstlc wave front of a clﬁén
amplitude. - B |

(1) The relation botweon the amplitude £ of tho plastic
wave front and the jclociﬁyézf:impact.éb;.n;mély,g/

B B C7CDN ORI Y

l/ Th. von Larmwn On thp propagatlon of plustlc deforna~
tion in solids, NDRC uLpOTt A-29, . ;

2/ This is Eq.(11) in von Karmén's rcport.
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where & is the stress, & is the strain and p is the density of
the solid material.
(iii) The distribution of the plastic strain £ between
the plastic and the elastic front as given by the formul&é/
;F_T(t);f(oxz/tz, (9)
-where T [= de/dg]iié the'ﬁqduiﬁs of'deformation,'ﬁ is the dis=-
tance from the end of the wire to the point under- consideration,

“and t is the time. -

1. ‘Expéfimental set-up

“we Were_aﬁle‘to use the high veiocit& impact testing machine
designed by‘Doctor D.S. Clark. In this testing machine, the
impact is producéd by a harmer tha£ fails betyreen tWQ vertical
rails:and'that is accelcra£ed by pre-stretched rubber bands.
The méximum velocity attainable is approximately 200 ft/sec.
The velocity is measured by a suitable electric device,

The specimen used was an énnealed copper wire about 100 in.
iong_and 0,0?J in. in diameter. On‘every specimen equidistant
marks were made with 1=in, spacing, After the test, the plastic
strain was determined by meaéuring_the displacement of cach mark.
In ordelr to observe the propagation of the plastic wave while 1t
travelé up the wire, a series of experiments was made, all with
the same speed but with the impact stopped after different time

intervals which varied from 0.4 to L millisec. In this way we

3/ Lq.(9) in von Kirman's report.
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"freeze" the plastic strain along the wire, since the elastic
deformation is negligibly small in comparisog with the per-
manent set, For this purpose the foliowing:device was employed.
The‘bottom end.of fhe Wiie is aftached‘£o a rigid piece
A (Fig.,1). At g‘is a vertical rod that fésts on the.bottom
frame of the machine. The uppér én@ of this rod fits loosely
into the tubular part éf A, V‘When ihé hammer H hits the piece
A, the specimen elongates until A reaches the rod B. fhe
piece A contains a circular notch g, and the rim of A breaks
off at this notch after A has traveled the distance D and comes
to rest on the rod B. The purpose of this arrangementJiS to
allow the hammer to continue to move dovmward and also to dis-
sipate some of its remaining kinetic energy, However, no
kinetic enefgy is transferred to the specimen after A reaches
E. The time of impact is therefore the distance D divided by

the velocity of the hammer during the process of elongation.

2. Static stress-strain curve for the specimen used

The static stress-strain curve for the copper used in the
impact tests is shown in Fig.2. The specimen employed in the
static test was a 20-in, length of the wire used for the impact
experiments., The stress plétted in Fig.2 is the true stress

calculated by means of the formula

[\ = -
true 0t’zpp./(1 Y,

where fépp, denotes the load divided by theAihitial cross sec-—

tional area,
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From the aforementioned static stress-strain curve we

calculated the 7anlue of do/de as a function of ¢ and then

plotted the cuiv: <hwowing the quantity

' HCELD)
v P

as a function of . This quantity, according to the theory,
gives v,, the velocity of propagation. In Fig.3 the corres-
ponding values of‘the permanent set & and the quantity
Q«EE7EET7Z derived from the static tests are plotted up to

a value of 2000 ft/sec. Tigure li represents the continuation
of the curve up to the velocity of the elastic front. Trom
these curves we can calculate, Ior each value of &£,, the

value of the quantity

v = ds, (11)

where v, is the velocity of impact corresponding to a plastie

versus &, is shown in

front of amplitude &,. The curve v,

Fig.5. This curve reaches an end at the point &, = 16 per-
cent, v, = 180 ft/sec. The impact velocity of 180 ft/sec
is therefore the "critical velocity" for this material. An
impact with a higher velocity must produce an instantaneous

breakdown of the specimen,

3. Heasurements of the distribution of the strain along the

sEecimen

As mentioned in Sec.l, marks were made on the specimen

at intervals of 1 in. The distance between the origin and



N
N N -—A

H ' 1‘
: .
: l 4 .
4 4
1 . 4 |D
U I x
' : '
a [ " h
’ M
‘-
’
[ i . PREREN
y
M [}
/|-
1 1]
|
EL....JI .....

. —8B

.

R

FIg. L Eperimenial gerice used fo5rop
- Phe impact after o grvern gerormarion or
the specimer /s reached. , |




30000

20000

10000

&%)
2 4 ot 8 (Y 12 14 15
0 0.2 0.4 0.6 0.8 I (curveg)

FIG 2. SPOVc =Shrons curye 7or he Spec/mern(conoer-nwire,
0.97/ 172 déameser). Curve 2 /S 71/5e por/jon of 7he Sgme Sy ess-
SEram corve with on enlarged Sco/e rorshe Srram.



- 7-
£(%)
15
10
of
oS B —T T E— 1500\ &, . 2000
0 . !
. . . -;,":\g!;eet/seca
F7 3. Fermanen) SefE versos speed of propagalion, as cal-
culared From Fhe Srotc S/ress -Stroin corve.

| |
S
w
0.5 -
i L-'Iasti'c front
1 ) ) ] I } i ) 1 ! ngg_@eef/seC) .
o} 5000 10000 S0

Fig. 4. Continvation or /he curve of f1g.3 up 7o /e
elasric rromt '




| P opUS L1 ST NS pSIN
= SOPU SSYOYD /YD I IBLIOBY PIINTULOD UL LIS (0T O
PEBOSBYYL GYpim 1D (BS [USLOU BT Sy SO LOILEIIL) S bof—

Gl Ol S o

T T T T T [ T T T ! I T T T

)

(%) '3

{001




-9 -

each mark is denoted by x,, xz; .+s Xp, respectively. After the
test the new distances between the origin and the marks were
measured; these distances are dencted by x,', X', «.. xﬁ‘.

When the differences x,' - x, are plotted as a function of z,
curves such as those shown in Fig.6 are obtained. The sequence
of curves corresponds to increasing time intervals, By taking
the dérivatives of the functions represented by the curves, we
obtain the values of the strain & at each point of the wire,
This way of measuring the strain has been found to be the most

practical one,

i, Results of the high velocity impact tests

' The results are given in three separate sub-sections --
(1), (ii) and (iii) ~- in order to show to what extent they
agree with the three principal theoretical results which we
expressed at the beginning of this report.

(i) Existence of a plastic wave front., —-— The first series

of tests was made in order to show that the amplitude of the
plastic front is a function of the velocity of impact alone.
This amplitude remains constant while the elastic front and

the plastic front travel along the specimen. In these particu-
lar experiments, the velocity of impact was always 92.50 ft/sec;
but the durations of the impact were varied. To control the
duration of impact, the two pieces A and B shown in Fig.1 must
be placed at a proper distance apart., It is rather difficult

to measure this distance accurately. For that reason we

calculated the ‘duration of impact t from the total elongation D,
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measured on the specimen after the test, and the velocity v,
of the hammer after impact:; the formula used is t = D/v,.
The velocity after “1macc, v, was determined by measuring
the velocity ol ihe hammer immediately before the impact by
means of an electric device and then multiplying this ﬁalue
by the ratio mHﬁmH + mA), where m and m, denote the masses
of the hammer and the piece A, respectively.

Figure 6 shows the distribution of the elongation Xp' - X

- along the wire., The duration of impact is indicated on each

curve and is also given in Table I. 411 the curves have, near
the origin, a straight portion whose slope is a constant.
Figure 7 shows the actual readings and their deviations from a
straight line for each test. The curves in Fig.8 ~- obtained
by computing the derivatives of the functions showm in Fig,6 —-
give the distribution of the strain along the specimen. 'le may

therefore conclude that a plastic front of a given amplitude ¢,

1ls revealed by the experiments as predicted from the theory.

Table I. Tests in which the velocity of impact was always
92,50 ft/sec but the durations of impact werc differcnt,

D, total elongation of the specimen;

d, distance traveled by the front of the plastic wave and
" measured on the curves of Fig,8;

t[=D/v,], calculated time of impact (millisec);

v, [=d/t], velocity of propagation of the plastic wave.

D d i vy
(in.) (in.) (10™3sec) (ft/sce)
0.46 L. 0.L15 890

.925 9.L5 .83L oL5
1.14 12.4 1.03 1000
1.81 17.8 1.63 910
2,50 26,1 2,255 975
b.17 L1.5 3.76 920

Mean Value 90
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(ii) Relation between the velocity of impact and the

o amplitude of the plastic wave front. —— In this series of

tests, the velocity of impact was varied from one test to

the othér. The total elongation was not necessarily the same
for all the tests., The Stopping device was adjusted in such
& manner that, during the impact, the plastic front traveled
a distance of between 20 and LO in; Figure 9 again shows
.the elongations x,' - x, at points on the specimen correspond-
ing to the distances x from the origin; The slope of the
straight line portion of each curve gives the ampiitude of the
plastic front for each speed of impact. Figure 10 gives the
distribution of the strain along the specimen in each pase..
The experimental values of €, corresponding to each velocity
tested are listed in Table IT. Fpr comparison with the
theory, the experimental values are plotted as points in Fig.5, |

whereas the solid curve represents the result of the theoretical

Table II, Tests in which the velocity of impacts was varied.

Vo, velocity of impactj

€., amplitude of the plastic wave (%);

D, total elongation of the specimen;

d, - distance traveled by the front of the plastic wave and
T measured on the curves Fig,10;

t[=D/v,], calculated time of impact (millisec);

v,[=d/t], speed of propagation of the plastic wave.

tbrmreatetmste

Vo & D g - E Vi
) (ft/sec) (%) (in.,) (in,) (1073sec) (ft/sec)
23.1 1.0 Q.47 25 1.70 1230
L6.2 2.9 B2 20 NIV 1130
. 69,4 5.0 2.81  LO.S 3.37 1000
92,5 6.6 1.81 17.8 1.63 910
115 8.7 2.1k 16 1.55 860
139 10.8  3.24 17 1.94 730
148 12,5 2.L9 10.5 1.40 630

171 , Rupture
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computation, The agreement between the experimental results and
the‘predetermined curve is fairly good. The highest speed of
impact we used was 171 ft/sec. Tor that speed the specimen
broke within the first inch. The distribution of the strain
along the specimen is shown in Iig.11. The theoretical limiting
velocitj is 180 ft/sec, and therefore is slightly higher than the
velocity for which we obtained a rupture., It must be pointed out
also that, whereas the rupture occurs at the bottom end of the
specimen, a plastic wave of relatively sﬁall intensity travels a
considerable distance along the specimen, as shown by the curve
in Fié.11. It appears that the rupture required a relatively
large time interval,. The first inch of ‘the specimen showed an
elongation of about 50 percent; this corresponds to a time inter-
val of 0.2 millisec, liore experiments on the critical impact
velocity are necessary tc elucidate this point,

(1ii) Shape of the plastic wave and velocity of propaga—

tion of the plastic front, ~-- The distribution of the plastic

strain & along the wire between the plastic and the elastic fronts

may be calculated from Eg,(9), using the curves of Figs.3 and L.

The solid curves in Fig.12 represent theoretically computed ampli-

tude distributions of a plastic wave after time intervals equal
to 0.5, 1, 1.5 and 2 millisec; the assumed velocity of impact v,
is 92.5 ft/sec and &, is 6.6 percent, The dashed curves in
Fig,12 represent plots of the distribution of the strain for
three tests made with the veiocity of impact of 92.5 ft/sec.

It is seen that the experimental and theoretical curves deviate
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considerably., In general, the velocity of propagation of the
plastic front and of the upper portion of the wave is smaller
than the theory would lead us to expect. On the otherhand,

the velocity of propagation of the small strains is greater than
the theoretical velocity. .The curve for an observed plastic

wave is not as steep as the theoretical one, In Fig,13 the compu~-
ted and measured velocities of propagation are compared, It is
seen that the actual velocity of propagation is smaller than that
given by the theory for the same value of the strain,

It was mentioned in sub-section (ii) that the theoretical
relation between velocity of impact and maximum strain checks quite
well, This is not at variance with the findings of the present
sub-section, since the velocity of impact that produces a certain
amplitude Sl'is determined by the average value of the speed of
propagation, which is almost the same for the theoretical and

experimental curves shorm in Fig,12.

5. Conclusions

It is seen that the theory is able to describe in general
lines the process of the propagation of plastic deformation in
solids, The theoretical relation established between the velocity
of impact and the maxirmum plastic deformation produced by the
same impact checks quite well with the experiments. The shape of
the plastic wave is at some variance ivith the theoretically
obtained curves, These deviations need further explanation.
However, it is possible that they can bc ascribed to the influence

of the finite length of the specimens, the influence of the rate

X
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of strain on the stress-strain relation of the material (neglected
in the theory) and to the fact that the impact is not perfectly
instantaneous., It is obvious that further theoretical and experi-
mental research is necessary to clear these aspects of the problem,
As far as the influence of the finite length is concerned, aﬂ
number of observations have already been made during the tests
which clearly show that the plastic wave is reflected at the

fixed end of the specimen, and this of coursc must influence the

shape of the measured plastic wave,
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