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An experimental investipgation of the time deley
for Initlation of plastlic deformation In an annealed low
carbon steel lg described,  The delay time Lo deotermined
ag b function of the arplicd siress et temperatures of
«75%%,  73%F, 150%F, and 250%F, The stress 1s applied
in & eonbinuous manner within & perlod of about 7 millie
sec, and the stress is melntalned substantially consbtent
therealfter, wntil plestic deformation begins. At any
given temperature, the relation between the logarithm of
the delay time and the gbress ig found to oonsist of two
stralight lines which Jjoin together at & point in the
delay tlume~-stress nplenc. Ore la & line of oonstant atress,
and the other is & line nlong which the logarithm of the
delay tite decrcases linearly as the stress is inocressed
above the constant stress line. The experimental results
are compared with a dislocution theory of yielding in low
carvon steel which has been given by A, . Cottrell and
Be 4. Bilby (21)%, It is ahown that this theory, in its
present form, doeg not describe the experimental results
adequately. Two sugpestions are made for modification
and addition to the theory which might lead to satisfec-
tory agreement with the experimental observations.

+

4 The figures appearing in parentheses refer to the references
listed at the end of this thesis,
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L. INTROODUCTICN

Considerable thought and experimental investigation
has been devoted to the ﬁ?ﬁdy of the mechanical properties of
metzls and alloys under conditions of dynanmie 1aiding. The
affects of rate of loading and rqie of deformation upon the
uniexial stress-strain relation have been investigated exten~
sively in recent years (1-7). In the range or élastiunasrer-

mations, it is found that the stress at a given sbrﬁin is

increased when the rate of loading or rate of ﬂafarmaﬁign‘ia

inereased., For the m&jority of metals and alloys thaﬁ@%fnat

'is apparently comparatively small, not exceoding,ubousiﬁn per

cent incresse in stress, even at the rates of\laaéing and
deformation ensountered in high speed impact tests. Qﬁvdmfana
Clark (8) performed impact tests on annealed Eoppuv, aﬁld |
rolled mild steel, and annealed aluminum., They feund that the
plastic deformation waves @hiag are propagaged from the Iime
pacted end of long wires and rodas of thea§ materials may be
predicted quite closely f}om the statlic streas-strain rela-
tions by using von Kérmém!a theory (9,10)”rnr the prOpaga%ion
of plastic deformation in solidas. ‘

However, a notable exception to this observation occurs
in the behavior of annealed low carbon steels. This material
is distinguished from the other common metals and alloys by the
fact that it exhibits a well defined upper-xiald spraaa. The
upper yield stress coincides with the elastic limit., Several
iQVaatigatora have studied the effects of the rate of application

.1,
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of load upon the upper vield stress and other leatures of the

streasestrain eurves of such steeln, Some studies which have

"been made ot moderata retes, guch as cen be obtained in con-

ventional teasting machines, sare thoce of Elam (11), Davis (12),
Winlock and Leitor (13,1L), and Miklowitz (15), All of these

investigators found that the upper yield stress of ennealed

low carbon steels wns quite markedly increased by increased

§
rate o f lgading or rate of extension. As an example Miklowitz

1

tested 2 0,02 per cent carbon steel in the form of rlat‘ﬁhra

'%hiqh‘had e uniform gage section 1,5 in, long, He found that

ghex;pper yield strass increased from 35,300 lb/in¢2'ab 2 head
fpae& of 2.56 x 1072 in,/min to 49,500 lb/in.a at & haéa Qpé@ﬁ
éf&LV‘h in./min, |

’ %u&ﬁ greater effecta have been observed in impact exXe
periments. As early as 1905 Dertram llopkinson (16) performed
iﬁgaot experiments on lomg tlres, lle was primérily Intercsted
in studying the elastic waves produced by the 1lmpact of fall=
ing weights. liowever, in the course of the investigation he
noticed that an annesled iron wire having & static upper yield
stress of 40,000 lb/in.a could withstand E'atre&g exceeding
75;000 lb/In.a,far a time of the order of one millisec, with-
oﬁ§udatoatabla permanent. deformation, .

5 This result has been confirmed by the more recent
rééults of Duwez and Clark (8). Thoy;perfam&adftension impact
tests on B0 in. long wires ané compresgion tests on 12 in,
long rods'of annealed lo# cerbon steels. In these t&at\ané
end of the wire or rod was subjecied to an impact by & hammer

moving with a known velocity. If the bar rcaainb elastic the

€
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amplitude of the stress wave which ls Initlated at the im-

pacted end is glven by '
‘ o= ;%El?;

where O~ is the stress, L~ is the velocity of 1mpacb;{c;‘1a

the wave velocity, and I is Young's modulus. By daﬁa&é&ming

the maximum impact velocity for which the bar remains elastic

the upper yield stress may be found using the relation given

above. In this way Duwez and Clark found that the upper yield

stresa in tension, of wires having s static upper yield stress

of 21,600 lb/in.z, was 72,000 lb/in.2 under impact eonditioﬁa.

Fpom the compression impacts tests a dynamic upper 31&1d of

90,000 lb/in.2 was found for rods having a static upper yield

stress of 42,000 1b/in.* |

Thus for annealed low carbon steel, stresses of from 2
to % times the static upper yield stress may be sustained for &
time of fha order of one millisec withoﬁt causing permanent
Vdaformation.

Recently a new experimental technique has been developed
by Professor Donald S, Clark end the author which is partiou-
larly sulted for the determination of the length of time during
which a material may behave elastically at siresses in excess
of the stutic elastic 1imit. This technique and some experi-
menbtal results which have been obtalined are describéd ina
poper (17)- So be publlished. In thils method a constant tensile
stress s applied to & specimen and the deformstion is meas-
ured as a functlion of time, The stress Is Increased from Zero
to its final value in a continuous manner within & total time
of about 10 millisec, It is then held coﬁstant for the remuaine

der of the test. The test specimen is short enough and the
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rate of rise of stress low enough so that no appreclable
stress waves oceur in the spoclimen,

Using this type of loading, tests were made on & 0,19
pér cent carbon anncaled steels The results showed thet o well
dofined period of time was required for the initiation of plag-
tic deformation at strescses sacceding the static upper yileld

L}

stress. This delay tims wes found to very eoutinuously from 5

Loa

e
| &7

willisec tress of aboubt 51,000 lbfim.a to & sec at a
stress of aboul 37,000 lb/im-a P stabic usper yileld stress
off the material wss 30,000 lbfim.a Teabs were also made on
three alloy sbecls and Swo alunlnum alloys. one o thesa
materials exhibited a delinite delay time [for the initliation
of plaztic delformation.

The purpese of the present investlpgatlion ls to obbain
experimental evidence which will ald in determining the nature
of Ehe meehanism for the initiation of plastic deformation in
anncaled low cirbon steel. The method used is to investigate
the dependence of the delay ULime upon temparature as well as
astrezs. in this way the elfleet of theraal actlvation uron the
mechanism may be quantitatively deternlned. Before describling
the experiments and resulte of thils Investigutlon, some caperi-
mental and theoretical studles made by other Investipators
concerring the mechanicel properties of low carbon steel will
be discuzsed. These studies bear gome rélmtiom to the reaulte
obtained in the present Investipgatlion.

The tensgile or compressive shressestrain. relatlion for
annealed low carbon stecl is distingulshed from those of the

'

other common metals and alloys by the presence of a definite



e

Do

vield polint., That is, the transition from elastic to plastic
beghavior 1s abrupt r&thsr than continuocus. Immediately after
plastic deformation has begun thc stress which the material
will sustain is less than the upper yield aérasa. The initial
particn of the plastic deformation takes place at a substan=-
tially congtant stréss which iﬁicalled'the lower yield strezs.
The amount of plastie deformytlion which takes place at the
lower yleld stress is kn@%m as the yield strain, The magnie
tude of the yileld strain is é few per ﬁaﬁ:ﬁay the ommmén low
carbon steels et er&ﬁaarﬁ temperatures, For strains greater
" than the yield strain the material strain hardens in the same
manner as other metals and alloys. ' ‘

hnother phenomefion exhibited by low carbon steels
waich 1s either absent or much less pronounced in other mate-
rials is known as strain a@aing, If a low cerbon steel is
deformed plaatiaélly; followed by removal of the load, &nd
aged for a sufficient length of time, then upon re-loading it
is found thst the material exhibits a new upper vield streas,
The ageing time required decreases as the ageling temperature
is Increased.

It has beer shown by at least three investigators
(18-20) that the yield point is' associated with the presence
of small quantities of carbon or nitrogen, of the order of
0,001 per cent. Low &snd Gensamer (20) showed this by treating
the materiel in wet hydrozen at 720°C for a suificient period
toe remove &ll of the carbon and nitrogen, 3Static tensile
tests made on the materiasl so treated did not exhibit a definite

yield point. When either ocarbon or nitrogen was reintroduced

y 4
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separately by sultable cerburlzing or nitriding traatmank the
definite yield point returned., Straln ageing was found to be
removed and returned by the same treatment.

' ﬂacantlykeottrell and Bilby (21) have greseutnd &
theory for the yileld point and strain ageing of iron, 'This
th&orygia bagsed upon the inhibition of the motion of disloca=
tions byathe interstitially disesolved carbon or nitrogen atoms,
Sinee these foreign atoms raliev& hydrastatic tension ﬂtresa in
the dilated portion of the dislocation field, an interaction
energy with the dislocation ?s produced which leads to an
attractive force. Thus the igteratiti&liy dissolved foreign
etoms migrate by thermal diffusion to preferred positions in
the dislocation field, fcrming.an “"atmosphere"” ainhnd‘thefdis— “
location. AIh the dilated portion of the fleld the concentra-
tion is greater than the average cohéentrati@n in the maﬁerial;
while in. the aomprasﬁed‘yortion it is less, Thé quantity of
carbon atomﬁ required to form saturated "atmospheres" around
all of th? dislocations in the ﬁndefcrma& materisl 1s of the
order of ”0.(‘)93. per cenb.

Due ‘to such "atmospreres” the'&islocntisns lie in poten-
tial wells., Therefore they cannot move freely when exﬁérn&l
stresses are applied to the material., If a sulflclently high
stress is applied a dislocatlon may be separated from 1t; Tatmose=
phere,” The separation praq@éa is governed by thermal active-
tion. The activatiorn energy is & function of the applied stress,
and Cottrell and Bilby have made an approximata computation of
the form of this funcilon. ATHEr the dislocation has been

separated {rom its "atmosphere" 1t moves under a smaller exter=
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nal stress than the stress required for the separstion
process., Thus such = mechanism offers a possible basls for

an explanation of the upper and lower yiaid stresses in low
carbon steel, Also, according to this theory, the thermal \
activation of the separation process leads to a mean tinme to
separcte & dislocatlon froﬁ it&"&tmaaphere? Hence the theory
af'foris & basis for an undaraganding of‘tha time delay for the
initiation of plastic deformation. However, it is not clear

how the separation of individual dislocations 1s connected

with the initiation of wecroscopleally observable ﬁlagﬁié‘“

deformatlion,

| Cottrell and Bilby have also shown that a/’crs.iiif;agfa:mg

may be understood on the basis of thelr theery of the Inter-

agtion of interstitially dissolved carbon and nitregen with

digloocations, iﬁftar some plastic deformation of the mataéial,

some dislocations are i reglons of only normal concentration

of foreign atoms, If the materisl is aged for a 3ufri¢iant

time, "atmospheres” reform around these dislocations by thermal

4iffusion of the foreign atomas., Hence the yield point will
return, Some of the detalls of this theory are presented
baelow in the discussion of the results of the present investiw

gatlon.



g A O iy 58 5 e A S A

g N Ay

g o W Em, o A

he prircipal equipnent used In this jnvestigalion

maey be listed as {follows,

»

Ao & orapld load tensi

[
Y
&

tesbing necnine o [ special
deaign was uweed to apply the loads to the test
apeclmens, This wmacnine ls hydro~-pneumatlically .
cperatsed, It is capable of appiying any desired
load ug} bo a musadmuam of LO,000 1L witidn a
period cf time of about 7 mlilllscce & cutaway

A%

pars@@ctivé drawing of tihe asehdne s shown in
Fige 1, and & section drawing is shown In Fige e
These [igures ghow the machine as originally cone-
structeds For the pregsent lvnvestlpatlon the two
coln&ns woleh aupport the upper or stationary
head were replaced by longer coluuns. This pro-
vides the additionul space required for the
apparatus used to contrel the btemperature of the

specimen,

A

Be & speclmen heat exchanger, shown in ﬁh& section
dreawing in Fige. 3, was used as & meana for cone
trolling the tomperature of the gpecimen, It
forms & jacket around the specimen through which
suitable hesated or cooled fluide are circulated.:

Ce & dynamometer, shown in Flg. 3, was used to detect
the load acting on the specimen. The dynamomeber

is of the reslstance sensitive wilre atrain gage type.

8. .



Rapid Load Testing Maochine

Fig.1



10.

Fig2 Section Drawing Testing Machine
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An extensometar, shouwn in Plg. 3, was used to
detoct tho exbtenslon of the’apacimaﬁ. It im

alsoe ol the registance sensltlve wire zirain

G8ge tirea.

A recopdling unit, shown in the photograph in

Flge 4p was used bu record the signals from the
dynamometar and extongometer, Sulteble elcew
tronfc and photegrepiic means are smployed in

thiz unit, : :

A sleonel codling un; girenlating unit, shown in
ine oreground of the pﬁatogrugh In Pige 5, wng
psed to cool awlechel and eirculate it through & he
reeclimen hect exchanger. - The alcohel ig cooled
by aelld carbon dioxlde, 4 centrifugual pump pro-
vides the means faor cﬁraulaﬁiﬁﬁ of the alzohol
through the speclimen heat exchenger.
an o1l heating and eirculating unit, shown in Fige 6,
wus used to heat o1l and clirculate it through the
specimen heat exchanger. The ¢il is hesated by an
clectric Immerzion heater, A gear pump is used to
circulate the oil thraugﬁ tixe specimen heat ocx-
ghanger,

Stetic tost equipment, ocmsisting‘of a %0,000 1b
Rienhle teating machine and suitable sxtengometsrs,
wag used to determing the static stress-strain
relation of the steel employed in thig investigom

tion at severasl temperatures.



Fig.4 Recording Unit
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Fig.5 General View of Equipment



15,

Fig.6 Oil Heating and Circulating Unit
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I. Tomperature measupsent equipmbnk, soﬁsistiﬁg of

coppepr-consbantan thermocsouples and a Leed° and

Hdorthrup portable precision 90¢e¢t¢0neﬁaﬁ, wasg

used L6 meuaure the ﬁamperﬁtura off ﬁhe gpacinen,
. photogeraph guowing & general view of the equipment
1s presented in Fig. Je < photogrepn showing the spacim&m
heat exohanger aud ﬁ&eenSOms%&P in oﬁaraﬁion in the rapid losd
testing machlic ls presented in ?ig. T

The ropld losd tesiting machine, dynamometer, and

recording aquipment, dealgned by the autnor, have boen dew-
scribed by Profeasgor anald S. Clark and the author in é ‘
report (22) to the U. 3. Alr Force, Air Moterisl Commend,
and in a paper (17) to be published by the imerlean Soaiaty
for Teating Haterlals. 3ince nclther of these references is
readily available at the present tinme, this equipment together
with 4he-additions aend medifications made for the present
1nvestigatlon will be described in detail.
4. Rapid Load Tosting Machlae

' The maghine 13’6eaigne& to apply & tensilg load in as
nort & tlac &s possible and in such a way that the stress ls
substantlally uniform throughout the gage length of the specle

mon &t any given inatant. The load-time relaticn consists of
a continuous lncrease of load over a short [inite period of
time, follewed by a perfzd of indafinite 1ength'during which
the load remiins const&nt at t he maxlmum valua attalned durlng
the test. The length cf fthe apecimeq is ahsrt encugh and the
rate of rise of load low enough so that the stress at any glven

instant’' is uniform over the gage Iéngth of .the aspecimen to &



Fig.7 Specimen Heat Exchanger and
Extensometer in Operation
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close approximation, The teprs®»apld laéaiw@” has b

}:'u'awd;“ '
by lark and the author to distingulish this type of lmﬁmg
‘fmm impact loading, Tn the latter case the &% wem diawwu» )

tilon i not uniform along ?ha cage length of the apﬁn

& simple mechenical arrangement which pro- ,_m
lnﬁdwtime rs’ebimn of the daa¢r&d Lorm ls n crﬁﬁiu_h yf%ﬁM§ﬂd
wbmtm\y gyotem n&vm&, one degree of, rwmm I’ t*m mm of
such & syaten. ls mbjaat;ed o a step funcgtion i'{:rcm, ms fd‘evw

gmm

in the spring %crmues in a eontinuons marmer end a;n. {
the applied Torce in miaﬂmﬂ of time without mvwahmt*m,,.
Critical demping 1s obbtained when ,

| C=2VKM , Y
where € la the coefficlent of viscous demping, |

| K is the gpring constant, and
M is the mass of the system,

Il & forece, Fo, ls suddenly applied m the mass at m tim

t = 0, then the force, F, in the spring is gilven b"y
/. B
F=R[1-1+£)e”™ ], @

d’?frl ; i (z)

and € is the bese of natural logarithms, Since the spring

where

force, F, approaches the applied foree, Fa, Mympwﬂ;ﬁqlly it |
is desireble to ad‘ept’ gome convention to speeify the total

. rise time, T, One such convention ls. the time homman the
.iﬁtaraecticxw of the: meximum slope tangent to the tmmreyat
F ovse t givan by mqu&’eion {(2) with the anaraamw um' P a 0
and P = Fo. It can be shown that this time is gimn by

TEeet. W
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The rapid load testing machine s designed %o approxis

x &

nate the siaple aysten dlscussed above, with the test specimen

ming & part of the sprling. Referr!

Pigs. 1, 2, and ¥,
she machine is constructed ss follows, The ends of the agé&i»
sen heabt cxehanger ore thersaded to 1t the force measuring
unit, or dynanomeler, end bhe lower or moving hoad of the

mac ine. The dvnamomeber rests in a spherical seat in a flxed
eross head at the %op of the masi:ine, and the eress head ls
supported by two heavy columns. The lower head ineludes &
gsecond apherical seat, and threads onto the upper ond of the
main pigton rod of the maghine.

The O&Etmﬁvrﬁq passes through u central hole in the
top nead inte the pressure cylinder, and 18 sesled by twoe rube
ber "0 ringp. The lower end of the piston rod 1s pulded in
she hub of %he vane system, and scaled by two 0" rings. The
gmall space in the hub below the rod iz ventad o abmosshere
by & central hole In the plston rod. The loading’pistoh,
rigidly attached to the pisten rod, flts closely in the oyline
der and capries two 07 ping seals, The load is wpplied to
the apecimen by means of alr pressures in the closed chamber
gbove the plston, The chavber below the loading niston,
extending duwﬁ to the actuating piston, is completely filled
with & glycerine-water mixture. Immediately below the loade
ing piston ls the vane aysltem congisting of a central hub and
two circumferential gaid@ vanes rigidly attached to an outer
annular ring by six spokes.

Thé ovlindrical section below the vane gystem contalns

tha“dampiﬂg unit, and the actuating piston. The damping unit
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consists of & close-packed arrangament o tubes, each with an
‘nside dlameter of 0,079, 1n,, & wall thickness of 0.008 in.,
and a length of & in. This nest of tubes 18 contained im &
alepve, snd the assembly of tubesa and slreve 1a brazed toe
gether to {orn an 1ntegr§1 unit. The tube nest provides
visgous damping of the aystem, whloh mey be adjusted by vary-
Ing the viscosity of the [luld. The theory of the design of
the damping unit s Jllscussed luter.

The sctueting unit conslsts of a ,»z‘mh.ll piston below
tﬁe demping unit, a plunger, and e 3liding cam-operated by a
rotating mechenisn, The piston, sealed against the walls of
the smell cylinder by @ sinéla’"O“ ring, is supperted on &
sultably guided plunger, The lower end of the plunger rests
on the top surfece of tha>sliding cam, During a test, the cam
{s moved along hoplzontal ways by an acﬁuating pin in the
rotating mechsnlgm, The top surface of the cem has two lavalb
connected by a linearly sloping surface, ﬁuging the horizone
tal motlon of the cam, the lower end of the plunger follows the
sloping cem surfuace, thus allbwing‘the actuating platon to move
dowmward under the actlon of the fluid pressure, #Aas the actu~
ating platon moves downward, the luid pressure on the lower
side of “he loading v iaton prorressively decreases. A constant
alr pressure lg nulntalined above the Iaaéing plsten., Henoe
the speclinen ié loaded as the &ctu&ting platon moves downward,
i velatively low nosiltive alr prescube is appliad to the ahamw
ber helow the actuating platon., This servas to maintain anrfi~

efent positive pressure on the fluid above the actuating piston

during the loading cycle to prevent cavitatlon,
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@h@ sctuating pin lies in & hole in one face of the
solid steel rotor, parallel to the rotor axis and eccentric
to it, Thia @in is wpgod ounbtward hy‘a heavy spring to a
nositlon in which it engages the cam. It may be' held in the
retracted position by the trigger pin located radislly in the
rotor. The triggaf pin ia held In place by the trigger bar
located axially in and protruding from the end of the rotop
shaft. The triczor bo# ia reduced in section near the peint
at which it supports the trigger pin, so that i the trigger
bar is mavéd inward th® trigger pin drops into the redused
sectlon of %h@\triggar bar t hus ﬁafaaaing the actu&ting«pin*
The aptuating pin then ﬁgvas rapidly outward to 1te working
positions The movement of the trigger bar required for
triggering the machine is provided 5& th@‘plungor‘af‘aimalou
noid (not shown in Figs, 1 and 2) which strikes the end of

the trigger bar when the solenold is energizeds The solenoid

coil is eonnected in series with a commubator type contact
mounted on the opposite end of the rotor shaft., The contact
provides for triggering when the rotor is in sucha poaiti%é'
that approximately %/l of & revslution is rﬁﬂﬂ&?&ﬁ'ﬁhggva~tha
astuating pin contaots the cam. Thus the mazimﬁﬁfnﬁﬁii&hlp
time is allowed for the actuating pim‘to reach its ﬁwrkins
péaiﬁian; The cam and actusting pin are arranged so that the
engagement oI the pin with the vertical surface ol the cam |

ccours when the pin is moving nesrly tangentisl to the oam

dynamic stresses in the various paris.
One end of the rotor shaft of the actuating unit is

§

L

. surface, This insures smooth motion of the cam and minimizes
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yravid@& with a mnltiy&a "¥“ bait ﬁhaavu, drivmn rwom‘a Jmak
shaft. %ha jaek shalt is f&b&a& w&th two f&y whawla aaﬁ
A «m x~

ﬁriven by & d&reat currant electrio mutur.

‘the motors The purgdbe of the fly uhna&s 1s ko~pravi Qﬁ’\ (
ciam: snergy in the dr.wa nmwm at the 1 ower speeds a‘ mw
the speed will not be deoreased by the sliding fn&@tipn'fmrggy;f
soting on the cam, R I

The rate of loading of the apecimen is anntra&led by
means of the sctuating unit and the drive wnit. For a giv&n
slope of cam the rate o £ loading 1 o proportional to tha rotor
speed. The cam velccity at constant rotor speed i1s sinusoldal
with time, However, the sloping surface of the cam passes
under the plun%gr of the astuating unit when the aatu&tﬁng pin
is in its topmost position,. ﬁbﬁee, the cem speed is practie-
cally constant for the relatively short distance of cam travel
during which the loedlng oeccurs.

The maximum extension to wnich a specirmen may be sube
jected by the maehine ias 0,05 in., because the height of the
step on the cam is Ce9 ins and the ratio of the srea of the
loading piston to thet of the setuating pilston is 10:1,

The manipuletion of the testing machine is sccomplished
by means of a control system whiech contains the neceszary
valves, pressurse gages, vaocuwm pump, {luid pump, and resere
volira arranged for convenient éperatian. The operating panel
of the control system may be seen in the photograph in Flg. 5
.to the right of the testing machine, ‘

In order to anslyze .quantitatively the operating
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characteristics of a'm&ahins of tho type outlined shove, the
.
Pollowing ifdeallzations and sssumptions are made, Tho spesie
sen, speciimen heat exchanger and the members of the machine
which capry the load nre eonsidered as a linearly elastice
spring whose stilfneas nay be coumputed from the dimensions
and aprrangenent of the payrts, Lttacghed to thilgsoring $s ;ha
loading platon whaleh 1s conaidered! to move without fricﬁiﬁq in
ite evlinder. 4 constant alir precssure s mintalned on the |
anesiman aside of the platon. The fluld occunying the soscs

betweon the loading and astuating platons is assumed Lo be

“incompressible, and the walls of tne fluld chamber Lo bhe

infinltely rigid. 2lso the fluid flow 1z agsumed to be
lominar (viscous) everywhere; that 1y, the Heynold's number

is bslow tho oritical valus. The preasure drop fcrousg the
danqpling unit is assumed to be direetly proportional to the
rate of Tlow through 1t. The acbuating plston moves without
frigtion in its cylinder. Purthermore, it is assumed that the
time required for straln waves bto travel through the specimen
and 1te supports and the time for pressure waves to travel
through the fludd are small compared with the minimum time of
rias of load on the apecinen,

The 1imiting cane lor the minimum time lor the ine
creasse of the load on the specimen Ila that in which the actue
ating pigton iy Inmtentanecunsly relewsed and allowed Lo umove
fresly under the action of the fluld pressure, I the machine
1a constructed guch that a minimum time of rise of load is
obtained wibthout oscillation for thls mode of cperatlon, then

the maehine will have the optiowa design for following
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falthfelly any desizod con uAmXLn& 0&3@& apriied to the
aptunablog platon by wmeang ol « cam or obilerwiso,

The ldeallzed machine and tha notation ls py@saﬁtaﬁ
in Pig. % The value of the damping coeff{glent, 2, is deter=
mined by the dlameter and length of the tubes in the demping
unlt, the £1luid viseosity, and the area of the large piston
and the area of the tube nusts ¢ is a constant only if cor-
taln conditions regarding the size of thﬁ tubes are Tulfilled.
Theae sonditions and the ev&luahimn of ¢ ura givun b&l@ﬂ. Fovf~

the present, it is naauamar? on&y to aszsums mh&t G iaia_mana :
stents | | e
| The agquation of mation of the large piston @nd ﬁh§f§f
fluid maving wihh 1t is given by  ',"; <
. N )
“he equation of motlon of the small piston and the fluild
meving with 1t ls glven by X

,0k:§L gé; (Pe-Ps) Az . | L)
These btwo eguatinng are releted by the pressure drop across
the damping uwnit as given by the delinition of ¢, namely,

éb'ﬁﬂb)“ A, ﬁ%’ N

ambiﬂiny these three egunatlons, the fbilww*ng rel&tion is

I +my (4] ] ;7;3 +C 3/‘5' /"‘"{"/“ Pi)A, (8

which deseribes the wotion of the 83 ratem, Por convenionge

obtalined:

the following two gquentitlies may ha delined;
ﬁ4~[szinz(9?}jka the equivalent mass of the systemj
~[?%~/b)/4, is the final load on tha apeaiman:
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Displacement of loading piston, in.

Time, sec.

Stiffness of the machine, Ib/in.

Mass of loading piston and that portion of the fluid
that moves eof the piston velocity, Ibsec®/in.

Mass ot actuating piston and that portion of the fluid
that moves af the piston velocity, Ib sec?/ in.

Area of looding piston, in?

Area of actuating piston, in?
Constont pressure above loading piston, b/ in?

Fluid pressure between loading- piston and damping

unit, 1b/in? ‘
Fluid pressure immediately above actuoting piston, Ib/ in?
Constant pressure below actuating piston, 1b/int
Domping coefficient defined by Ay( pi—pp)= G dx/at,
b sec/in.

Fig.8 Idealized Testing Machine



26.
ao the eguatlion of motlon becownes .
MZZ"Z f'Cd“ + KX = , (9)
This is the usual equatlion lor a almple spring-mass system
with viseous damping subiected t:r:; s suddenly applicd disturbe
Ing forsce. Ils selutlon fop the cese of critical damping is
glven m @qutl;% 1, 2, and } above, |
‘ ‘l'he datwmimf:ion of tiw numerical values of m
@quwalent mass, M, and thé spring constant, K, from ﬁw
&mmwimw of the machine ls straighti’owwd. ?Iwmwr the
‘ determination of a numericel value for the viscous ﬁ.am;:\ing

mmf'riaient. ¢, requires further consideration, By squation

. ~ A .
{?} - C~ P a;z- 7

where the pressure firm across the damping unit, 3’1 pa, has
been replaced by p. Also, -ZE., tho veloeity of the loading
plston, is "'HE" ~‘§-g» Vge whers Vg 1s the average f£luid velog=
ity in the dsaping unit {or steady state flow, mﬁ A iﬁ the
“tatal amsawactionm aro of the tubes, The praasmm drop, Pe
across *&:h%‘dampm&g unit for stoady state viscous {low is given
by the us%l relation o L ‘ o : k

p= 8% Vos W
where L = Length of tubes, '

/a = absolute viscosity of| flui&; |

and rg = radius of a Lube. ’ C , R
Using these relations, ¢ becocass - - -

| =845 4. ao

It ia‘ to be noted that the pressure drop glven by '
equation (9) appliés only to steady riow afon&fitflmm , Wing



e O S 5 S 8 e e e e

7 tlon may be ohtal*‘w& by wmmem.na a relatively almp

P
ﬁ‘uv:" »

the time of rise of load In the machlne, the flow is certainly

not eteady, alnce the fluid velesity, ¥V, varles from zero to a
meximum snd back to sero in that tinme. Ilowever, it canbe.

shown that 10 the tubes are smell enouwgh, ata&&y‘ataté flow

ac@mditiana will be ‘egtablighed In a time that Is s%@gﬁ GOt

pared to the eharactepistic rise time, T, ,
" To show thls the pressure drop under ccn&itiahﬁ‘ar '
arying viseous flow Is sx&minadi Although the aatual rlow i

and pressure In the demping tubes of the rapid 10&& ;
209 ratnar complioated fumuﬁimna of time, au”riaian%

Nemely the case of a cireular pipe suddenly mhjm;ﬁa&a

 pressure difference from end to end, with this pr&#&u& _;f&k@[QV

ence muintained canstant after its application, i
. Te facilitate the mathematioal'hraatment,‘t&BQ?ﬁiiééing, o
asgumpbions are made. E e |
1. The pipe 1s straight and of a constant clreular
eross-ssction, | ; N . "ﬁi .
2+ The stream lines are straight and mmmfﬁw the
;:ip'# axis, If the pipe is many dlemeters long,
the end effects which are neglected by this
assumption will be negligibly small, ‘
%« The fluid is 1n§cmpr@amihlm.

- The boundary cendlilons %o be satisfiéd‘by the aalutiéh are &g

follova. , ] | |
L, The veloslity is sere at the wall of the plpe at
all tlmps,
2. The veloeity is zero at ell peints at the time tsO.
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3o At the time t = 0, a pressure difference, p, is
epplicd between the ends of the nive, and‘iﬁ»smmw
stent thereaftor. |
Phe twe indepsndent wvarisbles are talen on
t * time, wveesured from the Instant of pressure epplie
catlon, and r = radiug, mensured frem the pipe center line.
The dependent varieble 1s tolen os
v = yelochity of £luid 25 a funet’on of r and b,
The notutlon for the other physlcal quunlitles Involved ls us
follows:
r, ® inner rsiriius: off the pipa,
L o= l’@ng;mz of the uipe,

P = pressure dillurerce Letween the ends of Lhe plipe,

/0
/ﬂ

The equabtlon ol motion ls obtained by oonsidering a

density of the Iluld, end

i

absolute viscowity of the [Iuld,

nollow ¢ylindrical element ol I'luid of radius, o, thiskﬂmm,

dr, and length, L. The velogit
’ e 7 ”;: /-d,,./g:‘-'?ﬁ/r
gradlents on the Inner and suter
1 dv
surface of the eleuwent are as v | dr L

ghown iu the qccaﬂpwin& shotch

so thal the viscous Ifrlction S S
, force on the element be¢owmos,
éarnrxaayf;“,(gpf‘ J’¢_4417 ,2zrf;/445%7
= Rmliu [r;—;_—; + 5F ]a/r,

negleoting terms of the order ( )2, 7The force on the element

due to tho epplied proesswre 1s 2 7~ rpdr, the mess is «’éfrrix/odx’.g N

»md:~t«hafacmlamman is .g..“é.;, so that the equation of motion
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becowmes d e o
L AL+ £ ]=4 2o
Bguation (11} is solved by the usuel method of 1 ndiug the
goneral solution for the equation with the right hand side
set equal to sero and adding to it a particular solution for
the complete equation,
Popr the g@n@val solution of J
7&["] F1z0
the varlables are seyaraﬁaé by setting v = R(r) x T(t);»whara
R{r) i1z a function of r, only, and T(t) is a funotion of ¢
only. UYpon auhatitutimn in oquation (12), the relation”

E-p[F2F]

is mbmmm, where the px*mea indiocete diffemmimion of the.

functions T and R with respect to their single variables,
/’
Thus ‘ "Z “"/C s

whose solution is 7“ 75 € ’CT

and R’ f'r’e /Cﬁ/?ﬁo)

w}xam < and T, are arbltrary wnwtmw. The latter is a form
of Bessel's differential equation whesse general solution in
terms ‘nr‘ Beasel functions of tho first and second kinds is
RE) =G o (Vo) G Vo (Vo 7).
ﬁmwr; since }{, / 0}-‘:‘»00 and v must be finite at » 20,
then Cp = 0, leaving one arbitrary esénsbﬁnis, Cye m:varww
the solution of equation {12) 1s
v=Ce td, / ]/7;:; r)

Sinoce . ia wbinrm, any. Wr o such salutims nay be
ad&ed to obtain & general samt:!.ma of: aquwiw tm in m



Popm of an in f‘imiw series, namely, | ‘

v Ze e, ) s
': dor the required particular solutionof equation (11), takx
v = P(r), a function of r only, Substituting in equation
.(11), 1t 1s observed that P(r) wust satisly the relation

ST

'?hia may be prewritten as

T )z‘b‘

‘and'by dlrect xmammﬁn the soigston s,
L

But ageln, since v must be finite at“f 20, Dy » 0, f  e
Adding aquat:&cnﬁ (12) and (1), the mbrwxml solution of
tion {11) is RO

z‘(" |
U’Z& J/}’/‘,« /’) f— +D,. (183
Applying boundary conditlon (1) SR

0= fo‘fu//}/—ﬂr/ ZE‘/S‘;LD.

Prom this 1% 4o apparent that J / /c/a s mmt be zeroc for

all ‘values of ¢ « This requires that 2/7¢ /,5 s=&n,
wvhere J/ 1s a positive raot of u/ s and 27 indicates ﬁha numbar
of the roots in ascending aréﬁr of magnitude, Thus c 18

determined by

2
4lso, Trom this boundary condition’ '
Dy = n*
/;z

Using these valu&a of <€ and Da and applying boundary gondition

(21, o- gc,,‘/a/zz %) # Bl )



%&a mxxdimm serves to amamme the amfﬁaimm Cn , as
followme Expand t&m 'sam -ﬁ'f'- { /,{éf‘) j in a F’awioramml

&"»6!"163 ﬁl’) Z’an‘j[)’x) 3 O,._Xﬁ.-/,.f‘g

wmm f“(x) is n runatim m;;aet to certalin matrmumm mm;
_are aabimfi&d by !/—-é_)] » and the coefficients ﬂn' m given

by
o / t 0 (r2)dt .
Tn this case, put X= —C , 80 (%) becomes

4%//-/@} Sandl5 %),
a, = %,)/fﬂ/‘// i]J[J’i]a/f

The latter integral may be evaluated by integration by parts

with

and use of the recurrence relatlions for Bessel fmgfsmm, and .

iz found to be Y 'J.z ()

é/k J/z‘/z(/)
: Therefore, the bmméary condﬁtian (2) bawﬁaa
. 2. J g s
O»§" () + Z‘/‘r‘fﬂ') (5% )
This equation may be satisfied !:.arm(by} term by putting
U/l AU/
| Cn=~ 2m Geg2(5] 7
which may be simplified by uaing the recurrenca relation
5]+ dls)= E ).
But J‘,{);',/:O , since J;, 1is & root of ./, « Consequently
(,, veeomes ‘ S i
8 ( = ~ &2 —-—-’—-2—-—----—- . ‘
| "7 Lk BT )
Substituting all of these results in equation (15), the final
~ solution ac&a;amd to the bamﬁnry conditions ls

a7y /// #))- 5,,%7‘? » ‘7‘4‘/5*67] Rl
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Por purposes of munerlceal represcntuation of the sclutilon,

two parasmeters ol Bhe system arve deflined.,  First,

_ prt
= G

is the average velocity of the fiuld in the steady state,

T= &Qz )

naz bthe dimenalione of tlmo and iz the tlze constant for

Second,

reacalng sbeady atute flow, @lih thess purameters, equation

{14) becomes . 2L t/&?' )
=2 fl-(E)]-e L T . 1)

The serles in thisg equatiocu converges gquite rapidly, and  ves
loedity profiles In dimsnsionless fozmz/lc bu.—;) are pldttcd
in Fige 9 for three intermediate values of the time parameter,
éé%, and for the steady stute [{low, ¢é~: o2,
The average velocity, V, way bLe defined by

‘ ra

=% Jo

If the value of v given by equation (1B8) is substituted in

the above aquatﬁon, V is obtained as a function of time,

2 [ o - 8 St [ ]

The second integral is evaluated by use of the recurrence
£ (24e)= 246

wnich, by 1utégrating voth aldes glves

ZJz) = f 2 J(2)dz
=4 =

n&maly

relation

*,

or, putting

%
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JoE) (5 E)dlbE) = £E) ) (5 £
Jrd ()= For dli

Substituting the limits

[ 55 E)dr = £ U (5),

gives

orr

then V becomes o2 2L ..
4%/ gZe‘_"rcz,]
4 = e
oo _J”«t :
-~~/ 32 ) S
ox Cn=e L {19)
This serles converges even more rapiély than'thofons‘

in equation {18). Values of “V; vs the eime paramwtnr t are

plotted in Fig. 10.

From these raaulta 1t mey be seen thnk 8 aloaa ap@rnx1~  ""

matlion to steady flow «and:t&ona ‘may be o&b&in»d wiﬂhzn any
desired time interval by prupar eholce ar thn uﬁmvaa@or&atic

time constant 7. In the doaign.nf this maah&n& ﬁh& omﬁkhrﬁon~ ; .§. 
was used that steady flow aunﬁiﬁiena are apgpugimugga ,ugfiﬁ | |
olently closely in a time 0.7, and that this time should be

relatively small compared be‘tha rise ti§¢, Ty of load in una
machine. | |

The numerical values of the various design constants
of the machine as used in the present investigation aret

area of the loading piston, Ay = L9.h in,2,

area of the aotuaﬁingvpiatan, Aa s 4.90 in,2,

sum of the oross-sectionsal aress of‘tha damping

tubes, & = L.uS in.a;

length of the damping tubes, L = 6 in.,
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inside redlus of the damping tubes, x5 = 0.0595fin.,fv
viscosity of‘ﬁﬁmpin@‘flui& S o
& 300 gentipoise = L.y x 1077 1b sec/1n.?,
specific gravity of demping fluid‘nlﬁ.ﬁhﬁ,lh/inuﬁ.
. obtained with a glycerine-water solution of 92 per
2%: cent glycerine. ' | ‘ ,;’
Frém the detailed dimensions of the mactine the gqﬁivaiént
m&és end the spring constant ure computed tq»ﬁa:
- M oxeuy = ‘5[4.0 1b, .
K = 350,000 1b/in.,
- where g 1s the acceleration due to gvaviﬁy. ,
Using these valuﬁé.the various par&ﬁetsra whigh chare
ecterize the operation of the machlne are computed to be:
' eritical éampin& QOﬁffiuient, equation (1),
| Cer = 1400 1b sw/in.,
dampling coefficient computed for viscosity used,
, equatlon {10},

Lo

’ », = 730 1b sea/in. = 0.52 Cor,
) time constant lfor damping tube flowy egquatlion (17),
7 = L.2 x 10 =3 580,
gonventional loed rise time, equations (3) and (L),
? = 5.4 x 1073 sec. ‘

The actual viscosity used, leading Lo s theoretical
danping coeflficlient cr‘O.SE.times the critical damping
coefficlient, was determined by trial und error to find the
hest éxperimsntal lond va# time relation for "free loading"
of a specimen within fitg eolnagZfc »range. Two experimental

9
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load~time curves of this type sare shown in Flg. 11 where they
are compured with the computed curves for oritical demping and
0.52 eritical damping. The atralght line corresponding to the
sonventionsl losd rise ,‘aimﬁ, T, 1s aisa shown in the lfim&‘
The variations of the experimental curves from the computed
curve for O.52 critical demping are probably due primarily to
the demping contributed by the friction or~thg "0" ring piston

sealsg,

Be apaaimen Heat Exchanger

Phe specimen heat sxchangar, ahawn 1n ?13. %, consists

of two essentially identicul heads into which the ends of the

specimen are thresded. A metal bellows which surrounds the

. specimen is attached to the two heads by threaded rings. Each

nead contains & temperaturs control fluid header and a water

jacket, The fluid heeders are connected with the anmalar

_space between the specimen and metal bellows by several ocircume

ferentially speced halas; The temperature aonbro} fluid is
pumped intc one of the fluid headers through a fitting (not
shown in Plg. 3) in the side of the header. It is dissharged
through & similar fitting in the other header, Ih7ﬁhia‘~§yvaj
continuous flow of the btemperature o@nbrnl fiuid mny~ba main»
tained around the spacimen khroughaat & test. The’ u&tnl
bellows extends &s the specimen axzanéa. Thﬁ total ammunaian !
is limited tor 0,05 in. by the limited &rtvnl of tne actuating
piston of the teating machine as mantio;:d pvvvianaly' _Tho ;
force required to extend the bellows 1s 1nazgn1£;aﬁut,aawp&ved .
to the load acting on the specimen., The water juu&ituﬁperva

to prevent heating or 60ﬂling of the adjacent portions of the
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testing machine. IFresh water is continuously circulated
through these Jaukets'during & test., The water connection
fittings are not shown in Fig. 3.

The heat exchanger is rfitted with sulteble stulfing
boxes through which thermocouples may be ingerted to measure
the specimen temperaturas., & "¥" groove 1s provided on the
outside of each of the temperature control fluld headers
whiahhmnrva »s gage pointa for the extensometer., The extreme
ends of the heat exchanger are threaded to fit the dynamometer
and the lower or maving head of the teasting machine,

Ce ‘Dynamomat@r

Detestion of the loud asting on the speeimen during a
test is accomplished by means of the dynamometer of the resiste
ance sensitive type shown in Fig. %. Four Baldwin Southwark
Type AB=ll, bakelite bonded pgages are cemented to the hollow
oylindricel reduced section of the dynemometer body, with their
filaments parallel o the axls of the ﬁynamomm@gr. The four
gages are commected in uériaa, giving & total resistance of
approximately 2000 chms, The body of the dynamometer consists
of SAE xhiEO steel, heat troated to a hardness of 35 R,. The
véduced sechion iavdaalgnsd for & gtress of approxXimately
100,000 1b/in.?® st the maximum mechine load of 10,000 1b, A
bress aleseve pnovidéa mechanical protectlon and electrostatio
shielding fbr the winding. -

A calibration of the dynamometer has been made in
which its reasistaence change wap measured as a funetion of load,
egigtance &hamges were moagsured with a Wheststone bridge

having & sensitivity of 0,01 ohm, and the losd wae applied and
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measured by a R&ah&e ﬁniv@raal neahing macnina having a least
reading of 10 1b, The ealibpahjon curve obtained is given in
Fig., 12, The calibration constant is 784 lb/ohm, The naturel

frequenecy of this dynemometer has not been moasured. However,

previous experience with dynamometers of similar construction

and size has Indicated that the natursl frequency is about
50,000 cycle/ses, which is much higher than paquirad for use
with the rapid losd testing machine,

'Z'amperatwa aompmsation o f the dynamometer s proe
vided by & 2000 ohm dummy &yn&momater of esaentially idantical
mechanical and eleetrical construction,whicn is used as the

second leg of the voltage Jividing circuit in which the dyna~-

- mometer is connected,

D, Extensometer ,

The extensometer, shown in Fig. 3, consista;of;t:m
essentlally ldentical elements pluced on oppaaiha sides of the
specimen heat ax&h&nger and clamped to&aeher against the heat
exchanger. The heat exchanger is previdad with two ”V“ graavas
which locate the four knlfe edges of the extensometer, When

the specimen 1s stralned, the resultant relative motion of the

~ Inife edges cauges a small baam in each element of the extenw

‘samnkar to bend, Two 'Baldwin Southwsrk Type AB-1ll bekelite

 bonded SR-l; resistance sensitive wire strain gages of 500 ohms

resistance each are m&untad,an‘aach‘sida of each besm with

their filaments lying in the direction of the ban&ias,aﬁreaama.
Thus there is a total of eight 500 ohm ga&as. ?hey are oleow
triaally connected in series in two sets of four, giving 2000

_:@hma_in each sa&, and the gages of the two sets are subjectsd
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to'straaﬁes of Qppbsite.sign; The two sets £re used as the
two legs of a voltage aividqr,bthu; providing temperature
compenaation of the geges without the use of an inactive
d@y gage. | |
This extensometer provides & permanent extension
measuring unit and avoids the diffioulties encountered by
cementing resistance nansitivavgagnn directly on the speci-
men, Hewsver, it introduces one ervor in the extension
'maaauromnnﬁn which coneistsa of the 'strains which occowr in-
the shoulders of the baat ayneimwn and in the heads of the
heat exchaﬁsar. The #ffects of this error and its #oéﬁngthn
are discussed later, The bg&m; of the axﬁ%&aamuh«r'&rqu
 designed to have a fundaméntdl natural fregquency at.quﬁat
2800 cyole/sec, which is sufficisntly high to prevent excita
tion of the normal modes of vibration duving the sxtension of
the apecimen, | ‘ |
Thg axtanﬂomntef'was calibrated by means of the cali-
brator, shown in Pig. 13, and a Wheatstone bridge. The smallest
divisions of the dial gage used in the calibrator are 0,0001 in.
- and readinge were eatkm&tad to 0.00005 in. The dial gage was
.checked againgt Dearborn gage blosks and wasg [ ound to have a
qfnaximu'orror of 0.00025% in., over 1tz total range of 0.050 in.
The sensitivity of the reslstance measurements was 0.0l ohm.
The change in resistance measured was equal %0 the sum of the
absolute valuss of the changes in reéistanno of the two active
legs of the extensometer., The calibration curve obtained isa
shown in Fig., 4. The calibration constant, given by the slope

3

of the line, is equal to 5.73 x 103 in,./ohm,
” ,
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Fig.!3 Calibrator with Extensometer in Position
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E. Recording Unit
The reoording unit comsists of two 1dentical channels,

one for measurement of load on the specimen and the other for
extengien méaauramant. The principal element in esch channel
is an RCA Type 3274 Caé&ada Ray Osoilloscope, A schematic
block diagram of one of the two channele s shown in Fig'. 15,
and a photogreph of the recording unit is presented in Fige L.
The dynamometer and extenscmeter are connected in ﬁimpla 1:1
voltage dividing cirouits, For the former instrument one leg
of the voltage divider consists of & dwsmy dynamomoter of
equal resistance ando f similar mechanical congtrustion to
grovid@ & wvoltage divider having symmetrical uharacberiatius
with réspeot to tempserature, drifb, eapeoity, and induwotance.
In the case of the extensometer both legs of the circult are
incorporated in the instrumentkand both are active, Calibra-
tion of the signal is provided by & known high resistanse
shunt which i 8 connected by & relay across one leg of the
valtage dividor at the proper time during a ninéla sweep of
the oscilloscope. The time of oclosing of the aalihraticn‘
relay is automaticelly synchronlzed with the beginning of tba
calibration sweep by suitable relay delay cirouits ao that a
verticsl step is formed on the osoilloscope screen nesr the
center of the oalibration trace., The resistance of the calle
f bration reasistor, the two lege of the veltage divider, and the
calibration constant of the instrument are kmowni thersafora,
the height of the vertical step on the oaliﬁration trace may
be converted to & known number of units of the quantity being
measureds The t;naitiviﬁyfar.tha'rueard&ng.syatum wan9bo ﬂ
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adjuated by aﬁangiﬁ@ the voltage ﬁ&pﬁli@& to the eiremit by
the gage volbage babttery. The maximun voltags used Is 1l
volise

Tn order to maintain sensitivity of the rosording ays=-
tam for tims intervals of severel seconds, which sre required
in the rapid load tests, & direoct ccuplad pro-anplifior 1s
used together with the direct coupled amplifier incorporated
in the aﬁaillqacapa‘ This nacaﬁaitatﬁa a halaneing bawtery
in the pre-amplifien "{Y\fﬂﬁ" 1ine to ’hlcmk the T.Cl. Wlﬁaga on
the resintance sensitive gage from the pre-amplilier griﬁ

and provide proper pre~amplifier grid blas. The pre-amplilier

sonsists of a single-stage two-tube balanead amplifior having

a fixed voltage gaiﬁ of approximately 10. The maximn@’sanain
tivity of the osecilloscope is appreximately 70 mv/in., making
the maximus senaltivity of the complete ampliffication system

approximately 7 mv/in. oscllloscope deflectlon. This sonsi-

tivity 1s more than adequate, and the amplifiers are normally

4%

operated at reduced galn settings.

Time calibration of the sweep is provideé: by the time
calibration oseillator whioh spplies sharp vertical markers on
a separate trace on the oscilloseope screen, The timing
oscillator cansiaté of a HewletiwPackard Hodel 200C verlable
frequency oscillsbor and a circult to convert the sine wave
output of the variable fraquency'aéoillatmr Into sharp peaked
#ime mapkers at the same frequencys For preclse frequency
setting, the timing oseillator frequency is compared with a
erystal controlled frequency from & ﬁew}att»?aokard M?dal i

1004 sesondary frequency standard by mesns of a small auxiliary
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seelilloceops,

Sweap tines from Q,i nmillinee to 10 soc are supplled
by Lhe sweep generator., Dnring & teat the sweep is initiatad
by the awitch shiown on the diagram, which la loecated In the
acbuating unlt of the tsating machine. Thisz switah 1z closed
when the oall reacheg a certiin position in 1ta travel, The
nosition of the switoh may'ba adjusted so thabt the sweep is
inltiated u short time bLelfora loading of the sapecimen begine.
The baﬁie ciroult of the aween genarator sonstats of 4 80N
denger and & oonstant current tube, The condenser discharges
through the tube when khe\tubé g Lriggered by the closing of
The aweep initi&%iné switeh In the testing machine, .The
resulting linewr voiﬁage drep of the condeanser 1s applled to
the I exls of the oscilloscope, glving & llnear sweep., The
sweep wmey also be Inltiated by other manual and automstic
aswitehes Iin order to produce the vertical and timing calibraw
tlon traces, |

- The intensitﬁ modulabing ﬁniﬁ ia used tc blank out the
cathods ray tube at all times except during swoeps., The trigw
pering lmpulse required to turn on iha ascilloscope beam is
gupplled by tho swesp géneraﬁ&?ora

The oscilloscepe zcreen lu photographed on 35 mm
racordlng orthochromatlc ilm, by meens of « Yelss Biotap
£:l. lens or & “elss Neonier 1.5 lens. The records consiszt
of three Lraees, v horizontel tindng trace, s verticel call-
Lratlion stepped trace, and Lhwe signel Trom the dynamometer or
axtengometer, A robol control Is Dacorporeted in the erecording

mlt which oporates the roox 1iphts and the camers shutters,
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applies the timing and vertioal culibratinnlgraces, anid
brigger$‘t&e teating meshine. | ‘
; - The controls for the drive unit snd a tachometer
Indloating the speod of the rotor of the testing machine are
also mountaé on the reecording unit panal.'

. Aloohol Cooling and Cireulating Unit -

Por the tests made at tempsratures bélow room tempera-
ture, denatured éthyl alcohoel cooled by solid carbon dloxide
i3z used ag the temperature control r%uid. The cooling bath
and a circulating pump arc anntﬁin&d in an insulated box which
may ba gaen in Pig. 5« The alcohol which is circulated through
the sneclmen heat exchanger is isolsatod {rom the a’lcohol-solid
s0s coolant baths The clrculsated alcohol 1s contained in a
smail tank &nd a coil of tubing which i1s suspended in the
coolant bath together with the circulating puamp. This arrange-
ment is neczsa&ry bgaausg ﬁha uléohol of' the soolant bath cane
a0t he pumped readily due to the CQp vapor which 1t sontaing,
This vapor prevents proper oparatiaﬁ of the pump., Thiz unit
wag designed and constructed by lr, David 4, ulmer ané 15‘
deseribed in his thesis {(2%),

G, 01l deating and Cireulating Unit

For tests made at temperatures above room temperature,
minsral oil heated by an electrlc immersion heater iz used as
the temporaturs control fluild. The tank in which the oll is
heated, and the ciroulating pump and necessary valves and cone
trols are assembled together to form the oil heating and clroue
lating unit. Thls unit is shown in the photograph in Fig. 6.

The heater tank has a capasity of 1% gal and iz vented to the
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gtmosphere, It contalng & I, kw slectric immersion heaber and
the temperature sensitive element of a Partlow Model Z0O-6K
automatic temperature controllers. The circulating pump is an
oloctric moteor driven gear pump having & capacity of 8 gal/min,
A presaure reliefl valve is provided In a by-pass linglbabwa&w
the pump'diacharga and the return line to the tunk ;; prevent
pxceasive pramauvaa in the 3ynnam, and to provide for internul
ciroulation of ofl in the unit when the fluid cireult to the
spocimen heoat exchanger i oclosed off,

The unit 1s operated on 220 volt single phasa»&;C.
. power, and is mounted on aashera.‘ Suitahla insulated pipes
and flexible metal hoses are providsd Ln the laboratory for
connecting the unit to -the apecinmen heat exchanger. The elec-
4rlc pewer connections to the pump drive motor and the heating
element are auch that the pusp 1s always runnlng whon the unit
is in eperation. This insures a continuous circulation of oil
ovdr the heating element under all circumstances of operation,
Thus the fire hasard is reduced by minimizing tha possibllity
for local heating of the oll, ncar the heating elementy to oxces-
aivautemparanurea. .

For aamparaturaa above about 250°F Hartemp quonahing
011, supplied by E. F, Houghton C@., having flash and. tira
points of 530°F snd 590°F respectively, is used in the unit.
For temperatures ﬁalow about 250°F SAE lo'lubriaating‘ail ia
used, The lowor viscosity of the latier oil at tho lower tem=
peratures reduces tba tendency for cavitation in tho pump
sucbion passages.

It has been found experimentally that when the nniﬁ is
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connected to the specimen heat exchanger In the manner used in
this investigetion, the temperature of the test specimen may

be meintained continuously ut a maximum temperature of approxie
mately LOO?®, It has nlso been found that the témpevatuve of
the test apcoeimen veries over a total range of 7°F for a fixed
setting of the temperaturs contrcller,

He Static Test aquipment

Statie tenslon testa were made using a 30,000 1b
Riehle testing machine heaving a least resding of 10 1k, For
teats 8t room tamparaﬁufe the gtrain i1 the specimen was
measured in three different wuays. & pair of luggenberger
oxtensometers, with thelir gage points or the gagze section of
the specimen, were used to neasure acourctely the straine
within the elastlg limit, These pgsges have a total range of
approximately & x 1077 in./in. oer 0.6 per cent with LG dlivie
giong of 1.5 x 10”h'in./in. each. feadings were cotinated to
1/5 division or % x 1079 in./ing

Straing up to o total of 5 per cent wereiguaﬁured by
means of two Federsl Model ¥51 dial gages having a totsl range
of 0,080 in. and divisiong ol lO"u in. Headings were estimated
to 05 x 10'“ in, The two :dial pgages on opposite sides of the
specimen wore fastenad to the upper static test speclmen grip,
and their spindles were actusted by adjustable rods astened
to the lower grip,

) Strains Lrom. 5 pepr coent to faillure were meugured by

neans of two Bteel scalea, oue o esuh plae ol the specimen,
The scales were gruduated in 1/72 in. divisions and readings

wore made to 1/10 of w« scule dlvision by means of a vernier,



Becauvse the dlal gages ware altached bo the specimen
grips thelr Indications of ét?&ima were Loo large LY the
strains 1n the shoulders of the tes® specimen and in the grips.
By o a’”ﬁﬁp&:’*il’l@ the apparent modulus of ée}.-m&tficx:l B g;jzmn by tha
dfal page nmeasurements ?ith,th@ correct modulus obtained from
the Muggenberger strein gare maasur&manta, the straling comm
puted Trom the dial gage mmaanvemﬁnt& ‘were corrected for the
elastic strains in the grlps and in the shoulders of the
apecimon, ) o

For atatic tension naéta aﬁ~£empﬁvaturss other ‘than
room temperature, the specimen was mounted in the same specie
men heat exchanger used for the rapid lcad tests. The same
cooling and heating units used for tha‘rapid 10&& taats were
also used to sontrol the ﬁpawimon tamparaturn in the static
tests. Extension of the spesimen was measured by means. of
the extensometer used in the rapid load tests in enmjunetian
with a Yheatstone bridge. By‘aampnring the apparent modulus
of elasticity indicated by the oxtensometer with the lmown
modulus of aiastiaity af/eha‘ﬁanarial, a correction was made
 for the elastic strains in the heaﬁﬁ,of the syaqimen:haah[
exchanger and shoulders of the specimen. The m&ximu&‘exﬁénv
~sion of the specimsn in statlec tests made at tempera@uraa
other than room temperatures was 11mita& to 5 par cent strain
by the parmia&ible-sxtsnaian of the metal ballows_or the heatb
exshangers. ” |

I. Tempersturs Measurement ﬁquipmant

The tamperature of the test specimen wna measured by

meang of capparugenstawtan ﬁharmncouylas aﬁg,& Beads and
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Northrup portable precision potentiometer for all tests
except those made at roam,tempﬁrature. In the 1@%@&@ oaéa
tenperatures were read from & maraury‘ths?mqmeter”hﬁng‘near
the teating machlne. For testes at temperatures other %héu
room temperature & maximum of four and a minimum of two
ﬁﬁmrm@&&uploa were used in each test, In esvery test one
' tﬁarmecﬂuplu was placed near the osnter of tﬁa gage section
of the specimen and one on one of the specimen rillehs;: Both
of these couples were covered by tape wrapped around the
specimen and the couples. In some tests two nd&iﬁipn&i
thermocouples, inserted into holes drilled in the ends of ﬁha
specimen, were used. The positions of the thermocouples are
indicated in Fig. 3. The difference in the temperaturss
 measured at the center of the specimen gage section and at
the fillets was found to be not more than 1°F 1n all a&ﬁ»a;:
while the temperatures measured in the holes Iin the ends of
the specimen ware ? to 3°F nearer room tcmperabﬁra than the
temperature at the center of the gage seection, All of the
thermooouples used were made of thermocouple wire taken from
the &amé‘sﬁnals of copper end constanten wire. One thermos
couple nade of wiré frem‘thas& spools was calibrated at four
fixed hemperaturb points,.. A éabiafaetcry agreement with the
Bureen of &ﬁandarﬁ$ 19%3 calibration for copper-censtantan
‘ thar@ceouplca was found This ualibration and its veanlta
are &1souaamd later in this thesis,

While rapid loed tests were being performed & thsrmo*
aou@ié‘iy the end or on the shoulder of the specimen was cone

‘nected ‘to a Leeds and Northrup "Hicromax” tamperatura recorders
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This provided a conventent visual ihdicatimn whilch sided 4in

the adjustment of the temperature to the desirsd value,



111, METIOD OF 4RALYSIS OF THE RAPID LOAD
TEST PECORDS

The photographic records were enlarged spproximstely
eight times by projecting them and btrecing the reaard 11&@9
| parefully by hand. The helght of the records on thsae trace
ings was. from 2 o 4 in., and the total 1ength of &ha%aaraw*
zontal time axis of the records was about lj in, %rnaiag& of
a typlesl rosord and the m@asuramanﬁa made on the tvaaaa 2Py
shown in Pig. 16. 41 mm&suramamﬁa of dlstances on tha traces
wore made with & secale having 1/50 iIn. divisions, and ﬁhﬁ
numbers raprasanting distances iﬁ the [Mgure sre in units of
1/50th in.

, The record treclnogs shown in Fig, 16 represent the

teat for which the primary datw are as follows.

Specimen Nos o o 4 o o o s o o OF

Dianeter of gage section ., , . 02929 in.

Eellofe of copper~consibantan thermow

couple at center of speeimen gage

gection with respect to a cold

junction at 32°F , . . . . . . =2.111 millivolts,

Frequency of both time celibra-

tion traceSe « o o ¢ ¢ o o« o « 50 cycle/sec,

Dynamomo ber callbratlon

constant o ¢« o o o 6 ¢ o 2 o o 784 1b/chm,.

Load record calibration

naslatance chang6e « « « « « o«  D5o7l ohm,



Load —=

e 115/50in, ———>=

Extension ——»=

56y

132/50in. —————>f

50 cyclie/sec

Time——

l—<- 68/50 in.

190/50in.

50 cycle/sec

Time ——s

Fig.16 Tracing of a Typical Record,
Specimen No.63 Tested at ~74.5°F
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Zxbtengomeier @élibr&tian
constant ¢ ¢ o 4 ¢ w0 v 2 s o v oo Ge73 X lﬂ”&in./mh&.
Exbonsion record calibration -
rasistance -¢hanﬁa; . ;‘a o o » o o SelT ohm-»
The weasurements maé; on the rocords are as follows,
Height of load record calibration B
EXGCB. o o o o o o o o o o o o o 132/50 in,
Height of load trace during | '
period of elastic dafurmas;an. . 115/50 ine
Humber of timing wave cyovles
ineluded in time ealibratlion
digtance measured on axtenszlon
r200rd 4 o 4 0 00w a0 e s e s Do
Time calibratlon dlstance .
measured on exténsion record . » 190/50 in.
lisasured diztance éofraaponﬁing
to the time %o inﬁtiate elastic ’ ;
deformations . e e e e e 68/5%0 in. * o
The computation of the messured stress far‘bhé'Sawx
is as follows,. ‘ |
Crogsa seotional area of test specimen,
A ow j%;xm,aggg}g'. 0.0707 1n 2
Stress corresponding to the height of the
Load record callbratlon trace,
= Z§%m§7g%2& = 7h,800 1b/1n.°
Stress duriég the period of elastic delormation,

s Thyl00 =x %%% = 65,200 1b/in.?
£



.5$‘
4 Tha computation of the m@aaured time to initiata
plastie deformation from the extenslon record is ag fcllaws-

Total time 1n¢1udad in time a&libration R

distance maaured,

= 9x }.%?g?. = 180 milliseo.
| rime to initiate plastic deformation,
= 160 x I.%%.n 6l millisec.

Although no nwasurementa of thﬂ mﬂgnitndaa of the
extenglions were made Ior th@ present 1uvastigat1un, thw ver=-
tical step calibration traces were ineluded on all vaoawds
in ard@r to permit the determinstion of extaﬂaians rram the
pecords in the future, il such meaauramants ghould baaama of

pome interest., Similerly the time ocalibration traea waa

" ineluded on all load records.



IV. ACCURACY OF MEASUREMENTS

In estimating the degree of accuracyof the measurew~
ments reported, two gsnnvalvtypas of experimental arrq? are
dtstinguished. The first may be called absoclute arrcn;; in
example ls the dirforanoa‘batween loeds road on the abaﬁ&c
testing machine and 1 oads which would be given by standard
weightse. The second type oonsists of the errors 1n£rngnad
by the lack of reprodusibility of the various maaauiwmiﬁtag
which may be called random 6rrors. |

The statlc tenslon tests and the dynemometer oalibra-
tions were all performed on the same testing machine, Also
the resistance changes.corresponding to the oscllloscope cali-
bration traces wore measured with the same Wheatstone bridge
used in the oalibrations of the dynamometer and extenaometer.
Therefore stresses and atréinl meagured in thk ragid load taat§
are subject to thq same absolute error as those messured in
statioc tests. |

Absolute errors in the stress measuroments may arise
frum three sources, the error of the 30,000 1b Riehle teating
machine, the error in meagurement of the diameter of the pgage
seation of the specimen, and the atress concentration associ-
~ntad wiﬁh the specimen filleﬁa{ The testing maaﬁino:ia oflie
brated yearly and its error is found to be not mora .t’r par
cent. Specimen diemeters were measured with a goud‘ﬁfbaemnebr
caliper, ostimating to 0.,0001 in., so that the orrur*fﬁ&m‘ﬁhiu
source is négligible. The stress concentratlon in ﬁh@ gpcu&mg&?

fillets introduces & gonstant bias brror in all determinations
- 59.
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of bh@ upper yield &@reaa.‘ This Includes stetic upper vield
stress datarminatian& end all the stress measurements reported
fcr the rapid load tests, since the latter are all meagure-
ments of upper ylsld stress. This error may be estimated from
stross concentration facstors determined photoelastically by
Froeht (2&}, for fillets in flut bars, Frocht's measurements ¢
do not include ratios of Ffillet radiug to width of lha reduged
seotlon of the ber ss lurge aé that of the specimen used in thg
present investigation. However, an extrapolation af his data
loads to a stress concentration fagtor of about 1.0%., Other
photoelastic measurements have shown that the stress concentra~
tion fector for & round bar of a given ratle of fillet rsdius
to diameter is only slightly less than for a [lat bar havirg
the same ratio of fillet radlius to the width of the var.
Hence, it ls ressonable to apsume that the blag in measure=
ments of upper yield stress due to stress concentration is not
mara than 3 per cent, the moasured stresses always being too
low, k

Since this investigation wag cooncerned only with the
time to Initiate plastic deformat on, quanititstlive messure=
ments of strain during the rapid load tests were nob made.
Therefore, errors in strain measurement in the rapid load
‘b&ﬁtﬁ need not be considered, IlHowever, the probablle absolute
errops in strain messurements in the static tests may be of
somé Iinterest, For bhg atatic tests made at room temperature
such errors could be contributed by the error of the two
Huggenberger extensometers, and the error dus to neglecting

plastic stralin in the fillets of the test suesimen,  The first



ts gatimated to be not zor~e than 2 per cent, while the latter
way be az large as 10 émr cant. Por static tosts made al fone
nepratures obher than poon texperaturs absolute errors could
ari&a from the ervor of &ﬁa dial gage used in the extensomeler
calibration, and frﬂm(tﬁe\?lastic strain in the fillets of the
test specimen, Ag mauﬁicnad previously, the dlal gage was
checked agalnst page blocks and found to have o ma#imum errar
 of 0.00025 in. inits total range of 0,050 in,, or 0.5 per cent,
The plastic straln iun the qpm@im@m fillats fa 10 per cent or
loss s given above. o

The absolute error in the time messurements in the
rapid load tesﬁa is esbimated to be 10,2 per cent, ﬁaiah
represents the probaule ervor of the quarts ervstal oscillator
used as a time standard.

The random errors of the meusurements were estimated
from the results of experinents made fop that purpose, To
estimste the random errors in the calibration constants of the
dynamnmetar*an& extansqmeﬁar. a statisticel study of the cali-
bration data was made. 4 ocallvration constant was computed
for svery pair of measurements of load {or extension) and
presistance change made in one dynamometér and in one extensom=
etar calibration. [or the dynamometer, 22 velues of the cali-
pration constant had a s%amﬁayﬂ»&aviation about the mean of
0.9 per cent, For the extensomster, 18 wvaluss had e standaxrd
deviation ah?utvﬁhe wean nf 0.8 per cent.

A major portion of the random errors may be attributed

to recording and rocord readling errors. Recording errors were
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cauged by honellnearity, bHlckeup of astray flelds, and
instgbility of the pre-caplifiers and ogeilloscope ampllifliers,
end Interaction betwee: the warinsus ampllfileras. Teading errors
ure %ﬁméeduaad In the process of tracging the enlargements ol
the photographic recorde and in the measurement of dlszitances
on the tracings.

It is difficult o estimate the ran@om errors [rom
thess &ouréaa separataly;‘ﬁowﬁvar, one experiment wagtnﬁde
whiech givas some indicatlon of the ovareall aprror. This
experiment conslsted of performing a calibration of the extene
gamatar uaing the regording sﬁaﬁam to measure resistance
. changes, in place of the %hgabatone'bridge. Such an experi-
ment 1s made possible by the direct coupled awplifying system,
The exﬁansomataé was mounteg on the calibrator and connected
to the recording systen as for a rapld 1bad teat. ‘Tﬁm calie
brator was set fév £ero extension of the extensometer and a
gingle trace was produced on the oaailloaunya and recorded.
:'Then a givaﬂfaxtanalon was applied to~tha_axtsn»ématap and a
gaoond ocscilloscope trace rseardad'.‘ﬁinﬁlly, a record cali-
pration trace was recorded, all three traces being recorded
on one {ilm wibthin a raw'ssaﬂnda. This procedure wag repeated
for several different values of the extension applied to the
axtensometer,

Anelysis of the records so aobtaloed was mude In the
usual manner, and values of the extensometer calibration acone
stant were computed from the results, These values had a
standard deviation about the mean of about % pepr cent, and

the difference botween the callbration constant determined in
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this manner and the congtaent found in the calibration using
the Wheatstone bridge was also sabout 3 per cent, From this
resultrié a§péars reagsonable to assume that the random errors
in the stress measurementg in the rapid load tests, Mo to
the recording and reading errore, were about * % per cent.

An estimate of the random error in the time measure-
manxyﬁﬂ&e to feuerding'and<raading errors, was obtained by
&nalyzing'in detail the timing traces of two rapid losd test
recprds. A éelation between linesar distance on the recerd
| tracings and time was detormined in the usual menner, Then
: by measuring the distances from a tining wave geak near éna
end of .’a record to each ‘;n&ividual wave pesk in the timing
trace, deviations from the linear time scule were determined,
A tota&tof ?3 Buahimeaaurementé wag made and the standard
devistion of thess mesaurements from the linear relation wasg
0.6 per cent of the totel length of the time truce. An addi-
tioneal random error in time &eaaurement of about * 0,2 per cent
or leas wax‘iﬁt?o&uueé in the operation of compering the fre-
queﬁéiaﬂ of the stendard and working oscillators,

Sinece the random error in the measurement of the delay
time ia ﬁroportion&l to ﬁhe total length ol the time trace,
the percentage error in the messurcment of thé deleay time
depends upon the ratio of the deiay time to the length of the
timé‘traea. it iz not posalble to perform the teats so that
the deley time g always a maejor proportion of the time trace.
It mey be from one tenth te nine tenths of the éﬁlay time.
Thererore the randem error ls different for sach test. The

values of thé delay time reported for this investigastion are
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stated to the epproprliate number of signifﬁamnt'figuwwa.

Al thermocouples used In the teuperabure &e&guvén
ments were btaken from the same spools of cepper and cenatsntan
thermogouple wire, The reference Junction wue tmmersed In a
w&tam-lde‘b&th for sll measuresente., The thermocouple wire
used weas calibrated st four Iixed temperalture polols as
follows: |

freezin; ochlorolorm ¢« « ¢ o o « o o —h2,2%,

freerlng MOTCUNTe o o o o « o o o o «=20.0F,

froezling carbon tetrachloride o « + « =980,

and body btemperclul@a « ¢ o o s & o e
The temperatures determined &t these éﬁiﬂts, usglng the Suresu
of Standards 1938 ealibration for the peletion between oyl s
and temperature, were within + 1°7 of the sbove standerd
values in all cases.

In performing the rupld load tests the spaeimen teme
peraturs was determined immadimﬁ@ly herore ruaning the test,
and in many cases the temperature was elso determined Inmedie
ately upon completion of the t&ai. It wag found thael the
temperature change during the perted reguired to run tho best
wes 1%7 op laéa.‘ Prom these results it 1s recosonable to
asauma bh&t the accurscy of determining the tewmperature of
the pest specimen wes t 2%,

"o summerize, the ectimated magnitudes of the various
errors are us follows.

(1) &bsolute error iﬁ a1l stress weasure-

ments contriﬁutad by the static

testing machine, < %1 per cent.



(2}

(5)

(5)

(1}

(8)
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Constant bias in all measurements
of upper yield stresa due to Mress
concentration in phw fillets of the
test speclmen (mesgured stress
always less thaen true velue), < 7 per cent,
Abgsolute error :m static elastic
strain measurements, ‘ Z+2 per cent.
Bilas In maasubambnts of static
plastic stroins (moassured straln
always greater than true wvalue), < 10 per cent,
Abgolute error in time measurse
ments, | <10.2 per cent.,
Random erpror in siressg measurew
ment in rapid load tests, =< * | per cent,
Random error in measurement of
delay time, " variahble.
Random error in temperature

-

measuroment, ‘ = +2%,

s



V. MATERIAL TFOTLD oND TEST SPECIMER

The 0.17 per cent carbon steel used in this investiae
ti~n was obtained from the Columbia Steel Company, Torrance,
Caulifornia dorks, It was hot rolled to §/8 in. dimmeter bars
from one billet of hdat number 328L2. The analysis as given

by the mill is as }ollowaz,

-

Carbon 04175,
Mangeneso 039y

' Phosphorous 0.017%,‘f
Sulphur 0.0LOY .

Test speecimena, of the form shown in Pig. 17, were
muchined from this material. The gage scction of the speoi-
_mens was finished by grinding. ALter machining, the specimens

# were annealed in dry hydrogen. The fmgas schedvule was as
followat . ‘
1. hest from room temperature t; 1506°F at ngrmﬁl
furnace rate under {ull power,
g 2. heat [rom 1300%" to 1600°F at 2.4°7 per min,
%, hold at 16c0°7 for 149 min,
L. ccol from 1600°F to 1300°F at 2.5°7 per min,
5, coel from 1Z00°F to 1000°F at 3,2%7 per min,
6. oool from 1000°F to room temperature at normal
furnace rate with power off.
' The resulting metallographic structure is shown in two
photomicrographs in Flg. 18. One of the photomicrographs was

taken of a Lranaverse section of the test specimen and the

Eav4
GO
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other of & longitudinal sectione Both sections were taken
from the gége length of one btest specimen. The linearined
ddatribution orvpaarlita due to the hot vu}ling operation may
be saan’in the phatcmiercgréph of tha longitudinal section.

The hardness of ten test specimens, selected at ran=
d‘mﬁ, was mensured using a standard Rockwell hurdness tester,.
Pour hardnesgs measurements ﬁare made on each specimen, The
average hardnesses of the ten specimeng’ranged from &?LRB ﬁo
59 Rz. The maximum range of the hardness in any single apeci
men was % Rp.

The surface finish of ten specimena, selected at rane
dom, was msaaurad‘by‘msans of a Brush Surface Analyser. The
measurements ranged from 8 misro-inches r.m.s. to 15’m1¢r0~
inches r.m.z. The maximum depth of serstches ranged from 90

to 130 mierc-inches.



VI. TE3ST PROCEDUTE

Ao« Static Tosts

From two to four sitetie teats wore made gt each of the
tenperatures at which rapid load teste were made., IZtepwise
loading waes used, spproximately two minutes were allowed to
elapse between adjacent test points. The setilng of the lLeste
ing mecqine was mude alt the beginning of the Intervel and the
readings wore taken at tile end, Approzinmately 10 peints were
talken in the glastic range, and from 10 to 60 points were
taken in the renge of plastic deformations up te § per cent
total streine Two tests at room tempernture were continued
until failure occurred. /it other texperatures the tests were
stopped at 5 per cent strain becauvse of the limited allowable
extension of the metal bellows used in the heat exchanger,

The tempersture of the specimen could not be maine

.

tained within as narrow & range in some of the statlc teste as ¢
%

it gould be in the rapid load tests. For the stutit tests made
at elevated temperatures the speclmen tomperature varied about
10°%F during a given test, At proom temporature and low tomperae
tures the specimen could be maintained within 2°F of a given
temperature througheut the tast,

All the rapid load tests reporited in this Investigation
éera made using "free loading"., This means that the cam of
the actuating mechanism of the testing mac ine was moved at a !

sufficiently high rate so that the motlion bf the setuating

70,
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plston wag not controlled by the cam. Thus the loading was
of the form shown by the experimental curves in Fig. 11, The
e required %o reach full load Iz Independent of the mugni-
rude of the load end is about 7 millisec as shown in Mg, 11,
Teats sinilar o these shown in 1o, 11 wore nads ét various
tines during the course 0 ih& iuvawtigutinn. Such btesls
always gave osasentially e ﬁrmé resulte, indlcubing vhet the
dampling of the machine remained substantlslly constant, «

The siresses at which the tests were made were chosen
to obtaln & reasonsbly uniform distributlon of the test points
in the plet of delay time vs, stress., 4t any glven temperas
ture, the upper limit of the atress employed was taken to be
that stress at which the delay tiée waa chout 5 milllsec.

The reesson fopr thls ia'that, at delay times éhart@r than
about 5 millisec, the test cannot heeacnsideved”to be‘per* ;
formed at constant stress; because an appreciasble portion of
the time, during which the 5tréaa eicaaﬂs the statle upper
vield stress, elapses while the stress is increasing.

The lower lialt of the stram&bamploy@d wag taken as
that stress at which the delay time was sbout 10 sec, except
in the cage of tests made at -?Sa?. in the latter case the
tests ware oxtended to a delay time of 100 sec, The purpose
of t.73 was to esbtablish a feature of the test results which
extended into the range of mslay*ﬁfmea from 10 toe 100 sec.
The sweep pgenerabtors incorperated in the recording unit were
not capable of producing asweep btimes longor than 10 sec.
Therelore the measurements of delay times longer than 10 seec

were made with a stop wateh., The sweep eircuit snd the
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blanking ciroult for the seeillosaepe used to record the.
extensometer were disconnected. Thus thoe spot of th@‘alectron
bean of the cothode ray tube was visible ot all tines, end
&ﬁperienc@d no motion along the time axis. then the load was
a?glied to the test speciman the gpet couvld be obgerved Lo rmove
&1’.;;";.:ou1;f; distance along the deformetlon exis, corresponding to
the &iaﬁtic defopmutlion of the specimen., The stop watch was
sturted at this Uime. The spol then remelined statlionary until
plastlie deformation hegan, At that time the spot begen to
“ove relatively roepidly along the deformation axie, and the
watch was stopped, The stop waich wes graduated in divisions
of C.1 sec, and the’delny time was messured to thet cceurscye
The stress was mecsured in the ususl manner using en oselllo-
scope sweep btime of 1C ssec. It is assumed that the stress g
remained unéh&nged for times longer than 10 sec.

& cowmplete serdes of tests was made st sach of four
temperatures, -75°7, 73°F, 150%%,'and 250°F. or the tests
made at ~?5°F the tewperature of the specimen could be adjusted
to within £2°F of the desired temperaturé b:f conbtrolling the
amount of coolant flowiﬁg througn the specimen heal exchanger. -
Onee adjusted, the btemperuture remained constant over long
periods of time., iHowever, in the case of the tests made at
elevated temperatures bthis was not true, 4s has been men-
tioned previously, the tewperalture huném& over u range of
about 7°F, due to the characteriatics of the automatic tem-
persture controller in the oil heating and circulating unit
and to the thermal inertlis of the system. HNevertheleas, the

perlod of this tewmperature variation (about 10 min) was long
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encugh so fhat all the repld lead bests covld be made at o

tamperature within 3%% or less of the desired temperature,

™la was accoaplished by performing the teats at the proper

time In the temperature fluctuation ecyele. Yo specisl pre-

.cautlona were taken to control the apecilmen temperature lor

the tests umade ot room temperature 756W). Nowever, the

smblent temperature 1n the labeoratory was guite stable, and

41d not vary more than 37°F from 73°F during the taata.



VIi, EXPERINENTLAL RESULTS

e Static Tenslon Tests

.

The principal resulte of the ztatlce tension tests are

vort In Table I for all the temporaburses emploved in this

Tnventications The astresas-sbtrain curves un to a total strain

,

af 5 ner cent are given In the follewing [igures:
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Tuo stressegtraln curves us to fallure, determined ot room

bosperaturs, are glven In Fipg. 23,

He Napid Load Testo

The results of the rapid load tests are given in the

following bables:

'
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The wvalues of delay time are given oo the number of
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Tanhis 1

ff«mﬂfﬁf’&a OF BTATIC TENIION PRST S

Upper ¥Yield Lower Yield

Specimen Tewperature Slress, Stress, ¥ield Strain
Number Dejrees F lﬁflb/ingi 10w1b/in.2 Per Cent
4 -5 5145 4o.0 345

9% -75 L. 6 595 540

26 -75 g%.q ; el ;.1
aversse L4be7 Averunge Y. AVEr8age Sec

1 69 2543 29.5 1e7
16l g n L3.0 G n 1.9
165 75 g% 2245 240

gvapa&s 5040 Average 51.% Average Le9
158 1% to 153 %146 27.0 ) DTS
159 1l to 154 397 20,7 1.6

161 L8 to 159 é’,g g,g g;
LAversge 50,0 Average Average

™)

162 2ht to 255 3245 29,2 —

163 249 to 255 ;6z£ 27,0 oo
Avepapge Sit.b hverage 251
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TLRLE 1T
RESULTS 0OF RAPID LOAD TESTS AT ~75°F ;
dpecimen Temperature Strass Delay Time
Number Degrees F 10~/ 1b in.a . _Sege s
LG «76 6847 0.0%
9o ~76 ?1-3 0.059
50 wTlieH TL. 0.021%
51 ; "72 ZO . g ‘ 00013;4‘
52 . -7 0‘5 6.8 . ) 01125
52 ! 705 6247 C0.L5
P -7 62,7 0,325
5 “'7 ac} 6‘0.1 00185
5 ~75.5 59.5 0.82
9 =755 . 70,5 0,0205
50 «?é 72,8 0.0245
61 75 127 0.014
62 “TL.5 6542 0.06l
A “7545 65.2 0,09k
6 =75 5947 0,70
66 “15e9 5245 1.7
6 «75e5 52,0 6o
6 "'?g 85.0 2.8
69 = The5 52«8 Le?
0 “15 54e5 %2
71 -75 51.0 .
72 “’7 05 ?E-E 0.016
7% -7 a9 0.0105
i -7& 7545 e.g:;zo
7 =TheH . T2.0 0,050
7 ‘"7‘-}&5 &9.8 P ﬁOQO
7 -T5 52«0 .
7 ~75:5 1.1 56
g? - -5 1945 17.0
“? 05 s [
a2 ~7545 1192.8 6.0
gg "'75 1-4}808 ?02
. ”75 i L&év? 6 ua
i it 193 o
- » > U e
8 ""75 ugaﬁ 6;7
8t 79 L7.7 62,0
g9 7545 h?.g 28.0
20 =75 LE. 12,0
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TABLE III

RESULTS OF RAPLD LOsD TEST8 aT 73°F

Speecimen mperature .Stress Delay Time

Number ‘ ggﬁp@es P 10° 1b/in,> 560
9 70 5747 0.0045
10 TO ?2.§ 0,027
11 71 .;g.q 0.052
1y 71 48,8 e.ags
15 72 L9 Q0,2
17 72 L.l 0,285
20 15 52’.9 0,011
21 5 56,1 0,006
22 15 ‘ El.‘}'? 0,012
%& 7 349 0.027

: T L343 O.1 g
2t 7 LE.G 0.058
2 72 hi.9 0.23
al 13 &lﬂﬁ Gth&
30 n 5510 > 945
51 h AT > 9.5
23 h . ho.lh - > 94
52 o 11.0 >9.4
§ F?h' i-ivlns 1&35
37 C7h 41,0 0.9
30 ™ i3 0,26
39 ’}{'3.5 © 1.0 >9.E
Lo «5 41.5 Q. LE
e 7 Lé3 0117
N2 7 L7k 0:048
L7 76 513 0.03%7

Nt



RESULTS OF RACID LOAD TESTS »% 150°

Specimen Temperature ?)Stresa; - Delay Tlme
Number Degrees i 107 1b/in.~ 5ece
117 8.5 9.6 0.0065
120 151 poe0 0.005
121 151 a7 0,00L5
122 - 150 Ll 0.02L5
123 150 7.0 a.0155
12}, 150 2{2 >0.10
12 151 b3 0.007
12 Lﬁa L;g E, oy, 060
12 150 0.7 >0,70
128 150 07 0,012
129 150 . 3946 G.27
131 150 50,7 >1,0
156 152 L5.1 0.011
137 150 Iias 0,08
158 151 Ll O GO0
139 150 Lhe5 C.006
0 151 gg.zu: > 0.0
1- l 1 l r:‘o ?oﬁﬂ&aﬁ.ﬁ,
1@2 1%0 L;};.g 0,012
143 151 52,0 a.0Lh
mﬁ 150 120 >15.0
L5 150 Ll.5 0.015%
146 151 599 0,010
7 151 Lo,é > 0,50
IR 151 B el 3.035
150 150 Siel ¢.0u0
151 151 3540 0.1%5
152 152 575 .08
15 151 27,8 >1.,0
1 15145 e & 0.00L5
157 151.5 Lza6 0.005%5
¢
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TABLE V

RESULTS OF TAPID LOAD TESTS AT 250°F

Specimen Termovahure Htress 4 Daley Time
Tumbher Degrees [ 107 1b/in. < 560,
97 2L 138.8 < 0,005
(}S £l {} ,&O.fﬁ 0‘005
100 253 A30e3 0,060
102 252 5942 > 0,160
.10° 2657 0.5 0.150
P ]
104 250 40.0 o.022
109 251 Y < 0.00
105 ?’:j:{' ;J{“’}sé 0.0
107 _ 250 . 41,0 < 0.00%
100 251 0.2 0,010
110 : 250 ;3@::.0 > 60,0
11 250 ‘ 0.0 < 0,005
112 ' 250 : ;S‘f»} 5 >20,0
113 , 251 40 < 0,005
114 ;)_t)U ’_’59.? < 0490‘5
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, A1l of the rapild load test resulis are plattedlin

Fige 2h, which shows the relation between delay time (on a
1agarithmia scale) and stress, at the four test temperatures.
' The linez drawn in the.rigura to represent the data are deter=
mined as follows, It is assumed that the experimental results,
for any glven tamparature, may ve represented by two 1mter~
uecting stralght lines on the semi-log plot. The first ls s
k  11ne of constant stress and the sesond a line of negative

f slope, 63 szhmm in Pig. 2. The experimental po&nﬁﬂ are
»ﬂivided into tao groups, each group belng asscoiated with

one of the two lines. The llne of oconstant stress represents
the data for all delay times greater than the delay time at
which the two lines intersect. The sloping line representy
the data for all shortmr delay times. The line of canstagp
~streass 1s4takaﬁ to be tho 1line representing the mean stress

of  all the ascociated points.

The line of negetive slope is detecrmined so thet the
sum of the squares of the orthogonal deviations of the experi-
mental pcihtn from the line is & minimum, This is done in the
following manner. Let .
| T = log &,

_ whers t 1s the delay time. Then the line iz of the form

7 = a-bO’, (1)
where @ is the styass, and’a and b are constante to be detar-
mined in sueh & way as to minimize the sum of the squares of
the oréhégonal deviations, The orthogonal ﬁevi&ﬁion,lxi » Of

the L’'Th exﬂwi%ntﬁl point iz given bv

X, = [y ~(a —éo—)]
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and the aum esf me sqmw of msa deviations m
| )3" "(W)E["t ~(a-b7)]" (2
»wham N 1is the mwmr of faxparimmal points. f
\ To minimize (2} the partial derivatives with respect
" te the two parameters, @ and b, are set squal to zero: :

(27

S(L )=
[EY]
mia lends to \

Sy, -—~/m+b):’zr o, o 3

§=4 ey

and (/m)ga-[y, ~(a-bor)] - AZ’U b0, g
Using ( z} to eliminate & from (4} and rearranging, the follow-
ing quadratic in b ls mbhaineé’

ﬁ[“/é’“/,,, 1) Zas]

b [Fo Tt (S A () ]
7‘2’(7"1/, No”/g’ff) 0. (5)

L=
i=1

The .coefficlents of b in {5) ere computed ﬂumsrioally from the
experimental data and the equation in solved for b. One root
gives ths‘mlnpa of the desired line. The other leads to &
maximum of the sum of th@lsquarss of the orthogonal deviations,
and is éisaaraad. After computing the slope, b, the intercept,
a, is re&aily'fcund by the use of (3}

U For répresentation of these lines by empirlcal equa-

tions it is convenlent to change the form of the constants, a

end b, Let a:/ayf,, , and b= == ,
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L @
then equation {1) may 2e wrltten in the lorm
-
t: ZLo € % . {6}

This g mope sebiafectory from a dimenslonal nolnt of v

-

&

than equ@timn (1), &lso lct the line of constund stresz be

represented by o= o,

The numerical values of the emplirical constania, t, , oo, and
o , are given in Table VI. The velues of t; and O canob

be determined for the tests mede at 150°F and 25091 bhecuuse

the data does not extend tc small enough velues of the delay

time, as can be seen in Flg, 2le The sloping dashed line in

Pig. 2, wssoclated with the bLests made ab 1500?, reprogonts

a theoretical extrapolation from the results at 7598 and

?30?. The conatruction of this line 1s dliscussed lafer,

7.
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TABLE VI )

RHPIRICAL QOHSTANTS TUr PIT THE
*

- .
wnaTinis T=L,€ % 1%;»53/0': a

T OTHE HAPERINBRTAL DATA
Temperature i, Jz o=

Degrees F _sec 107 1b/in.? 103 1b/in.?
75 11,0 x 108 75l 47.8
75 lﬁ;l x lﬁh ' %,535 41,0
150 —— k0.7
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VIII, DISCUSSINN OF RESULTS

?h@Afoﬁm of the raaerda'ofvloa& and extension vs, time
abtainad in vapid 1naé testa, ns shown in ®is. 16, hes been
éxplained by Profeasorfb, 2. Clerk and the author (17) in the
following manner, After the load h&s-bamn applied, the speci-
men behaves asseﬁtially elagtically for n well defined delay
time, as ghown by the "lral hopizontal portlion of the extenaione
tima racord, At ?ha ond of the delsr time plastic dalormatinn
 begins rather abruptly, end proceeds &t an approximately con-
sbant fata. The‘drap in load whlch takea place wnén‘plaamic
deformatlion begins corresponds to the drop of the besm in a
statioc test, Az in static tests, the magnitude of thakdrnp in
load is due to’the'aombinad al'fecta of the material and the
.cheraoteristics of the testing machine., In the rapld load
* tests, the motion of the fluld in the machine, during the
period of rapid plastic deformatlon, csuses & pressure rise
across the damping tnbéa. This raises the fluid pressure
‘below the lo&ﬁiah piston»‘ Thus the load acting upon the specle-
men is decreased., The drop in lead is prnéartian&l to the rate
of plastic deformation. The load which the specimen will sus=
tein is also a funétlion of the rate of plastic deraréatian.
Thersfore, the rate of plastic deflormation takes on that value
at which the loa5 whioh t'he spocimen will sustain is equzhl teo
the dpplied load,
The facs’thaﬁ the in%}i&l plastic defarmation proceeds

at a constant rate may be explaine& by the inhomogeneaus nature

v
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of the yielding ;&‘&nﬁ@aléd low oarbon steel. It is kﬁéwn {15)
‘that, to a first éppraximation, the full yimld,shr&in'appaarﬁ
initially at éne or more points of stress cﬁémsntr&tian,im a
tensfon specimen, With continued stretehing, the boundaries
éf the plastically &efo?med reglions prograaa through the ﬁpaﬁi—
men until the entire g;éaa length is oscupled by the yi;‘ia&‘d strain,
At that point the cold hardening region of the atrsQ&Qaﬁraih
curve is reached, and subsequent plaatic,dararmation‘aﬂcura;
uniformly over the gege length of the specimen, Therefore, it
is reasonable to assume thet the period of donstant:ruﬁe of
plastic déformnﬁicn, observed in rapid load tests, ie & con-
sequence of the propagation of one or more yileld atrain fronts
along the gage length of the épeeiman;

"In the record shown in Fig. 16, the period of constant
plastic deformation rate 1s abruptly terminated, and no further
strein oceurs, This Iis sluply beesuse the motuatiné piston of
the rapid load testing mmehine reached the limit of its travel.
It can be seen that s secend drop in load oceurs at that polint,
This represents the stress relaxation of the specimen when ,
plastic ésfafmatisn iz suwdéenly terminated. The record in
Pige 16 siows that the limit of ﬁravel of the machine vas
reached before the yleld strain had progressed over the entirww
goge length of the specimen, - .

In soma testas the yvield strain laz ceompleted before
the 1imit of travel of the machine Is reached, In this case
the rate of plastic deformation ls observed to decrense pro-
cressively after the yleld straln ils completed. This occurs

in the cold hardening range of the stresg-strain ourve, The
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strega~stealn relation followed In rapid lead tests dillers
consliderably [rom the static stress-strain relation, for \
‘aﬁnealad low carbon steel, It has been shown (17) that both
the yileld strain and the strain hardening portion of the
atﬁaﬁanatrgin relation take plage at Incressed atresses in
the rapld load tests, This result is in apgreement with
results obtained by Miklowitz (15), The effest of Lhese
phenomensa upon the propagation of plastie deformatinn wuves
in-longitudinal impact hae been discussed by «hite (295), in
an analysis of the @xp@pimentai rosults of Duwez and Clark {{).

The primapry restlts of this investipstion are the
experimental data, obtained a? seversl teuperatures, relabing
the delary Stlime for the initlation of plastic deformatlion to
the applied sirees. Theae date are shown in Pig. 2L. They
s-ow that there exista a critical stress, 5;, for each.tggfer&w
ture, ot which the behavior of anneeled low %urben steel
changes markedly. The lines drawn In Sthe Cigure were delers-
mined by the arbitrary pvmaédure outlined previously. The
transition between the %&a nodes ol behavior may not be as
gharp as these lines indlcalte. However, il may be seen fronm
an exmmination of the expsrimental points that the transitlion
is quite abrupt,

Previous results of tests performed at room temperaw-
ture, which are ceported by Professor D3, Clark and the
author (17}, do not exhibit an abrupt transition in the éﬁlay
time-stress relation. There are several possible explanatidns

for this discrepancy. Flrst, different steels were used in
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the two investipgstions. The transition point for the steel
used in the earllier work may occur at a delay time greater
than 10 sec, which was the ﬁppaﬁ 1imit of the delay times
investigated, Second, the spea‘imens used in the first
experiments were muaghined, by éurning in a lathe, alter.the
meterial had been Is;:iﬁaale:l; and they were 1oL re-annealed
after machining. The cold worka& surface produced by this
procedure may have influenced the Lehavior of the material,
#inally, the number of experimental points obtalined in the
earlier experiments may not have been sufficient to define
the transition adeguetely, due to the soatior o\f the polnts,

The static tension tests were ineluded in this inves-
tigatlion for the purpose »f providing a conparison with the
rapid losd tesat results, Since the curves of delay time vs.
stress, shown in Pig. 2L, exhibit a constant lower limiting
stross, E o it 18 reasonable to suppose that O is tbe'trua
statlo upper yield stress of the meterial, If the valueas of
the static upper yleld stress glven in Table I are compared
with the values of O given in Table VI, i1t fs seen that at
-75°F and 73°F the average values of the static upper yield
stress are equal to 0", within the experimental scatter.
llowever, at 1500F and 250°F the static upper yial%yatrassaa
are apprecisbly lower than O . |

Tné scatter of the meaax;red values of the static upper
yield stresa ia canQid&rably greater than the scatter in atrﬁﬁ&
of t@a rapid load test points corresponding to the eritical
atrae&,EF « The experimental errors Iin the atatic tests are

lass than ia the rapld load tests, snd the scutter in the
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Hlie
atatim uppeyr yield stress 1z greabter than the orobable experie
mental. errvor, Therefors, 1t nay b3400ncludm& that of stresses
near the limi% of elasticity of the material, defects in the
teat speeimens may cause vielding after rather long perlods of
time, whereas the initiation of vielding 1s less senaltlve to
delects during snérter,periads of tim@. \Tﬁe defects may oone
slist of surface irragglariti@s, non-metallic inclusions, |
exceptional varjations in grain size, snd other micraacopic
‘end submieroseepic structupal variations in the materisl,
The &t&tic stress-straln relatiors at ISOOF and
ZSOQF, shown in'?ig. 21 and Pig. éz“respectivelyg show
elearly the phenoﬁancn’éf straln ageing. At thorae téﬁpara~
tures appreciable straln ageing takes place in the interval
between raédinga nf the load and extenslion during thekstatie
test, This interval was approximatoly 2 min. The secondary
,'yiéld points appear in the curves for 150°F after the strain

[ T : .
’ has reached the strain hardening rangec, At 250°F they appear

‘ ;;itﬁin the range of the yileld strain. During the perlcrmence
| of these tests 1t was noted, in several instances, that the
secondary yvield podnts exhilblit a deflinite de%}y time for the
resumption of plastle deformation,. ;
The slopes of the lines of Piz, 2l representing the
relation betwaa& delay timo and stressz, 20 stresses above the
eritical stress and for the btemperatures of ~7S°? and ?5°F$
‘are equal within thé écattaﬁ of the data, This 1s shown by
the velues of the constant O, , given in Table VI, From this
result, it might be%essuvmed that»i&amechaniam aggsoelrted with
the delay time phenomenon is a’thefmally‘&etlﬁatﬁd proeess,
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in whieh the delay time and tém@mraturﬁ, ati constant stress,
are related by a fnnatian of the form
tx @ %, (1)

where / is the absolute temperature, 7 the gas constant, and
Q the actlivation energy. Jince the slopea of the lines in
Pa. 2y are approzimately equal, ‘t}éw acllivetlon energy is
nlmost independent of stress., From the erperimental dnta
the activation energy is computed to be

Q =z 8,000 ecaloriefrnle, or 0.75 electron volt/otom,
at o atress of 50,000 1bfﬁn.2

8y setting the proportionality luctor Iin equaticn (1)
&qu&l Lo the stress functlon previously gliven to represent
the Jata at a constant temperature, namely E;%a , all the

date at ~75°F and  73°P may ve represented by a single relaw

P

tion of the form o éé
- o"
Z=te e,

(2}
for stresses greater than the critical stresses, 0 . The

value of the new constant, f, is coﬁpntad te he

= 0.10 sec, | s
and J, may be taken oz the mvaraﬁe of the values glven for the
two temperatures in Table VI, nanely

s = 3.45 x 107 1b/in.2
Using the velue 2.0 cel/uole degree G for R, equation (2)

Lecomos
oo

t=0.10 o o ay
. =0 T (3)
where  is the delay btime in zeconds, 0" the stress In pounds
per square innh,’mnd 77&&@ absolute temperature in degrees

Kelwin,



, o
i w

If equation (7) is walfd, 4t should be pocsible to
predict the test results obtainad st other tempernturbs, Howe
ever, it is found thet the test results at 150%F do not rit
‘this relation, The dotted line in Pig. 2L represents results
prédietﬁd by eguation (%) for 150 P, The discrepancy is
preanter than the exporimental scabtor. AL § givon .aw@m,-mm
axperimental delay time is lede than predisted,

The results of thiz Investigation may also be coapared
with the dlalocation theory of yvielding in low carbon steel,
ziven by Cobtitrell and Bilhy (21), which has been discuesed
provioeualy. The ?avticn 6f the saturated carbon "utmosphero”
around a dislocetion whilch exsris the primary Influence upon
the motlon of the diglocation consists of o row of carbon stoms
parallel to the dislocation, Therd iz one cerbdbon stom par
atomic plane in tha direction of the dislocuhlion. The row of
carbon atomg lies Iin the plune which passes through the cenier
of the diglocation and lg perpendicular to the zlip plane,

For a positive dislocatlion the carbon antoms lie below the alilp
plane becauge thot is the repion of reatest dilatation in the
diglocation ficld,

The interactlon energy between the diszleocablen and the
associnted row of carbon atonz Lz calculated with the ald of
the relation for the strosses in a dislocation field which hasg
been glven by Foehler (26}, If an external abtress leg applled
to the materlal, the dislocation moves In the direction of the
8lip plane, with respect to the carbon abomse. The intersctlion
energy is aaleulated aw s funetlon of the diztance through

whileh the dislocation hag moved. The apniied stress regquired
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to move the ﬁialoa&ﬁicn‘throuéh thls dlstence is taken €o be
cproportional to the gradlent of the interaetion energy. The
reletions found for the Interasction onergy and the stress us

funcotions of the distance “&‘imamggh wnieh the disloeation has

moved aret v@t _
= /" { /f("/ )2/
~ and jszl 16 (P}
74 e }2 g

where X is the distence the dialaaation MOVOD 4 moaanreé

from the equllibrlum position,

P is the distance between the oquilibrium position
of the dlslocation and the row of carbon atoms,
Om is the maximum velue reached K;; the siress,

Cand 4 le & constant, whilch depends upon the alaatic.

consgtants of iron and the lattlce expanalon

producsed by & cgvbmm atonm. |
Thase two relatlons are shown In graphical form in Pig. 25.

by considering the offect of thermal [luctuatlons
upon the stress wequirad to separate the disloecation from 1ts
"atmosphere”, an expr@ﬂéion fop the setivation energy for the
geparation process is derived. Heferring to Flg. 29, 1l an
external stpeas, 03425 s iz applied, the disloecation moves To
the poasitlion 2@4b . 1ir the dislocation remalns straight, the
agtivation cnergy for the release of the dimloeation by
thermal fluetuatlons lg

V(%) = VI*%i2)

minus the work done by the external atress when the dislocaw

tion moves frem.lyﬁa ta)@v¢a . It s found thet this energy
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 §$ quite lmrbe. Therefore, it is assumed that the dlslocabion
is diatarted so that a palatgvaly small portion of it moves
bayqnd the’?oaition.X%éb o If the d*&tcrted portion of the
aﬁsiod&hiaghis'initiwlly'larg@ enough it will progreasively
extand'ﬁléﬁg the dimlocatibg, finally causing complete separa-
 tlom, This madhani&m introduces an addiblonel term inkc the
aeté&ation*enaﬁgy, which 1z the energy required to incresse
the‘i&néth of the diglocatlon, in order to form the loeal
diatnption. To compute this term, it 1s assumed that the
dialoaatlon behaves like a cna d*mansional soap film, having
an energy PV{ per nmiﬁ 1angtn.

The final result abﬁained for the setivation energy
require& for separation of a dislocation from its "atmcaphere“
of carbon atoms is

Uletom) = D/V/Vm)[" Ele){enp~AE( "/“")}]
v'ﬁﬂer%i‘ D(/0m) = ;3-“;§L )
S *5/"'/ ){4):):} (- x)/f /?1) .Ix)] 33/; :)a’

The activatian ﬁnargy.64@?@5J,;ﬁas been cam@ut@d, and 1s shown

L3

in Pig. 26, The various éanataﬂta were éiven the following

N values, which were consldered to be. the mest probable values

. by Cottrell and 31ilby:

A w3 x 1072% epg cm/atonic plane, |
, W 2 1 electron v&lt/aﬁomic plane,
and PO = 25. . , | P
The ﬁeaﬂ time required to secparate a dislccétion from its

"gtmosphers"” 1s proportional to e 4%47'
- . 7

[
L28

#
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 ﬁ§wherm k’iu Boltzmann's enn&bant. \
BT If a mechanism relating the motion of aislua&%iana:

" with the inttistion of macroscoploally observable plastic

e dnronmaﬂicn is’ asuumed, then the above result, abﬁainaﬁ by

Gottrell and Bilby, mey be applied to a deseription of the

»z'"‘:m:ulbs of the present Investigation. 4 very simple assump-

*fﬁninn is that plastic deformation begins after a aartaiﬁ

:un“mbev"of dislocations have separated from their "ﬂumnayharo
wiegin a preseribed volume of the materinl, Furtharmora, if
it 1s kasuﬁad that this. number of separated dislocatlons ls
largs enough so that the total time required to reach this
numbey is statistically well defined, then the delay time for
tho initiation of plastia deformation 1s given by

t=t'e ”@ {5)
‘where ijis a constant which Is &ndepam&ent of both stresz and
towperature,

The relation given by equatign (5) may be fitted to
the experimental data given in Fig. 2l at two points, by &
suitable choice of the constants Z end Tm . The points at
which the fit was made were chosen tn be the péints at a stress
of 50,000 1b/in.,? for the temperatures -75°F end T73°F. The
numericel values obtained for the sonstants are
t = b85S = 107° 800,
and O = 155,000 1b/in.2;

~and the curves are shown in Fig, 27, where they are crmpeared

1"

L1

with the axp@rimuntal’data.‘
The slopos of the thaaﬁetical 1ines could be brought

 {nto closer agreement with the experimental results by a
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suitable adjustment of the eonstbtants, A, V, and p , whilch
sppear 1In the expression for the metivation energy. lowever,
the theory does not account Tor congtant stress portion of
the oxperimental results, given by the critical otress T .
- Also 1t does not sgree with the experimental results obtalned

8t 15@“?. The latier discrepancy is af the same type ag that
- found for the expression which wasused in the {ipst attempt
“to it the data. |
‘ Some additions and modiflcabl ons of the theory which
.,,might provide for closer agreement with axperimentnmay be
'paatulnted, The assumption thet macroscopic plaatic deformas
tion oeeurs after a certain number of disloecations have been
separated from thelr “atmasphérss” of carbon atoms iz probably
too erude. To obtaln an adequate description of the experi-
mnﬁtal_rasults it 1s necesssry to lmow the mechanism by which
moving dislosations initiste plastie deformation, Some recent
‘e’x;perimgntal regulte reported by 4. M. Halden and J. H.
Hollomon (27) indicate thot this mechsniam involves the polye
erystaline n&éura of the material, ﬁgldﬁn and Hollomdn peY- l
formed experiments glmilar to tihose of Low and Jensamer (20},
but on single Iron erystals rather than on polyorystaline
apecimens, They found that the Introduction of earben and
nitrogen inte single ervstals of Iron did net cause a vileld
point to occur in the siress-gtralin ourve, whereags Low and
Gensamer showed that carben and nitrogen do cause = yield
point in polyervstaline iron. The theory of Cottrell and
Eilby doeg not depend upon the grain slze of the material,

‘8o, if this theory iz assumed to be essentially correct, an
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addillional theory, Involving the yelyeryat&lime nature ol the
material and relatlng the motion of ﬁialmcaﬁian& to macroscopic
plustic defermation, 18 nocessary for sn adequate description
of the experimental results,
dueh a theory could account for the critical stress,

o » Obgerved 1n the experimental delay time-~stress relations,
nowsver, it probably would not account for the thermal &epand&
mnéﬁ of the sloping portion of the delay time-stress curves,

It hes been shown thub both the simple relation Iirst suggested
and the theory of Cotirell wnd 3ilby exhibit eswcntially the
seme discropancy in predicting the thermal dependence of the
delay bim&. This suggests that the form of the relation
toce ™

used in both aa&es, 13 'in error,

The relation given above 1s bagsed upon the sssumption
that the particles of the systen obey the Haxwoll=Bolbemann
' sﬁatiatic&. It may bo seon ﬁhat this agsumption 18 not quite
coirect by consldering the results of the Debye theory for
~ the spécifiq h@atm of zolids. 'Th@‘QQbye:éhar&atar&atia tome
‘“Lyératura, o , ls that tamperatuéa below whieh the abillity of
the oaaillatora'eonstituﬁing‘thg‘acli& to nh#nga their‘énarQ
gles by arbitrary smounta begins to be restricted by the
'quantum eonditions imposod upon thelr energles. Thus, at
teuperatures less mm @ » Llia probability for « thermal
fluctuation which is able to geparate u dlalocation from its
"utmosphere” within a given time decreases more rapidly with

~ -~ T
decreasing teuperabure than is given by the relatlion € .
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v   ?h@rardra thﬁfmaan time bo #apar&tn a dislocatton at low
 “tamperatﬁr§s is greater In relation to the moan time at
. high temperatures than would be prediated by the reletion
e ? t ot Q/}?T

This 1is the trend obgerved in the experimental results 1n
- thig 1$Le&tigation.» : _
| The Debrye aaaranteriatia temperature for iron 13
é = hEO K(28). The ratios of the absolute temperstures
employed in this 1nvmatigat1an to the characteristic tems

~ perature are then as follows:

Tampz;gburs 'QZ;*
75 0 51,

3 0.70

150 0.80
250 0.9k

Therefors it iz reasonable to suppose that the considerations
disousscd above have an sffect upon the exporimental results
reported,

In this investigation, the minimun temperature
emploved (-75°F) was limited by the nuture of the temperature |
aogtral egquipment. lowever, additianul tests at still lower
temperatures, such as the teaperaturs of liquid air, would be
necessary to deflne the deviations of the temperiture depende
ence of t!w delay time from the é,@/wlaaf adequutely, it
temparatura@ greater than about 150 ¥, the sloping portion
ygf the delay time-streas curve occurs at delay times which are
too .small to be imveatigatad with the present rapid load teotw

irg mechine, because the time for the rise of loed in the
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. machine (7 millisec) is too great. A machihe of ﬁhé w&m&
general type could probably be constructed which wan&d hava
a rise time of oﬁe or two milliseconds by employing higher
air and fluid pressures. In this way the size af_tho m@v1ng
perts and the quantity of fluid in the machine would be

déannaaad, thus reducing the equivélent mass of th¢‘aymtam.

<"an¢e, a shavﬁer rise time would be obtained, However, the

minimum rise time which could be réaahﬁd in this way, wlithout
 oscillation of stress in the sﬁaoiman, is limited byﬂtha time
required for pressure wavas‘ﬁn traverse the alr and fluid

~ ‘ehambers of the machano. Teats in which the delay ﬁzmm is
less than about one milliaouanﬂ migbt be made by ﬁha mabhod
of the longitudinal impact of long dbars, '
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tpom the ra&@lt; of this Investigablon, 1t may be
concluded that a rather well deflined cpiticsl stress exlsls
for annesled low carhon steel, helow whlch the deley btime
for the inftlation of plestle deformabion inereases mich more
“rapidly with decreasing ofresy bhan av shtresses exceeding
the criticul stress. | .

The experimental resulbts show that the tompersature
dependence of the delay tlime abt atresces aubeve the critlcal

atross cannot be adeguately pepresented by s claseicsl thers

mal activation funcetion of the form

o)
o e

It is.also shown that the dislocutlicon theory of ylelding In.
low carbon steel, which has been given by Cotirell and Bilby,
does not account {or the sxistence of the cribtical stress
obgserved in the delay time-stress relablonse ¢

In order %o agecount for the diaerepgnaias between the
experimental results and existing thearﬁ, two goncepts are
auggéat@d which might lead to closer agreement, The irst is
that'a mechanism which describes the manner in which dislooa-
tions initiate macroscoplie plastlc deformatlicn lz required,
and that this mechenism involves the polyerysteline nature of
the material, The second is that, in the temperature range
below the Debyes characteristic temperature for the materisal,
'daviationﬁ from the Maxwell-Boltzmenn statistlcs should be

~considered in order to deacribe the thermal dependence of the
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