28 Februery 1934 . Report No. ¥-1029
* & ¥iVY DEPARTMENT
L
_-d"
N BUREAU OF ENGINEERING

REPORT ON
szudies on Internsl Friction ead

Vibretion Fatigue.

uAVAL RESEARCH £BORATORY
ANACOSTIA STATION

WASHINGTON,B.C.

Number of Pages: Text - 14 Plates - 5.

Authorization: NRL Problem dated 5 June 1928.
Dete of Test: Tests conducted June 5, 1928 to Oztober 1, 1932.

Reported by:

R. BH. Cuanfleld, nesoc.PhyslciEE.

Approved by:

H.R. GCREENLEE, CAPTALN ,USN,
Director.

pietribution: Distribution Unlimited
Dulng- (5)
Sng . EXper .ot .

pnnapolls, id.

—
-
L

Approved for
Public Release

mbe

e e



FRICTION EXPERIMENTS. ... v.cvcvcssnasnsnnsnnsvssss
iz EXP RIMENTS ENVOLVIEG UNSYEMETRICAL STRELE CYCLES....
i3 JORCLUSIONS AKE RZCOMRENDATIONS. ..... e R N T
APPSNDICES
PLATE L -
Fig. 1 - Bysterecis Loop‘~ in Stress-Struin Cyecles.
Fig. 2 - Typicsl f -f Ourves
Fig. 3e- Sketch of Appar&tus und Tubuler Specimen.
LiTE 2 =
Fig. 4 - Licgrem of Glectricel Circuit.
Fig. 5 - ¢ -f Sums lypical of Eody-Cemntered lLettice.
Fig. € - irmeco Iron Etrein-Annetled to Produce Varlous
aruzin Diameters
Fig. 7 - Plastle JefO“mgt‘on &nd Recovery.
PLa®u 3 =
Tig. 8 - Varying Amounts of Overstraln.
rig. § -~ Plastic Leforamstion and Recovery in Purified iron.
Fig.10 - Ascending snd Descending Curves (0.25 per cent Cerbon Steel).
Fig.11 - 0.25 Per Cent Carbon Steel.
Fig ..: - REBCO LrOon &£ P..Oll.".‘d.

TABLE OF CONZHNTS

SUBJECT
UTHORIZATION ¢« v v 68 8 4 50n i an o b e A d ol al s e e
OEU.' T YT N E R R AR T E E R R R E E R R E R E S A A

KNOWL

FACTY BSARING ON PROBLEM....:cvcssnssccnnsaness

¥V L YAy a1 Vel AT AN
“'h'.‘-‘...‘ L BN {.."-!'..\;;”ll-.....-o----.-uo--u».----a-u-
TR -1-F Ba | T, \E' MDTIT™IrxAY Loalis R & rm oM TR A 13 3 ‘\r) f
?\.‘ 17, ..‘. il .'.'..41;.4 ' ¥ Wil S .-(1-\0'. b A AN Lho-nI.J'-$ Hi

(g 1 iy PR ¢

LV 14 S §4 i il.i_......,....-..---.....-...---..-.oc-
e *1
t.:;ﬂ‘a .............. Wow s e oW - . - . * L
DY M Y - | S B i
gy B ‘_ L ‘.}A}'.. B e T L R e A a
SNy oL » R MY
P L e Matl WAL L LYSlIL o s s s s s s s 2 e s s s s s s s s snn
ITE QETAIXEBN. . vonarvesrsnesscnans sasmesasnseanssaneianhs
- Lt T r . \ 1 " 1
SUMMARY OF BEFFeCID OF OVERGCTRALN v swsessssssnsasnnnve

IGERTIFICATION GF ShiUURANRCE LINLIT FROE INTERNAL

PhuE

% b

r3

o M

11

-
“




| 1

i

T 7

—

‘I "

-
=
g
W
H

'i'
ig
L -

L |

LR

. pt et
AR |
¥

m.

G
o

-

L)

bod et ek

%]

<) O

er Cent Curbon cteel.
er Cent Carbon Steel with Initisl Loadings.

Fr e .. il Thoo . Eronze and Ordinmary Phos.Eronze,
"rree-Mechining® Steinless Iron.
Lystereric Loops for Vibretion Superposed on Static

otress.



LUTHORIZATION:

1. This problem wes suthorized &s zn NRL problem by &
Cirector's order dated 5 June 1928.

- The obecct of the experiments wes to flnd oul whether
the zethod of experlment already devised by the writer could be
uced &s a guick method of determining the endurence limit. TWork
wes slresdy being done elfewbere oa the same protlem by differcnt
methods. A secondary object, introduced later, Was Lo find out
something ebout the comditlon of forced vibrations in propellers,
ete., and see 1f metzls could be found for this purposc which would,
while possessing desireble strength charecteristics, at the same
time possess emough imtermsl friction to demp out forced vibratlons.

KiOWN _PACTS BEARING ON PROBLEM:
3. The knosn fucts comnected with the problem ere a2 follows:

‘s) Wumerous workers, notebly, E.T. Haigh In Bnglan.dl, have
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peszzed oil through hollow specimens uvnderpoing fetligue tests, and
=tualed the rete of heet evolution, &nd hence ingirectly the Internsl
fristion, by mezns of the change in temperature of the oil produced
by peecing it through the specimen. In genersl the final onset of
fellure 1o signalized by & great imcresse In internal friction. The
sbove method iz not, however, very seasitive end suffers from cther
disedventeges. Lo some materisls, at stresses only slightly tbove
the endurence limlt, heat evolution is st first replid, but soon
decresses und remtlns nearly comstemt for perhaps millions of cycles.
Nevertheless fallire does finally oecur, with & preliminary warnlog
burst of heet evolution. There is nothing in the eerly steges of the
above expariment to indlcate shether failure will ultlmetely occur
or not, end the method could not therefore be used us & rapid endurtnce
test. Of course the early heat evolution is only an eccompuniment

of plestic changes restulting from & certaln emount of cold-worklag
golng on in the metal, and cen equelly well occur &t streazec sufely
with'n the endurtnce renge. In a later peragreph of this report

the sriter's own conslucions om this subject will be stated.

THADRETLCAL COSSLDIRATIONG:

4. Mhonever & meteriel les carrled through & cycle of strain
1+ exorts smeller stresces durlng the removul of the strain than LIt
did during the appllization of the steain. I we plot the stresses
ggalnat the struins &s In Filg. 1, we find that instead of retruclng
the slngle stralght line AOB ss L% would do if Hooke's Luw were
sxs3tly obeyed, it trases u loop such 8s PQRS, whish represents the
symsatricsl condlitlon which exists after s number of straln-aycles
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have beon perforsed. Of course the sroa of the uawu
work cbeorbed by the speclaen and not retwraed In t of
elustic emergy. The whole plcture bears an exact cimilarity to the
hystercsls loop in magnetic materisls, and in fast the term
"eleotls hysteresis® ls often used

g
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g
g
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A fact thstmtbobomlndﬂfm&nwmtb&n-m
dissipetive or nonelustic forces at play here are oaly assocluated
with sheariag strains. Even the most complex strela distribution
ctn be Jivided uniquely lato two perts; dilstation or shaage of
volume, and distortlon or change of shupe. For lnstance, when &
rod ls simply stretched, the elastic energy assocluted with
distortion 15 to the cnorgy assoclated with dilatation in the ratlio i
3/(34-8) where E 13 Youag's modulus and N 1s the sheuring wodulus.
For ordloary metals this ratlo ls ubout 5 to 1, so that even for
simple tenslon the sheur-straln plays a predominaant role, and
internsl {riction will be ian evidence. On the other hand when a

b ' metal 1s subjected to hydrostatlic pressure the streln ils entlrely
i dilatation and no internal friction has ever beon proved to exlst
3 for such streins. In this respect internal friction in solids 1s
BL : quite analogous to vissosity in llquids, where, us ls well-known,

the “ristlonsl stress ls proportlonel to the rate of change of
B - shear strain.

i For the above reasons most of the experiments described in this
E: report were made ln torsloa, whish lavolves only pure sheasng stress.

Returning to the diagram of fig. 1, the exact shape of the

' hysteresis loop 1= diffisult to meesure, since the width of the loop
. mey correspond to & streln of & millionth of en lnch per inch or

] less. What evidence exlsts poinis To & loop with nearly stralght

4 ' and perallel sides. Sin~e most experiments, lncludlng those

reported here, measure only the work absorbed or the ares of the loop,
it seems convenlent to assume that the loop is & perallelogram like

o _ ALYZ. The helf-width of the loop, £, we call the friction stress,

2 . while 1ts total height f we term the elastic stress or stress-

o amplitude. OSupposc that &5 & result of @n experiment we hauve found

' shat in & stress-cycle such that w units of energy per unit of

o volume is stored up st either end of the swing, an amount of energy

: w per unit of volume i3 dissipeted. It is easy to verify that

w = £2/2E (1)
and w' = Lff'/E (2)

R S

where S is the proper elastic modulmns. From these formulas it is
essy enough to compute the corresponding values of f and £’ .

This lesds to a matural and simple way of plotting the results
of experiments on internal friction - 2 way originating with the
writer, and not used previously because other experimental methods
% _ &re not dell:ata':oush to indicate anything exzept the general
A ; form of the curve. The results ere simply plotted with f' as ordiaates
b ani £ es sboclssue, and referred to &s 'f' -f curves.' Examples of
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suss curves are shom inm Flg. 2.

iz rome ~uses 1t is desired o express the relation of £ to f

' in the (orm of & coeffisient. In case the f -f curve is & stralght
3 line -arough the orlgin, this can be done by defining 2 coefficient
3 of interanzl fristion ¢ by the following formula:

_ # =1/t (2)

Lubjest to the sbove limitation, ¢ bearz an exast relation to the
loguritnmlc decrement of & pendulum or tuning fork mcde of the
. mcterizl. That is:

;5 S =4¢ (4)
i wherc 4 ir the logarithmic decrement of the free oscillation defined

in the ordinary way by L = A e BYY ghere A is the amplitude at any
; ] time L, messured from the instant when A equalled A,, and n 1is the

B frequency.

-‘ in fuct, other experimenters use the decrement defined sbove,
: ] and determined in the above way, to express the results of their

\ work. lr mentioned sbove, however, this coefflclent is meaningless
48 g when the f -f ~urve is not linear.
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5e The originel idea of this problem wus used by the present
i , writer 1. somewhat cruder form at the Johns llopkin?zslnlverslty,
' the results being published in the Physicel Review'\</,

28 - o iy T B S e e i i gl S Yo -t S —

(2) R.i.Cunfleld:"Internal Frictlon in Metals,” Phys.Rev. Vol. 32,
Ho.32, Lept. 1928, peges 520-530.
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/8 After zetting up apperatus at thls Leboratory, experiments

were comsenced in June 1928 and continued intermittently untll

it October, 1932, &t which time prassure of other duties and lack of a

i suitable acsistant ccused the work to become inmective. Durling t.htg)( )
; time the results were published in the form of two further papers(3){4),

- - o ——— - —
. — - ——

A : : (3) Proceedinge Third International Congress of Applled Mechanics,
" Stockholm 1930 - "Interasl Friction &s & Physical Test of
. ] dnterisls”.

I' rensactions of the Ameriecun Soclety for Steel Treating, Dec.1932,
i . (4) rm“csig' to 576, - "Interanal Friction la Iron and [ron Alloys."
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| - ion messured the
6. The esrlliest experimenters on Internal frict
rate of dessy of elustic vibratlons: either of torsion pendulums con-
trolled by & wire mede of the meterisl under study, or of tuning forks
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- ®ude of the nuterial. Goth of these me

objectlons: l-different parts of the specimen are to
different degrees; 2-during the process of ge he desrament

the stress-renge la cheangling. Both of these deflciensles lend to
the sume sort of lnucsurasy- & smoothlng out of the ’ versus f ourve

§0 thut it sppears stralght.r sud sore uniform than it actually la.

: Mhe methiod used ln the easulng experimeats 13 to mske the

L Spexlacn the elastic control of a large toraion pendulum which la
azintained In & steady state of vibration by electromagnetic forces.
Tese forces cun be ascurataly estimated from the readlogs of am-
meturs. The spperatus is lllustrated in Flg. 3.

The specimen Itself is a feirly thin-walled tube so that Lf due
; allownnze 15 made for the ends we muy say that all perts of the
§ _ specimen sre going through the same stress-cycle. The stress f is
’ deterained from the frequency of vibration of the pendulum, its
moment of inertlia, the ampllitude of the vibration, and the "sestion
2odulus,” or physicel dimenslons of the specimens. The i{rictlon
stress f 1s deterained from the curreats flowing in the fixed and
movable electromegnets, and the section modulus of the specimen. .
The present method of driving is illuetrsted in Flg. 3 end Fig. 4.
lere P 15 the pendulum, with its windings. The main pendulum is
coupled by light springs to a subsidiary very light pendulum §
carrylong coatacts C by meuns of whlish proper values of potentisl
ere spplied to the grlds of 2 benk of 28 vacuum tubes (type 71-A)
i ' connected in parullel. The plate curraat of these tubes passes through
b/ : ‘ the primury of & trensformer T, and the slternuting component ls
' : passed on Lo the wliandings of the mein pendulum from the secondary.
By verying the plate voltuge and number of tubes in perallel,
& wlde runge of power iz obtainsble.

It is very important thgt the altsrasting curreant driving the
m.in pendulum skall be In the correct phase relation to the motion
of the pendulum, in order to secure meximum amplitude. This is
uccomplicshed is u very sutisfactory munner by having vanes V atteched
to the movable part of pendulum { and dipping into oll cups which
&re ruised and lowered by & ruck and pinion devize coatrolled from
the observing desk. By adjusting the height of these oll cups, the
correct phase relution 1 eusily resllized. In this manner the
pendulum drives itsclf at resonance [requangy.

Currents supplying both the fixed magnets and the pendulum
windings sre mezsured by ammeters 4. The frequency is measured by
the specizlly designed tungsten-reed frequensy metaer F. The
emplitude of the pendulum's vibration is measured by the wid:h of
the band of light formed by the imege of & fixed lamp filament,
formed by a ~oncave mirror M attached to the pendulum, and focussed
upon # ground glass scale in the observing desk.

THEORY OF AXPERIMENT:

¥ 5 We plicture the pendulum &cted on by & periocdic torque equal to
L sin 27 nt where L 1s the greatest value of the torjue, n is the
frequency and .4 the time. This assumes that the output of the

-
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vacuum-tube power waplifier decoribed above is & pure harmonic wave.
Let the frequency be n and let the pendulun muke pure harmonlc
vibrations of zmplitude &, according to the eguation

@ = 2z gin (Zwat-e<) (5)

where € = anguler displecement, t is the time and o< the lag in
phase betwean the vibration and the torgque imposed on the pendulum.
Then the work done by the externul couple in one zomplete cyzle 1z

1 27 ;
o work =/l de = TLQ AT o
- o

i snd when the deaping venes cre adjusted for meximum amplltude,

sine< = 1, und work = 7ls (6)
dow from equation (2) we alreudy know the iateraasl work per

unit volume. Since in a tubular specimea under torslon all purts
are at escentially the samc ctress, the work abzorbed 1s given by

: Work = 4ff/V/E (7)
.}I where V is the volume of the specimen. Combining cguations (%) and
4 (7} we have

. £ = L& gftv )

' liow the theory of elastisity glves ¢ formula for the

i : twioting of a thln zylinder

&= Tifow 38 8 (9)

1 is the length, r the mean radiuc wnd ¢ the thickness of cthe
, P iz the torgjue, and & the angle of twict. Likewise the
theory zives the menn stress in the tube ar

SR o e, e e

,, £ = t/27 r<t (10)

. Je uow fora .Le cipression &2/fV from equetions (9) and (10)
remembering that V = Z2rrls,

|.[.

{ -

3 B =k

: £V 27l

tubstituting this in equstion (8) glves us

£/ = L/2rdt (11)

i glunce zhows that cquation (11), giving the friztion stress,
4 is laeableul with equetion (10) for elastls streass cxnzept that 7L if uped

for the torque in the former cuse. Equation (11) i& the one actually
ured in computling resultc of cxperlments.

1 The elactle stress calouluted from equation (10) with the
following modification. Rememboring thet et the lastant the pendulum

£
(=




gvaroes | tion, no stress s btelng exerted on Lt Ly the magnets
. a U ikl bion of resonunce and followa from the last that
Lhas ec §s 90Y), we see that the whole torgque 13 due to tho ungular
ae.eration of the pendulum. Thir can bo obtiined by differentiating
@ Lian | twlne with ‘eopect Lo time. Remanberls g that at the
instant we are thicking of, iin (2w nt o ) 2
A leration = & LW “mtu (12)
!*;ﬁ
e
Kow the worgue oxerted ls equal to the wmoment of inertia [ of the
pernidul'mi, times the anguler &cseleratlon. Hence from eguations
A0} and ]
(13)
Squation (113) lo the ome used ln csleoulsting elastic stress. In the
vhove Jerivatisas, ¢ has beean used hboth for time and lfor wall thisk-
12 but in the fluel Yormulae appears only in the latter senle.
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wrila of the pendulum for torsion ls of
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{undemental laportance. [t ways determined Ly two lndependent methods,
lavolving aothing novel, znd the result is considered correct to 0.2
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smull enough to prevent vibratlons producing high
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dow the >irrents in the lixed and moving magnets are incrsused
W oiteps, wwklng wo cmplitude resding st eech step. A freguency
reLding 18 twken witer covery few steps, end & check méde of the oil
» settilag. After recdings heve besn carried ta high enough
s.luuss Lo woswmer ihe gquestione et issue, the results ure coaputed
4Ll 1 wid recordeqa &8 & curve.

DATL CRTALGED:
G ssnsrel. The curve £/ wergus £ 1s fer from belng

-spliecit cney oo the chemical nature of & mefel or zlloy. Instead,
v iz primaridy ¢ lunction of the physical coanditien of the specisen.
mong ae {aziorg walzh lafluence the form of the surve are: l- the
Spee-iutilte or orystal class of wie metal, or of the various solid

3 <4 e melal; 4~ the gralao-size of the metal; 3- the amount
S oanlrogrinwdar ctroin or hurdening, whether ctrein-bardening,
pre:iplution-hardaenlng, or colid-solution herdening; 4- effects of
L velormutlon or fatlgue, whish Jdisuppear efter 2 sertuin
Ctime snd U- effests due to condition of surface and existence
2ruel eracks or stress comcentrations, which may be soaszidered
exlrinecus Lo Lne true propertles of the metzl ltself, but which,
aevaertneless, must bLe guarded against.

Pure Unhardened Alpha Iron

Lt iz proper to commence this report with the internsl friztion
properties of zlpha lron in its pure and unhardencd ctate. The
rlosest approsch to thiz material that we have been cble to obtzin
save veen ¢ f'ew cpeclacns sade of Armeo irom, subjected to & prolonged
48 to 120 hour:) trectment in moist hydrogen st temperutures from
1100 to 1250 degrees Cent. (2010 to 2280 degrees Fshr.). The f
vercus f surve of one of these is given la curve (A), Flg. 5.

This speclmen hud tcen hydrogen-purifled lor 92 hours at 1205 degrees
Cent. (2200 degrees Fehr.), and cooled for 1% hours in the furnsce.
iv bhed ¢ graln slze of sbout 3 millimeters and represents the
extreme type of the pure alphe iron curve. Curve (B) In the same
figure ¢ the sene specicen tested sbout € hours later. The change
observed ic due Yo bardening which resulted from meking the

bl
previcus expericent.

Kawe Feuture Characteristiz of the Body-Centered Lattlcze

The knee murked [ in the two curves rfecems to be a chuaracter-
ietina feature of the laternsl frictlon ~urve faor metal with body-
sentered apuce luttizes. The evidense for this 12 &5 follows: the
knee lg elweysz precent in pure clpha lron and to & lessenlng degreo
in curbon steels whish contuin the alphs iron phase. it ip llke-
gize preseat in stelialess lron sonteining 1) per cent chromium, whi-h
solution. v iz present In beta brass (curve

is aleo an wlpha so0lld . Asgl
c, #ig. 5), whish iz & body-centered polld solution. It is sbsent

the 18 und 8 type, also in 38 por sunt

in sustenitic steels such i : [ |
xel steel {lmvsr). It 1o slso sboent in wlpha brass, which hus
so-cenbered ~ubla lattise, It i2 sbrent in sopper, zine,

e iurslumin, phosphor-bronze, and In fact cll the non-body
srad metals on whish experimente heve been made.

8-



Mhe ) -Point. beyond the knee Just deseribed there occurs o
Tenge of atress where the fristlon £ remains slmost unultered or
increnses very Mightly. This termlouter very abruptly la alpha iron,
but often more gradually in other materlals, ut a point murked [
in the diagrame. This point colneldes roughly with the elastln,
limit, und appears to be the polnt at which true plastls deformatlon
sets in.  Lacking exuct laformation on this jguestlon the author
prefors to eall 1t simply the "f; polat." ¥hut is certalaly true 1o
thut above this polat the stress f’ increases with a high power of f.

draln-Uize Deteralnes Fositlon of fj-Point. The stress &t which
the {; polnt oceur: ls an lmportant property of the material, as it
will "be seen later thut ayclle streases of & greuter amplitude than
f; lesve & permunent effect on the properties, while lower stresscs
ctn Le repeuted indefinltely wlthout producing meusuruble effects.
In pure or nearly pure iron, such &s Armeo, the ['] stress &ppeurs
to Jdepend m&lnly on the grain size. This lo 1llusctrated by Flg. 6,
whish shows curves for some purified and some unpurified Armco
iron of various grain diameters.

iffects of Cold-Work. 4in the early stuges of experlmentation
with thls upparatus, an tecident occurred which led to some interesting
obrervetions. Through & mintuke in meking electrisul connectlons u
huge surrent pacosed momentarily through the pendulum windings. The
result wus to give the specrlaen of Armco iron then in the machine &
pormenent twist of /4 degrees. The operator replaced the pendulum in
its central position und &t once proceeded to take duta for & curve.
The result was curve (B) of Fig. 7. Curve (&) was the curve for
the specimen immedlutely prior to the uccidental overstrzin. The
remslning surver show thet the metel recovered lts origilnal conditlon
within a period of 24 hours.

The next step wus to determine what influence the amount of
overstrein had on the zurve. The result is illustrated in Fig. 8.
It is seen that the slope of the main part of the curve is independent
of the zmount of the overstruin, verying from 7 to 36 degrees on
speclmens of two sizes.

SUMMERY OF EFFZCTS OF OVERSTRALN.

10. The above experiments refer to pure iron and very mild
steel, btut experiments on other metals bear out the sume conclusione.
The effects of overstrain ere usually &5 follows:

(1) in imaedia‘e steepeaning of the {’-f curve, i.e., &n
inereuse of interacl friztion. :

(2) The new /- eurve is the same regardless of the amount
of overstruin so long &c it wes deflinitely wbove the elustic limit.

{3) During & period of rest following thc overstrzin the curve
besomes lower end flatter &sguin: the f; polnt muy Ifinally be higher
then its originel velue.

(4) In materials which "age", i.e., become herd during u period
of rest efter overstrain, the chenges mentioned in item (2) toke

-9-




ii2c aore rapldly then in materiuls whish chow little czing. In 2
2t the interaal f{riction phe'xomem; zeén be used s delizate criteria
of sging propertisa. } g

Further Properties of the fi-strecs. Existence of &n
fz"'\ t.l"e.:.s

The most importent characteristis of the f) stresz bee yet to
te deseribed. It is uz follows:

Strest oyzles of lower z;_pl itude thzn f; produce no shunge in ;
|

the £'-f curve or may other me m,r&blc ;i:y.“,‘ el pr oparty of the _
specimen, oo aniler how o:":.en repeete otress cyeles of higher :

sapiitude then f, do producze zhanges in the £/ -f curve.
e

These gencrulizations ere & ,pps"ted Ty aumerous experiments i
of the sutler's, bo'h on lerrous and ..onfc.rrcu:: mctals. A few {
: clzz zre felcoted for prezentztion here. i

- s . i - . of 3 -
flg. 10 gives & serles of f'-f curvec for normelized 0.25 per
cent certon zteel, with readiogs tuzken first in szcending and then :
descending order. Aay displazcomesnt of the deseending portion '
=3 o 5
i £ scending is d

ue to the effects of shatever number

s higher smplitude heve becn nsde in the course
deta for the surve—perheps 200 to 500 ~yslezs for each
piotted point. Curve (4} is the originazl curve (made on another
tinllcr zpeczimen so &¢:s not to &ffect the remeaining curves). Curve

j. whi=zh was not ~urried sbove the £y poln’,. ghowz no difference
outslie wne reage of »xpe..nmcnual error tetween uacending sad
‘..:5,_.;4;..; trenches. Curve (C) was cerrizd to an emplitude above
the {; point. The ucoscending branch lies beneath the ascending

cne over & certein runge, lnr.hcat.mg & decrease io lnternal friction.
Curve (L) was carried %o z 1 higher amplitude. The deszending ;
Cranch now llez &tove the «.szendiﬂg tranch znd the Internzl |
friction he2 been incressed. OCurve (£) represents a still further

incresse over (L) due to carrylng resdings to zt!1l higher aaplitudes.
Finally curve (L) zhows the effeczt of 2,700,000 cyclec of & stress

£ zoout 1200 kg/om< (17,000 pounds per sguere inch). It will be
noted that curve (£} veurs & strong llkeness to the zurves i
characteristic of freshly overstiralned metal in Flgs. 7,8,aad 9. " {

lgein, Fig. 11 illustrutes the effucts of auny sysles of stres:c
ubove the 1 point in C.25 per cent cerbon #teel. Here curve (&)
£z o itl zendition; curve (B) ir after 5,000,000 cyzles of 70C
kg/=m<, ¢ ztrere thuet ls very cloge to . The reoult ig & sli/ht
ineretse in the velue of f togethsr with &« decreuse of the
‘ristion stre2s Iin the renge beyond f,. The runge below [, is un-

cltered., Curve (C) gives the effects of 2,700,000 sycles of 1000
ki/osc. Curver L) end (Z) show the €fects of recovery, the f‘;_.,,
during 3,000,000 syclez (ebout 34 hours) of & stress of 650 kg/com™,
the tpcond on additionu. recovery periou of J0 hours under no fRtress.
The pilzture precented here 1& so elaller to the recovery of lron
from plestic deformetion thet [t saoms likely thet the two effect:

rre the pume. It Ip Lo be especlelly moted that though the treatment
resulting In o Ve (C) reduced the vuiue of f;, the further cyclical
suress of 550 kg/os*,which 1¢ blgher then the newly a~uired f,

-10-
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Mo deta Jurt clied polnt to the following conelusions COyellc
$ cr ot amplitides somewhat tlove £y result in s gradunl chunge

noche Intermel Urlotion ourve, the change ~onelpting of an In~rouve
s the wnlue oF fl and & decresre ln the lnterns) frietion. However,
18 whe slrers wmplitede le too for in excosy of f3, the reveric pho-

S R e

roment. Lppesr; the ) streot ir lowered and there is &n increvse In :
7} internt:l friction. y
ﬁl

Teso two otiervatlons stroagly suggeet the presence of stlll i

o critiesl ctress, hlgher thun f,, which we ghull eall f2. n it
ST W £ oour curvet, @.g., curve (i) of Fig, 10, indicute 'the 3

exivtence ‘of fuoh & point; btut such an effect might easlly te the

cor lt of ‘he fintte well thilsknoss of the speclmen, the second breck

o rklngy the point where the 3 strece resched the Inner surfsse; ]

i on the exirtende of &n . coritical strees should mot be 9

cupposed from the shape of the surve wlithout confirmatory evidexcze. i
Tee sxlstence of 7 now seem: -.-.;,li sutebllshed In the light of
ther exyerisent sbout Lo be Jeserlbed. It ie only to be noticed
) cecarding o the purtgraph Just sbove, oyclle stresscs exsctly
gl to £. will cuuge the polmts fj and £ %o fuse or coincide into
afte paint J Bhnt such sy be thbe cine le shown by curve: (h) and (B)
af Plg. 12. surve (A) veilsg the orlgipel and ourve (B) fellowing alter.
snt on & speclmen of S.4.%. 1010 stecl, normelized,
{ k 13. The senaer of teklag thene observeilons wes 8
' . flr. . gttaining 8 given strese emplitude & retding '
we: mede; ‘_}.-_-:. -re sper~imen war glven ,‘OO ayecles at this amplitude
1 ond resding tuken; then snother 0(‘ eycles znd ¢ third
on the suress amplltude wes lnerecsed und the seme pro,u.x-
y three sots of points form curves lubelled (1), (E)
me (C). Here we hsve plaln evidence of the two runges of progressive
obunge - s t-(:._,'-_ tetween ) cmd o where the Interncl friotlon ls
deoreened by tha L..:T.;Jh;. and the reoge sbove {2 where it Iis
mereesed: Ihe pc.. .tion ,é inite scourately ecstabllzhed by th
surves &t & veluve of 1080 L& {15,200 pounds per squere Inczh ).
™e crove degeribed results ere merely typicel of dezems of
similer eaporisenti. of which an sccount would o2cupy too much ijece.
limlt, since siresies below P, produce no chenge ir the ~urve or in
ek ioel propertier of the motsl. §
elow f-, wuile they produce :
3 o way &2 to decrease Its Internal :
il - The shenge L= therefore of such &

|



WPe veriilotions began to shift: the fpecimon wee pogqulcring e
b2 Eaant 24 i dompd lanoca with bhic p!:ll of the ]‘l':l’lg' . Horizontai
Wi ere drawn from the ond of esch curve Iniiesting the smount

of thin rel I-.:: of tirese. In essh cave where f oxceeded 1900 k;;,’r.-m": £
b rornt of thil relicef exaclly equulied the amount of Initlcel !
i AT

b sviiintly the (treir 1900 merk: the commencement of plastle I
3 flow. Thi tres i ef'lnitely hlgler then the !'l gtrees, and

evidently snewers the dencription of the f. stresr introduced sbove.

4 Cloncl experlment, mede with the some cpperatus, is designed to
* - show kow tho Internrl £r'~*lon ~urve belhave: when rmell vibretions

» + |
! tre tuperpored on & lerge stitle torque, For Whis purpose & free- b

TN L= T

achilning fwuinlesy leron war celested - u asteric] showing uoue urlly 1
Br. Ligh interngl friectlon for high, but sule, siresaes. Fig 96 shows ¢
the originel {7 -f curve of this setel, end ruperposed on It the i
Bt short 7 -0 ~urver obtzlined when the Indlsuted value of f was applied

s n ortails losd. It wlll be perceived that the slopes of these i
A short curve: tre such smaller then thnt of the parent curve at the i

*orre: ponding mean Itrerr. The rignificence of this le explulned
_' : b she dingran ;- 37. Bere LpCU it the hysteresis loop performed ‘
i shes goiag v stress cycle of smplitude f. The wotizl hy- P
date leog when, the smell syellc stress & v superpored on ;
b tatic siress £, 15 the loop LMNP, net the loop CRET wmhish mipht :
Lesn cxpeated, 1

2 The stove cxperiment nswers the quection & to how & propelier i
8 : shelt soy te expercec to tehg.ve when sewr ¢ cpeed which will cet up
sl ticnd wimpelions. Ihe most desireble multeriel for & shelt

8 intended o daap ovb such wibretlions will be cne for whish the amell

. cuperposed T -f surve: huve the steepest slopc.

.
it e mwoe = Lty =3 T T - -
b/ A ey L e e i a J_:. a-IL H

ity

l1:..z] The fectrs esnetliched vy the sbove rereersh are vc follows:

TR, 2

1) Thet the £-7 curves of metrls, ef cdetermined by the methods
{ soaribted, show oriticcl point: 1ln eertein cetses, which ere to be

o -

X : Ldmtlfl&d with change: in properties of the metzl umrevesled by other

tects.,

,_' 12) That there if In muny cuses & certein limiting stres=s f,,
i below which repetitions cf :tresc produce no effect on the metzl
tever.

(3; Thar there ls snother sud higher limiting stres: £, ctove i
wl.ich repetlticns of gtrocos setuse gemervl lmcreese of intermzl !
* L3

friction zeocompruled by plestilc deformetion end willl ultimetely lesd E
" to faiiure. |
b
o L Thet stress-renge: lyling Letween the stresres f) cnd I,
z frow ze chonges in the metel of sush & kind £2 to lnerecce the velue
E of £y up 4o the ciresc-—rarrc, which ls acting on the me..,a*, AT
_% desressir , its ipteras]l fristion in that renge and cpparently producing
i e &




bencficzicl effects rather than the reverse.

(5) Thet with regerd to vibrotlons superposed on statlc loads,
the slmple [’ -f curve gives no answer; but that & modified apperatus
csn be mede to yleld the required informetion.

(¢} That highly cold-worked materisls yleld f£’-f curve that are
stecper, l.e., chow more Internal friction, then hest-treated matorlels,
in the wcefMl stress-runges.

(b) It is the opinlon of the Laborstory thet the apperatus
&nd mcihod: here described zre capable of being used to study &
property of metals which I: not meusured or revealed by other tests,
and por:sesses many possibilities.

(c) The ure of thls apperatue und Interpretatlion of results
requlirec much speclel technlicel knowledge and & speclsl treining in
its use, so thut it would be unwice to attempt teo instell it in
laboratories previously unccqualnted with it. It is belleved that the
iime of ome mcn could be prefitably cccupled with o plenned progrem
of resetrch by tkls method, with resulting Lenefits to the Navy
tnd bto the selence of Metallurgy as well.

In perticuler, a well-plenned study of the relution
of thif test to the stenderd endurence test ie suggested. A
further study of metericls with & view to their damplng propertles
when used for propeller shefte ls suggested.

=14-
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Fig. 2—Typical f'-f Curves.
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Fig. 3a—Sketch of Apparatus and Tubular Specimen.
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Fig. 4—Diagram of Electrical Circuit.

—
&ff? £ %
v K
90 s00

200 £00
Llastic Stress 1, kg per om®
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B—C— -E—Curves Carried to Indicated
Amplitudes,

F—Same After 2,700,000 Cycles at 1200
kg/cm®,

A
C

£, kg. per
Fig. 11—0.25 Per Cent Carbon Steel.

B—After 5,000,000 Cycles at 700 kg/cm®.
—Same

After 2,700, Cycles at 1000 cm?
000 650 E:,é-’.

D—Same After 3,000,000 Crzlu at
E—Same After 30 Hours’ Recovery.
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00 800
£, kg per om?
Fig. 12—Armco Iron as Rolled.

A—First Curve.
B_Afier Tibing Dets for Carve A
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Fig. 18—0.10 Per Cent Carbon Steel with Initial Loadings.
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