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T™he author's interast in the Baueahinger effect
was firet stimulated ﬁy Dr. s Orowan, with whom he
worked in Oambrtdgﬁ*gap:a,fewvmonths in 1945. In 1946
the author was appéinﬁéﬁfﬁb~&-1ectureahip in Natural
Philosophy in st. Aﬁdr§ﬂ§7ﬁn£?eraity, &nd began some
X=ray studlies on*brax-:;éi,;éél* material under
Profiessor J.T. Randalikliwhté was discontinued when
professor Rendall left St. Andrews, In 1947 the suthor
wrote & short papér-en'the Bauschinger effect (Woolley
1948), and in 1948 resumed experimental work on this
subject.

In 1948 and 19&9 maaaur@ments of the Bauschinger
effect in copper were madé in the Mechanical Engineering
Department; University College, Dundes, but the
apparatus there used was not sufficiently sensitive
and the testing machines were of too large a capacity
for really satisfactory results, A small teésting
machine wae therefore gonstructed in St. Andrews,
with which the systematic study of section IT (velow)
wag carried sut., The¢ lster experiments described in

-the other sectione below were also all earried out




2. .

in St. Andrews.
1t gives the author great pleasuré to record
his ‘gratitude to Professor .m:a Allen and the staff
of the department for néi?i’;u?f eriticienm and diseussion.

I(b) BOOPE OF THE PRESENT STUDIR

1t a ‘Wcrlt-'s-hardéﬁéﬁi' metal 1s deformed plastioally

by & ténsile stress ¥%$i5and'unload§¢; 1ts mechanical
pvopertiea become aniﬂatropiég in partiocular, though
e tensile yield atrese 18 Yigw +s, 5 4t will deform
plastically 1f campresaiqn.atraaaes numerically smaller
then S, are appliad.i’ his ié known as ‘thé Bauschinger
effeét (Bausohinger 188‘);.

When this reeearﬁh’was ‘aommenced,; very few

experiments had previouggywbaep.canried out to elucldate
the @ffdct as o mﬁﬁtiﬁrt}& ;the several possible variables
and there was practically 16 satisfactory theory, except
perhaps that. of Masing(was), -which in any case could

be severely ¢riti¢$§§igqnﬁ[:g§1y_theorgﬁiqal‘gtoﬁhdpa
It was olear that varioué ‘{n.ia‘_é.a;a;a of metals would
probably show diffebénﬁﬁéiﬁgggﬁf effect, " In particular
the metals with :faaef-tggzjéi;ﬁbéa 8nd Dody-centred eubio

lattices which deform by slip only, should show a very




3.
different effect from that exhibited by the metals of
hexagonal lattice, whére twinming plays an important
part in the deformation. Single erystals might well
show & different effect from polyerystals, In nominally
pure netals the effect might well depeénd on grain size,
elastic anisotropy, amount of previous work-hardening,
temperatupe,_punityg.mggﬁétié properties; degree of .
prgﬂerredggrientatidnjéﬁﬂagpplyqnyatai;*Qna‘qriant&tion
of & singlé crystals :tnallays the situation might be
even nore complex, 66p§§£éii&fif more than one. phase
were present, . ‘ v

For the purposés of this present research it was
declded to examine the effect. thoroughly and
systematically in: polyérystalline metals deforming
entirely by slip, and 16 carry out eéxploratory
experiments on other metals and in other conditions,
including in particular, polyerystalline hexagonal
metals and single crystals, Studies bf'ma¢paacopio -
mechanical propertiea.aiﬁﬁe are not uéﬁ&%i&:#ﬁry‘
conclusive in establishing the mechanism 6f the physical
processes occurring, snd it seemed very dssirable to.
obtain additional informstion by examining the
accanpanying changes of other physical properties.

Some experimeénts on theseé lines are diSQﬁﬂBed in seotions
III and V (below). Theé exploratory expepiments of




Stress

Strain

Figure 101

A - material showing Bauschinger effect
B - material showing no Bauschinger effect



sections III, V, VI ‘and VII, were deliberately restricted
usually to one metal under. well=defined conditions, in
view. of limitations of time, It is hoped o extend

- these, experiments inﬁﬁhaihéaﬁﬁfutuﬂe;_

" Figure 101, cubvs A, 16 & Btress-strain curve
typieal of metals such as coppéer and aluminium which
deform by slip only, The Bpecimen starts at O,
fully annealed. It 194théﬁ gtressed 1in a givén direction
by & Btress +¢ , [The accanpanying plastic strain
is represented by Oa, snd is called tha‘griégwgtrain,
At a the specimen is unloaded and‘ﬁhe“lihd abe
1s tpaversed, If the stvéss is applied again, the
line eda 4s followed, enelosing a narrow hysteresis
loops When the stress exceeds «+S, the curve turns
sharply and follows e , which is a prolongation of Oa.
If at ¢ , however, the specimen is loaded in the
reverse divection, the curve ofg is followed. The
rate of deformation increases steadily, snd at the
point g whare.tnbYStrgéé‘ia.~., it is closely equal
to the rate of warkéhqﬁééhiﬁ&.dbagygqﬂkaﬁr‘+°;‘ Just
before the point s, Beyona g the Stresssstrain
curva«is‘éﬁébnttafii'tﬁézééméﬁﬁs ﬁﬁe:fcﬁﬁﬁf&Qcﬁfva a8

4.
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The Bauschinger effe_éft;' is often defined by saying that
after plastic extension the tensile elastie limit is
raised and the compressive elastic limit is lowered.
The tensile elastic Liflt is usually tacitly identified
with the yield point & ; ignoring the plastie
deformation betwesn ¢ and ®. The Gompressive
eiaeii;i& limit is very poorly defined alsd, as there is
a continious curveturs of the whole line abofg .
A definition in tepme of elastic limits is thersfore
iiot'aaeq.ﬁéuﬁa. The only really satisfactory procedure
is to.compare in detail the forward and reverse
s.tr.aaaéﬁﬁ?ﬁin curves art.éx-' finite prior strain.

The é:ﬁ:ﬁemal stress ig merely the z?.esu;_k;t_aint' of
the stresses in the grains of the aggpegate, As these
are in geéneral unaq.uia«}l_,}‘ 1% follows that when the external
stress 13 zero theére ave pesidual non<zaro stresses in
the agtual grains. -Thug the point ¢ {( o=-0 ) has no
great ﬁsigni:@ifcance, and the plastic deformation along
ac must be closely velatad to the defermation occurring
along e¢gs It is therefore more rational to define the
Bausch:mger effect as the existence of the finlte plastic
Strai.n § betweeni +e, @nd -6, . Cucve B of
ﬂgure 101 shows: a }iyiﬁbtheti"cal: material ‘with zero
Béuschmgar effsct. - In practice of course 1t is the
strain vy which is measured directly, and g is




deduced from this by extrapolating the initial pert
of the unloading curve. |

In metals- such as magnes:l,um, which deform by
tm.nn:l.ng and slip, aubstantial plastic flbw oceurs
at nagative stresses nmnerica,lly smaller than o,
and a reasonsble compressive yield noint exists,
This 4is diaquéaed at gz'?e‘a%r length in séction VI,




7.

one of the factors which has made the Bauschinger
effact unattpactive for experimental 8tudy is the
aifficulty of measuring the strain. I is obviously
 desirsble to use a homogenesus stress, whlch necessitates
using a specimen suitable Tér tension #nd comprension.
The difficulty of making mcourate strain measurements
in the compression test ie well knownj in the
Bauschinger effect the ‘straine are only a small multiple
of the elastic strain. = Some previous workers used
headed $pecimensfwitn a Iengtn/diwmetéb-ratzo-or
about two, Undarvtheae-aircumetanaeé'ﬁheﬁa is
considerable inhomogeneity of strain £6y deformations
exceeding & few per cent. The advantages of the
tensionscompression specimen are thepefors limited.
In the present work the torsion test hee been used,
' The tés%épiaco is a tube with a wallsthickness/diameter
ratio of“nina‘ This givés an inhomogéneosus
strain-aistribution but as shown below this is not
very seridus, The torsion.test has the advantage that
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8.
the .shape of the specimen remains unaltered, and the
sheair strain is eagily measured optically.

II(b) ABRARATUS

(1) Description

whe-qiménsidns-qr the standard test-piece are
shown in figuré 201, The wallsthickness for softer
m@?g;g (Cu, Al, Pb} was usually 1/16"; but was sometimes
1-/_'5.?-’*‘_ for the harder meétals (Fe, Ni) to suit the
limited capacity of the. besting machine.

| 'mhé_tests were carpled out in the simple machine

shown schematically in figure 202 and in the photograph
of flgurd 203, The test-plece is vertical. Its lower
end is fixed, and its upper end is twistéd about the
vartical axis by a horizontal lever loaded by weights
attached by flexidle steel strip passing ‘over pulleys, |
The capacity is approximately 1000 cmskg. It is §
egtim&ted that the error due to friction is less than :
1% of 6, o+ It is possible to carry cut tests at
elevated or reduced tqﬁpé#ﬁ&urea by immersing the
spaazman-ig-a'aulgdbigfﬁﬁfh@ |

The shear ,sgz;gin is measured with a telescope
and soale by observing the potation of a pair of mirrors
attached to either end ¢f th§J§§st l@héth¢ The mirrors
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Figure 203
Torsion-testing machine
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are fixed toifha upbﬁr;enﬂﬁ-of.a palr of coaxial nickel
ailver tubes, saparated by 8 ball race, Th? lower ends
of these tubes each carry n pair of painta on ona side,
These points are pressed inte the innér wall of the
test piece by two 4 BA. set screws passing through

thé wall of the end portien of the specimen. In some
experimeﬂta'tna gaaﬁé\length wag 1/2% and the points
were opposite the ends of the reduced ceéntrs section

of the spéeimen., In other Expérimenﬁs the gauge.

length was 3/L" and the points were opposite the

I Bha perews 3 in this latter case an end correction
ié applied. The results using the two différent gaugé'
lengths were consistent. In no case Was any evidence: :
of backlash obtalned. 'The angle betwesh the mirpors
can be read to an accurasy‘ef 10*“ radian,; which
chréspondé to a shear strain of 04005%4+ The dimensions
éf the spéeimena can be measured to an accurasy of

about 14,

(11) correction for finite wall thickness.

To a firat approximation the sbserved torques
twist diagram (’T,q>)'with a sultable change of scale
ig identlcal with the stress strain dlagram of the
metal. Owing to the finite wall thicknsss a small
norrection is needed. The exact calsilation of this
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is difficult. But an upper limit can he found
as bealow.

Coneider a tube of length 1, intérnal
radivs & and external radius b, L&t dT be the
torque on an elementary tube of radius »r and
thickness dr, Suppose that initially during the
forward deformation the shear stress is uniferm over
the orogs-section and 18 O, + Let the specimen be
unloaded from this point and let the snsuing true
stress~strain curve of the metal be o(@) where ©
is the shear strain. ILet ¢ Dbe a meéan radius, as yet
unspecified, betwéen a and b, Expanding ss a
Taylor series and neglecting powers higher than the
se¢ond, we then have

b
T = L”z'ﬂ' > [6'" + &-"‘-)f‘i%: + L Q"‘”‘-)La':g'- ] i

a%-
1‘]’_1_‘: = Agg+ (A*~¢&3)°‘_£ 4+ J-(Ag-icﬁ-ﬁ'&‘\s)a-;,.
Share AL = (t’“" “w)/“
Bur 0¢ = P
2.
de Q>,§B£ ) q:! = g%_%;gg
;—; = T A6 i Av?® 4> d©
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It 1s convenient to také < =Aqiﬁs = 0,284" if
8 = 0,250% and b = 04312". (This glves the correct
scale for the strain, Tf Some other valué 1s chosen
for ¢ then there is a further correction term
involving QAT/AP whioh autanatically compensates for
the difference), The approximate solution is then

= ATALS, , whieh 18 used to express the: correotion
term as a funotion of T y glving

Zq'
2% = Dya + CP d

or 2wl T — iﬂq> a"‘(‘ldq

g R = (Bs — 2By +SB) [2.0,
- (b-o-)m/ A > — (b"‘“)a/ 1 a®

This gives the true stiess at radius ¢ ; the corresponding
trué strain being given by ©= ®e L  If initially
during the forward deformatlon the material is work-
hardening; the stress 4t the outer wall will exceed
the &treéss at the ifnér wall, In this case it can be
shown that the ccrhé_é.‘!;}i.on term 18 reducéd; and lies
betweéen A and A/2,

The correction term is very small, For b/a = 5/4,
A hag the value 0,002, The correction is negligible
unless there i a sharp bend in the strese<strain curve.
Figure 204, curve A; is a typical streﬁsssa‘tr.am curve




Pigure 204 -

A = typical stress-strain curve
B,C = effect of finite wall thickneses
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determinéd experimentallys The correéction is too small
to be shown. It is of Interest té s8e what would be
the efféﬁﬁ of fintte wall thickness with & specimen

7,
2]
E)
3
o,
2.5
¥

poisessing zepo Bausehinger effect, 1.8, whose true |

stréss&ﬁtrain curve is linsar between +0, and —0, .
The extreme case, for & material showing no work-
nardéning, is easily ¢aloulated. Figure 204, curve B,

shows the T:@ curve for zerc wall thickness, and
curye ¢ the curve for b/a = 5/h.

II(e) RESULTS
| (i).éapper. Depéndence of Bauschinger effect
on amount of previous gold work.

Tﬁe spacimﬁﬁs were machined out of 1" dismeter
drawn HC ocopper rod, and were annealed for one hour
at 970°C in air at a pressure of 041 mm HE to remove
ag far a8 possible all internal stresses and effects
due to previous mechanical treatment. After cooling
in the furnace they were. elactrolytically polished i
and etehsad, The mean grain size was 147 grainqﬁmma, 5
each grain containing ‘an -‘aveérage of three twin elements. '
since twin-béundgrieg«dbéﬁéuaﬁ éliﬁ @n'at.leést six _
out of the twelve pomssible slip-systems; the effective %
grain slze is taken aa:ths nﬂmhar of twin elements




Prior strain 29

Strain %B
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Figure 205
Bauschinger effect after 2% strain
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- o
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Strain %
—-160
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Figure 206

Bauschinger effect after 5.5% strain
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Figure 207
Bauschinger effect after 15% strain




13,
per ng in this: case Lho Wins/mn .

Three speaimans were tested by agpiying a forward
shehr Btress of 252 ka/&i® producing & Strain-of 2% ,
followed by reverse Bﬁiﬁ&ﬁﬁée of 164, 203 md 252 kg/mnz
respectively, followed by -4 fopward stress excesding .
252 Rg/cm2¢ The .resulting stress~strain curves are
" shown in figure 205. - In figures 206 and 207 .are ehown
the results of six other gpecimens tested at .stress
levels of L6L and 853&7”%ﬁmg;
defined as the forward stress immediately before

. the stréss level being

unloading begins, and denoted by o, «

- Creep effects are conslderable auring. the Porward
deftsrmat:tm; The -stress 'w‘aa'-uéﬁally ehanged in steps
of about O, /10, and the strain cbserved after one or
two minutes,. when -the araé;: rate had greatly:diminished,
The. obsérvations near +0; on the unloading curve are
] l;itt-ie unreliable as slight creep occurs here.
However, along most of the unloading curve, and -along
the reverse stress cmnve between zoero and about «3¢; /L4,
no cireép effects ware discérnable. -Ususlly a emall
orésp wap observed when the stress reached -3 o;/L, and
thie became quite noticeable by = .

The auz'va runnin-g :t’z*cm +9, t6 -~ :l.s denoted by
B1 (af figure 'h), Theré 19 8 considera‘ble resenblance
between the 'B1 curves at the three streéess levels. This




— 252
X 464
o 858
+

‘002
1

Y/o,

1)

Figure 208

Copyper. Bl curves of figures 205-7
replotted with reduced scale




is 11lus tx’*a’téd 4n figire 208, which ‘shows the BI
curves of figures 205+7 replotted with the seais of
both Stress and strain aivided by 252, L6l and 858
r'espﬂa&i;;iﬁir‘éim Thé B1 curves now nearly colncide,
except near =% ., This Strain-differsence obaerved
near -, corresponds to & relatively small stress-
differénce, It may.be partly due to the larger creep .
rate assoclated with the higher stress levels., It is
geen that to' a géod-»appmximaﬂion the B,au__schingev
strain from. +6 to at least ~0-9e, ¢an be written

@ = o ¥ (5/%) o "‘Wdﬂ' = 9'(‘5}”52:)

The function £ thus provides a measure of the
Bauschinger efféctiifidependent of i .

In the experiments deésoribed below it was found
that the results for other metals and other conditions
were of the same general sharacter as ‘those shown in
figures 205-7, and by suitable adjustment of the scals.
gould also be ‘made to colneide with the curve of
Pigure 208 to a £irst approximation. To obtain a
single pgramet'ef_ﬁ--whi@h would be an expeérimental measure
of the effect in any -given test, it was decided to take
the strain y at the stress ¢ = -0755, divided by the
strai.n ¥y at -0, This ratio is denoted by (K
. The value ~0,750, was ¢hiosen ae this is the largest

R RS o P g . 3 P e
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negative gtreéss at which creep effects can be neglected.
For o material ‘with no Bauschinger effect ¢=1+15,

In figures 4, 5 and 6, ¢ has the values 3.47, 3.43
‘and 3.43 respeotively. The acqpracy'of © in any one
test is usually £ 2 or 3%.

In the above tests the prior strain was limited
to dbout 20%, because at laprger deformations the specimens
showed slgns of buckling. To overcome this a greassd
1/2" diameter ‘rod was' inserted in one Specimen in place
of ' the mirror assenbly, and the specimen wds. given a
preliminary twist of about 120° odrresﬁonding to a
shear strain of 115% ; this effectively prevented
buckling. The rod was then withdrawn, the mirror
assembly was' inserted; and & further strain of 64%
wés'given*~the straashlevdlﬁnﬁw be£ng'1625%kg/cm23
The B1 curve springing from this point is shown in
figure 208, with the appropriate reduced scale,  The
effect is relatively slightly smalleyr than at lower
stregaes y this differenceé may not be significant, as
the specimen was constrained by the 1/2" rod during its
preliminary deformgtion.

- In these tests, and in those described below, the
prior strain ususlly excecded 1%  With pricr strain
less than 1% . the Bauschinger strain B 1s less than

that given 4n figure 208i B of course must tend to zero



| | 16,
when the prior plastic atrain tends to zaro. 'mms
the region batween 0% and about 1% prior plast:lc strain
(the material being mitiallw thoroughly anneaied)
repveseni;a a transitimx mgion 1n whi.ch thé Bauaahinger

strain :tncreases from §-1-holc to 1ta nomal value as

given in ~figure'1% ‘this normal value being character -
mmc up '&c a prior strain; of at leaat 120%,
In mgurea 205«7 it will be seen that the 32 |

curves to a first approximaticn are smmatxfigg?l to the
part of the Bi curve already travorsad, .The B2 curve
am‘inging from -6 hawevev 5 does not uaually close
on the B1 curve at +v, y The strain amputudo of the
B2 curve bstween -o, and *+0. 1s approximately 2/3
the emplitude of the B1 cupve between +o, and —o.
The . dlfference between thess two eurves’ meagured in
tema of stress is zveluttl,vely much, smaller, owing to
the small value of = A¢[4® and is only two or three
times the uncertainty in the Btrass meaaurementn._

A gimilax airferance LCUR however obaerved in experiments

with alum!.nium and’ ni.elt:el and it does appear to be
signii’ieant.

chles of atress takeri between the limita re,
and’ =6 g.tvé rurther aurVea which’ may be denated by

33, Bh, eté. one’ aoﬁper spgcimen and ona aluminj.um
spagﬁ.men were taste;d,; with similapr regults. . Figure 209




-245%




17,
‘shows the results fep aluminium, The curves B2, B3,
B, etey are to a flrst approximation a-g;uai. :ftfhé
strain-amplitude off B3, however, slightly exceeds
thet of B23% and B5 excéeds Bl s but bthis may not be
significant, ae the corresponding stréss-difference
ie- of the same order of magnitude as the ascuracy of
meapurement. It is worth noting that in the. test
shown in figure 209 the stregpg-level was sufficlently
low to give no creep effectsy the difference between
the strain-amplitudes of B1 and B2 cannot therefore:
be attributed to creep.

(1) copper. Effect of previous reversal
of direation of deformation.

In (1) the deformation preceding the B1 curve
wae gnbirely in one diredtion, but it was noted that
the B2 curve sPringing fran -S, was Yery similar to
the Bl curve springlig from +o o This Suggested that
if a s?&s"@liiféh*wéfﬁeﬁi é‘ﬁxﬁéased to +% , unlb&db@, gtressed
te -9 , unloaded, and then stresmed to +g
(6, >00) y the BI cufve ppringing frem -5 would
probably be identigal with. the B1 gurve obtained from
a si»ac-imen stressed to —o;" by unidirestional loading.

Thig was tested on two epecimens, Gu 20 with o
and &  equal to 252 and 462 kg/am®, and Gu 21 with
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kg/cm?

Stress

. Q
Twins /mm* 5«"«;\()\'\Q \Q"

- 800
- 400
0 10 -
Stl‘ﬂin o/o
Figure 210
Copper. TForward stress-strain curves, showing

effect of grain size
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ﬁm’?‘ﬁ . The: reaulting reduced

values b6l and 728 R/

B curves at stress levels o, and &, all fitted
fi_guw- 208 quite wells . .T'hea-q obeervations, ‘together
with a more extensive éérﬁ. given: below 45 (111), show
that fh.e' fmemory” of A sﬁnaasn-gravemal -during
deformation may be eraséd by a furthér strain of a

few peyr cerit.

(141) Copper, Hffect of grain size.

 The specimens used in (1) were snnealed again
for one hour at 970°C. This produced three different
grain sizes. These spesimens were then tested ss in
Table 201, O, -and O,  having the seme significance
as in (11) sbove, The First i;:oiﬁmn' glves tné results
from (i)% | 'rhe remaming aalwma gi*m 'hhe ‘results for
the recr:vstalli sed speaimens.
The valuea of y in '.I‘able 201 agree %o within 5% o
'trhe vax-iations appear z'anam and thaz»e is no signiﬂeant
v‘ama’bion with grein size, The x‘ane:e of grain size
use& w&s somevmat J.imi’bea, but 1t was g,ui‘be sufficient
‘ta ai‘facs'ﬁ the pricr forward Etreas-stmin curves,
shown in figure 210; In adﬂition it waa leter ebaerved
mm aluminimn tshat s;pec:l,mens with a gx'am diametar
* as laprge as 2 mm and mgiig&blo twi-nning_ gave the. rormal
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19.
BauBOhinger affect.
Table 201 also shows clearly that there 13 no
systematic dirrarenae ‘hetween the values of §z
and f% y 88 mentioned 1n (11) above.

(4v) Other met@lqg
_Stress-strain curves were taken of the metals
1isted in ‘Table 202, . Tsble 203 gives the summarised
rééultg; including thﬁrésults for copper. With
'niékélg'for'éxamplé;'ﬁiﬁé“ni:curves were measured,
at stress levels varying from 425 to 1230 kg/om>,
copresgbnding=to prib?:dafbkmatiohs-or 1%%1to 16% ,
anﬂﬁthé-bbéerVedpvaIuaé”ﬁf p were between 3.4 and
367 | |
The various values of '§>'.dbta1ned-for any one
metal appear to be randomly distributed and not
correlated with the stress level, except that o i
somewhat low -when the prior strain is 1% or less,
as mentioned in (i) above. . The vér;atidn is only
a 1ittle larger than the estimated expérimentai error,
Comparing the various metals, it is seen that the values
of @ are substantially the same, with the exception
of $.PyAL which 18 high; and Al which is slightly low,
"~ The fact that (o is approximately the same for ,
Variaus metals is equivalent to sgyihg'that metals give
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Figure 211

Copper. Bl curves showing effect of temperature.
A at -182°C. B,C at 12°C.



theaa&mgfﬁausehingénzﬁtréin-g'whan tebted at stress
levels giving the same élastic strain 6,/6¢ ,
where ¢ is the modulus.of elasticity, Metals

wgﬁk@h&ﬁdened'by~sﬁﬁ§§§§§?Qﬁéyartional to thelir
respective elastic m@dulifmayrthua be regarded as
being in corresponding states and thus presumably
have similar internal distribution of lattice defects,
trapped dislocations; eto.

(?Q Bffact of=tsmpé§&ture of d@fanmétian.

Table 20u_givés'fh6wsﬂﬁmaﬁiaed results of tests
carried out at ~182°C, It was found that temperature
has only & relatively small influence 6h the
Bauschinger effect. The principal différence is that
for a given stress level the strain amplitude y
at ~v, is somewhat smailér‘at-nﬂaz'c than at room

sghows typleal results for

temperature. Figureldl]
coppery affective grain size uugﬁ%winﬁ/mm2§

It is reasonable to assume that oné-éffect of
temperature is to causé locsl stress-fluctuations.
If these are of mesn amplitude S, when the temperature
is 7, and the external'strésé ie 8, tha'péak local

stress 48 § + 8y, The plastic flow at Ty produced :
by the external stress: ﬁ ‘should tharefore e the same '%
ag the flow produced at Ta by 4n axtarnal stréas i
8+ 8y = Sag The thermal camponent of ths stresa
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can be edtimated by obsepving the depéndence of the
vield point on temperature,  Thus if dn annealed
specimen is deformed &t ~182°C by an external stress
970*Rg%cm2;'uﬁlbaded,fandfwarmed'tb“rbathemperature,
the yield point in the original direction of loading
is found to be 850 kg/cmgs' ‘Figure 211 curve C shows
the B1 curVe~dbtainedvfoﬁva~roum1temperaturé copper
specimen at a stréss-level'of 850 kg/bma‘ Its
amplitude y at =850 kg/am is approximately equal
to the amplitude of the curve A at ~970 ks/cm .
Similar results were dbtained in a limited nuﬂber
of experiments with the other face~centred cubic metals,
The diminution of the Bauachinger strain at low
temperatures 15 thus attributed to the reductien of the
thermal cemponent of the peak 10ca1 atress.

Iron is slightly exceptional. At ~182'G the prior
deformation 13 accompanied.by sharp alicks preaumod
due to twinning, and the creep qdmponent oflthe extension
is aeﬁkyg- Duriné unloading and reveree loﬁding to -«
twinning noises are absent, but they recommenca whan
the stress passes -¢,. The Bauschinger strain 13'_
somewhat reduced in amplitude, but 1ts general character
1s&aimilar_to that of #ha~meta15 which deform by s8lip
ohly. It differs cénsiderdbiy from the 31 cﬁrve for

hexdgonal metals, which:are discuesed in section VI.




(vi) sBummary.

The results of section II(e), (1) to (v),
aghove may be summarised as follows. In the cubic
metals the strain associated with the Bauschinger
effect is approximately proportional to the stress
level, and the stress-strain curve representing the
effect has & characteristic shape, The Bi stress-
strain curves for a wide range of metals ¢an all be

shown on one graph with suitably reduced axes. The

effect is largely independent of grain size, and the

22,

small dependence on temperature is explicable in terms

of a thermal component of stress.
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The most interesting work is that of Masing
and Maukseh (1926) who carried out a range of tension~
- compression tests on brass (éu 58, Pb 2), the prior
strain varying from O.7% to 1745%« Unfortunately,.
very little information is glven about thé portion
of the Bi curvas'befwbén. +6, and Q. From what
is given it appears thdt the B1 curves are very
similarftgithose dbtaina&;in the present work on
naving values between 2.5 and 2.65. Masing and
Mauksch' experiments were designed t¢ test Masing's
theory (Mesing 1923, 1926) of the Bauschinger effect,
which predicts that the B1 curve should be the same
‘as the preceéding stress<+strain curve from zero to
+0, , but with déubled scale and re.\fepsed sign.
Good agreement bétween the dbserVed and predicted
curves wag not obtained; the agreement is even less
satisfactory when it is seen that these authors made
their computed curve coincide with the beginning of
the-ddmﬁreésion.curVG, neg1ecting‘the plestic
defomation that occurred during unloading. Masing's
theory can hardly be expected to explain the Bauschinger
strain after a prior deformation exceeding 1%, for,




as shown in section IX(e); the effect in this region
is quite unrelated to the prior stress<strain curve.
For deformations of order 0«1% Masing's theory
probably agrees with experiment 3§ but in this region
the Bauschinger erfect‘in any case tends to zeré,
and is extremely difficult to measure accurately.
Latér, Rahlfs and Masing (1950) examined the
Bauschinger effect in torsion, using 1 mm diameter
‘wires of #arious'metalé'witn prior surface strains
exceeding 3.5%. The éonsideféble inhﬁmbééheity of
strain causes the observed torgque-twist curve to
deviate a little from the true stress~strain curve,

but even so it is interesting to notice that the

published curves are very similar to the general curve

described by the present author. Values of ¢

caleulated from Rahlfe and Masing's curves lie between

2.9 and 4,0. Rahlfs and Masing compared their results

with Masing's theory and again found that the agreement

is not good.

Expefimental work on the Bauschinger effsct has
also been described by Polakowski (1951) and Wilson
(1952), who are chiaﬁly-intareéted in herdness as &

function of strain, and also by Kunze and Sachs (1930)

whose experiments were entirely confined to the

transition region below 1% prior strain. These results
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S SIS

Before deformation

After deformation

Figure 301 Figure 302

Spec iInM e LS b

Figure 303 ) re 304 !
Undeformed Eesaltant strain 12%

Pigure 306 Figure 306
Resultant styrain 6% Resultant strain zexro



I11(a) RUMPLING .
If the surface of a specimen is #@iﬁiallyaflat,
1t‘h@§amés someihat @ﬁmpiédfafﬁer.plasﬁiyqagggpmgﬁian,
becatise the individuel grains do not have exactly the
same gheéar ae thqfaggrgéﬁfgﬁcggg figure 301). It was
notided that this rumpling wes greatly reduced in
ep%éimens'wyiphvhaq hﬁﬁ#iéﬁbjﬁﬁted to forward and
reverse strains of about equal magnitude; 8o that the
rasuitaﬂﬁ.atrainuwas:ﬁéaa;y~zéng. Sané ‘easurements
were. therefore made -t;‘c;:&»;sm&milhe«-thi,s quantitatively.
The. experimental arrangement is shown in
figuna-BQEA‘ A gliﬁgiﬁfﬂix&@.ﬁn'the front, lens of a
147 microscops iobjestivey parallel to the €ils of a
stanaaéa -eylindrical t_cfé?__s_,'j;‘.‘on specimen lying on the
mic?ﬁsﬁopa_staseﬁ-:ren%y»th@sﬁ.partaﬁaf the field of
view whose normal intérsects this slit can reflect
light back into the objective, - Figure 303 shows a
typlcal ﬁeﬂlgcygon-ﬁﬁqm%an-undercrmﬁd specimen with
a true cylindrical surface.  After a shear of 12% the
‘appearance is as in figure 30k, A further shear of 6%
in the reverse- direstion tieluie the Fesy tam strain "
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back to 6% and gives figure 305. A further reverse
shear of 6% brings the resultant strain to zero and
glves figure 306. If the individual grains all had
the same strain as the aggrégate, then their
deformation would be in the plane of the surface
of the specimen and all these mierophotographs would
be gimilér to figure 303.

Conaideration of the geometry of the arrangement
- shows that bright spots on the edge of the field of
view correspond te-gréiﬁé whose normal 1ies at an &
angle \} = 9° {0 the mean surface. Analysis of
cbaervations on tweé ép&éimﬁnﬁ of ﬁluminiﬁm and one
of sopper gives the following results for strains
below 20%.
i. During a forward stirain @, surface rotations
Y occur, proporticnal to ©, the ratio
Vﬁ,,/e being about 0,7.
1. During sdbaégueﬁtvréﬁerse atrain the surface
rotations diminish in the same proportion,
reaching 2ero wpén the resultant strain

reaches zero.

N6 observations were madé at strains greater than 20%.
The results above correspond to rotations about

an axis in the plane of the surface and parallel to

the axis of the specimen. By tnrntng‘ﬁhé-alit

% SRR R N syt a PRI o
Eaky- de g & f R s 2
DR B S L S SN A
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thirdugh 90° and tilting the speeimen through &
measursd angle it was found that the ssme reésults
apply to rotations about the transverse axis in
the supface. If the rotgtions about the two axes
are uncorrelated, thén the total maximum rotation is

Ve [0 = AT+ 07*) =)

We conclude that in a deformed aggregate
the strain in th6 ihﬁiiEﬁﬁa1 grains on the free
surface is by no means sgual to. the mfeg;;ﬂ strain of
the agoregate, rotations \}f ¢f the grains being
observed, having magnitude from | zero up to:the mean
strain Q. ‘This result must also ‘Ba some e:t’teﬁt'
apply to grains below the surface, and ought to he
takén into account in assessing the validity of
Taylorfs (1938) theory of t—ime strain of an aggregate,
Further, the fact that the change of shape of the
grains is mechanigally reversible would be eéxplained
moet simply if we asgume that during both: forward
and reverse deformation the same siip systems are
active in any given. grain.

It is unfortunate that observations of this
type are not sufficiently sensitive to give any
information on the mivde of deformetion during the

Bausehinger strain fram +6, to ~Go %
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II1(b) SLIP LINES

Since slip is the mechanism of plastic
deformation in the metals with ¢ub1c‘1attioe, the
explanation of the Bauschinger etfqgt.éssqntially
.4n§61vea finding qutvwhere; and hoﬁ‘muéh; slip
océurs dnr;hg the Baqachinger etgaih¢ Uhfortunately,
8lip is 6niy eaéily Bﬁudied‘b&_éxaminat;qn of the
free surface of'a'pglished~s§ecimen.. Itrie not clear
at ‘present whether or not the free surfaée is
‘6ntir61y typicai of the interior of a‘piaafically
deformed metal, especially in view of the influence
of the mode of ppxiamn’g (Brown and Honeycombe 1951),
Even if the surface behaviour is typical of the
interior during ordinary plastic deformation, it may
ndﬁ-be-SO during the‘Baugqhingor strain, Despite
these limitations it is of interest to know how the
surface'béhaveé during the Bauschinger strain.
A short experiment was therefore oarriea-éut to see
whether or not slip linese are produced during the
Bauschinger strain. |

Slip lines are not esasily dbéerved at plastic
strains much less than 14, It is essential therefore
to work at a high strees level, to give a Bauschinger
strain larger than this. ' Three torsion teste were
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therefore carried out at stress levels of 3LO,

.- 1030 Iam"i 1400 l:g/c:m2 s With gopper having sbout

) 100 bwin eleménts per sqsmm. wna ¢bn£éépbh&1n8

: pricr straina were 0%, LB8% end 70% sand the
Ba_u'sﬁfiiﬁgax- strain about -'é% in each ¢asa. The
prior gtpain was given partly as a forward
deformation and partly payarse , BO that surface
runpling wee minimised. After unloading £rom the

prior sﬁ:eain , the sfﬁé“é‘iinen Was aueweiﬁiea-ny

_ ;poliahed in 50% orthophpaphoria asid Bolutﬁ.om
The apaaimen was then laadﬁd in reverse, At thiee
po&nts &uring the Bauschmger stra!.n (1.6. while the

stress was between © and -% _) the specimen was
unléadad and examined.m&cﬁosaapically at magnificationa P
of 1(301; and uoox.

The qualltat!,ve obserwatiana wepe the same

in all thma cases, and are shown in rigure 307,
When the reverse plastia atrain B 19 léﬁ’a than 1%
few sli.;p 11n¢a are sean, but-as the atrain inereases

to 2% the Blip li.nea became more prominent-, more
olesalyspaced and visible in more graina,. The:

genex*al appaarance of the s:.ip linas 18 much the
aame as during the first s‘bages of unidﬁreotional

defomation. Ve may theréfere say that in the surraoe g
grains mest of the Bauac:h:!.nger strain takes place
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Iv.

THE THEORY OF [THE i

Iv(s) INTRODUGTION
| Féw,thebﬁgééybg:@he‘Baugqh;nggr effect have
been put foﬁwénd{iﬁfihéjpaat, and none of these
aceount raritth#ésﬁ@%é‘af section II, where it was
shown that (1) thé Bauschinger etrain is proportional
- to the stréss level, and (11) the general B1 curve
.haé a characteristic shape. Masing's treatment
(1923) whswﬁaae§ ¢n*téxxura1 stresses, and 1s discussed
in section IV(b), Where it is shown that these can
contpivuté only a small part of the cbserved effect,
The erféci'musg'thgréfeﬁe be attributed to a process
accurping'in th@_iﬁdiv&ﬁhal,gﬂﬁineﬂand probebly in
single'crystals.alag. such an effect may be explained
in terms of dislccation theory as a rearrangement of
dis;ogatiéns already present or as the generation of
new ones. |

In discussing the relation between Bauschinger
strain and stress level it is convénient to call the
Bauschinger stnain,at -6 3 divided by the yieid strain
0.[¢ + the Bauschingen
experimental Qalde of:ébﬁﬁt 8. In sections IV(o)

r3“;¢' Thies has an




33.

to IV(f) some possible mechanisms are discussed, and

it iaiconcluaédlthat-the Bausohingér ratio has the
magnitude whieh would be expected if the effect

Weﬁe dﬁa to a réarrahgement 6f dislocations during
stpese reversai»' The aétual shape of the Bauschinger
curve depends on the affective frictional resistance
experienced.by a dislocation, due to dynamic damping
effecte and to géambtr$¢a1 effects caised by increasing
density of~defecﬁs in the lattice; and 18 not further
discussed here.

It 18 not reckoned that the generation of new
dislbcations contributeés largely to the observed effect,
ag in general a Frank-Read source will generate equally
well with positive br negative siresses and so produce
no Bauschinger effect. This is further diséusaed in
séetion IV(L).

seation IV(g) discusses a possible small
contribution from grain<boundary slip, and IV(h)

disbuases the effeécts of vacangy-generation mechanieme,

The theory of Brandenberger (1947) is not discussed

as it is based on vefy unusual ideas sbout eléaticiﬁy
and plastic deformation, and appears to have little
relevance to physical reality., The theory of Nabarro
(1950), which in somé resppects is related to Masing's
treatment, refers to the length of the initial elastic

S




Figure 401 Figure 406

Grains in parallel - Grains in series



Struiﬁ

Stress

Figure 402

Stress~-strain curve of a single grain,
A = showing no work-hardening and no Bauschinger
effect, B = showing work-hardening but no

Bauschinger effect.




Figure 403
The Bl curve predicted by Masing's theory.




portieon of the B1 curve, and is not further discussed

here.

Iv(b) IEXTURAL STRUSSES

.Masing (1923) considered essentially the model
shown in figure 01, HKach grain is represented by a
spring in series with a friction element, Theugraina
aré regarded §§~fdéa1MV‘plaéti¢, showning n¢ hardening

and no Bauschinger effect in the region examined, as
in figure 4,02, curve A, Experimentally 1t was reckoned
that this was achieved by a plastic‘strain‘to produce
'harﬁeniﬁg, followed by 8 Llow-temperature anneal to
remove yextural atr69966; the following étraih'being
kept sméii, usuqli&fiess thén 1%. This model gives

a Bf curve ABG‘(ﬁigure“hﬁ5) geonetrically Biﬁilar to

0A but with tie s6ale of both axes doubled. The
continuation CD dis identical with AD'. mg;s model is
uged by Masing to aqcaunx-bqth for éhé.béginning of
work<hardening and also for the Bauschinger effect.

As Mesing himself envisageéd, it obyviously cannot be
uséd.ta_accounﬁ Tor wgrkbhérdpning beyond a plastic
sﬁ‘r,ain_ of‘say. 1%, a8 in this model the £inite Blope
Ar{dﬂ of -the wdrkéharﬂening curve is attributed to
graine which'h&téjnotsyet\reached their yield point
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and therefore have an clastic strain equal to the
overall plastic strain, For finlte plastic strain
( > 1%) there cannet be any direet relation of this
type between the Bauschinger strain and the prior strain.
areenough (1949) in discussing residual lattice
strains, regarded the grains as wdrké-hardeni’ng, and
caleulated the streésses which would be expected on the
basis of the theories of Cox and Sepwith (1937) and of
Taylor (1938). His experimental results agree better
with Taylor's theory: We have used a similar method
to calculate the exact size and shape of the Bauschinger
cupve which is given by this model, as below.

Figure 401 is again taken to represent the grains
of an aggrggate extended plastically, During this prior
Mrain the grains have work-hardenéd. They are regarded
as ahewing no Bauschinger effect and negligible further
wopknhardening during a pubseguent ‘small compression,
ag in figure 402, curve B. Leét the (vork-hardened)
tensile yield stress of a glven grain be denoted by §a
where O < '§'=¢° + Let the total volume of the grains
whose yleld stress is In the range goz. o (E* ‘*E)‘;
be a fraction g( §') of the volume of the specimen.
g(?} satisfies the equations

"s(8)4% = §7% q(EME
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In practice g(%) is non-zero only when § iies between
lim!,ta .g...w.‘ ana zg'm,‘ .' Since aach grain 18 regarded
ae showing no Bausohinger orfect, its oompresaive yield
streas is equal to its tensile y;l.eid stress. The
aggregate, howeve:-, showa a Bauaehinger atmin, owing
to the range of yie!ld atraim présent. Taking the
cmigin of stress and atrain at the point A, figure L03,
plaatic defomatian beg:!.ns at an applied stress o (- 12.....)
and a strain 1%...“. ,,[G : the specimen is entirely
plastic When the applied atreaa ‘reaches '—f and
the strain .ts ng 6o (’, . The shape of the B‘i
curve between tHess:, points is calculable in terms of
g(“g) » being g:l.-v‘é.n by

&53)/2e - - )

Ge/2s,

a%s [de"

- B

1]

wheré | . §

The theories ‘of ¢éx and ﬂopwith, and Taylor,
reapectively, may be used to calculate g ~§) The
former treat the gra."'ns as’ single crystale ' laterally

unce;nstramed. The relation between tgns:uo atress,

o L ga.) . and extension, . i, ( 1/12, o I)
for a work-havdemng single crystal, may . bhe dcrived

from the equat:lons 26/3, h3/1 and L3/L cited by Schmid

and Boas (1950), in the form
14w
G = ﬁ-(i)/(siu’ﬁo C“’Ao) :
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Figure 404

Relative abundance, &€y, of grains of
different strength, ga;,.



Figure 405

A - Bl curve calculated for grains laterally
unconstrained. '

B « Bl curve calculated for grains with same
strain as aggregeate.

C - Observed Bl curve.




where %, and Ao specify the initial orientation
of the tensile sxis, and:where n% 4 for a parabolie

law of work-hardening. values of (sinX cosA, )"‘5/ 2
are plotted on a 'éié‘ﬁ.éfdériphw projection at 5°
intervals and the mean value My o’bta:med‘ The ratio
(sin'ﬁ«cm}\ )"3/ 2/\!1 ‘i8 then tha value of E for the
arientation Kodo o g(g) is simply the relative
frequeney of the ‘varim values of § The frequency
digtribution ie shuwn in figum hol; curve A It is
ghven as a histégram Qw:l.ng to the limited number of

pﬁima oomputed en the: eteraogram. ¥rom this and
equation 1 trhe BY: cuwg can - ‘e caleulated; this curve
is shown in ﬁgura ues, curve A,

The B1 curve may Bé deduced in a similar way on
the bas:l.s of Taylar’s thegwq Greemmgh writes
0T = ’T"Z_s_ ‘where | c_, ie the resolved shear stress,
5 the aritlmatmg‘z gum of the five shears producing
a strain in- the grain gqual to the cvarail atmin in

the specimen, < the i:enaile stress: and’

extensions For & parahali‘cauy work-h ng,material
T &~ *“i.s s BO that o= (‘Ljs)%‘ Ta.ylor (1938,
figure 13).gives. valuesr of .3 computed ‘at. 5® intervals

over & stqneographic pre;)ection. : These are converted
to @5)31 and the mean value My calculﬁted. The:
ra’.tio (29)3{ / I"l,z~ is the wvalue of ‘g for any given
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orientation, Figure Lok, curve B, shows the relative
frequéency of various ,va;iues‘ of _§ » and figure LO5,
curve B, the stresesstrain curve calculated from this
with equation 1.

Theseé models néglect the continuity of stress
between adjacent grainsg. If we canSiﬁﬁf tpa model
of figure LO6 wheré'sﬁrésanaanﬁinuity is preserved
at the expense af.unﬁﬁbﬁm‘efﬁain, it is easy to see
that here there will-beinb-éaﬁechingeﬁ effect, the
B1 ¢urve being linear &nd ¢lastic between +So
and —~6; , whether the ¢leménte be ideal as in
fig‘ur’é' LO2, eurve A; o6r workshardening aa in
figure 402, curve B, The real state lies between

these two extremes, though probably nearer the case
of uniform strain than of uniform stress, Thus -
curves A and B of figure LOS vepresent wpper limits

to the Bauschinger strain.

'in agmpgiing tnaﬁpﬁeﬂietéd,31.aur?§a with the
expe?imenmg; reaulta,,@t miat be noted that the former
raﬁér't@{teﬁsipnwcampﬁgsaion;.while the latter reéfer
to sheay, This difference is not likely to affect
the order of magnitude of the qﬁant;tiaﬁ invo;vyd;

Figure LOS, curve O, shows the observed Bauschinger
strain, which is decidedly largér than that calculated.
Thus we ¢onclude that textural stresses alone are
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inddsquate to explain the Bauschinger effect.

‘A further contribution to the Bausehinger fé
stpain arises in the following way. OConsider a “
‘grain in en aggregate, inttially fully annealed.
‘Apply an increasing éﬁréés-tb'tha aggregate, When
the §tress is sufficiéntly high, plasti¢ deformation
first oscurs in the grain by alip on the slip system
with higheﬁt'resolﬁé&*ﬁhﬁar'6tresé.' In géneral,
this slip on ona aystémfd1£érB.the sha§é~of the
grain, this being pposed by the surréunding medium.
Thus the plastic defoymation is very limited until
the stress rises to such & value that, together with
the lobaliﬁestering-ﬁﬁﬁ@ﬁﬁ“xn-the'suﬁréﬂﬁdin¢~medium,
it 15 sufficient t6 produce slip on two other
slip-plenes. The grain can now deform plastically
without chenge of shape (other than a strain equal
to the overall strain @f‘the-sbédimén)f ’During a
stpeas reversal a similar process occurs, but with
doubled scale, The small plastic deformation which
ocours while the stress 1s ¢hanged from the point
wheré slip begine on only one plane t6 the point
where slip begins on three planes, contributes to
the Bauschinger effect. It has not proved possible,
as yet,; to meke a satisfactory numerical estimate
of this cdontributions. It is small if4thér9 are two
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or '&h;?ae'smp planes making angles with the external
stress nat-gréatly ‘Aaﬁ.ff‘érent from L5, This is
usially satiét‘iea in the case of the metala with
c&bia lattics.

'b"‘l

2 REARRANGEMBNT. OF DISLOOATIONS
| Acc.arding ﬁo U.‘aylor (1934) , work-«-hardening
15 tiﬂ:stsmbufb_qd to the.em‘_-egsmeyatam, set up by

diswcaﬁaiié d‘i’éﬁ%ﬁ%& thraugnauﬁ the lattice,

At seme poin‘hs th:l.s atrasa»syatm alds the motion

of ﬂialocationa on & given 8lip systenm, and at

c:ther points opposes. 4t. For su‘ha’&:anﬁit\l »plaatic’
flaw to oceur, an exﬂemal stress m\zst be appnea
which 1s larger than' the méan opposed in‘ﬁernal e‘bresa.

Thus" o, is approximataf?i aqual to the mean sbsolite

imarnal stress due to the systeém of dislocations,
I tha Btrenp is revarsea, we argaq that the
-dialeca'hions responaib;la for the intérnal stress-
aystem will themaalvea méve to’ oW equilibrium
pasit:.ane, tb,us giving a Bauschinger« strain, ds below.
Let there be N edge dislocations per de; eseh
of length 1 am.. Thén these are Sé:{iar&‘ﬁad by & mean
ai’éf%‘éhce r = 1/{N and the yleld stress is of order
G, & ‘Gb/exy = Gb{ﬁ/ex s VWhere b is the Burgers
vem:pxy. If a atress ._s 19 now appliaa, the
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dislooations should take up new equilibrium positions
and in doing so eéach will move a distance presumably
of the same order as thelr mean distance apart.

Thus the Bauschinger eétrain p( -6 ) is given by

B(-6) = Nrb = byN

Thus B/yleld strain = g8/, = 2x.
Experimentally th;ﬁ ratio is about 8: This agreement
is fortultously good, as substantial approximations
are made in this %neépy, It does ghow; howeyer,

that this mechanism 18 capable of contributing to

the observed effect,

Mott (1952) has put forward an improved theory
of work-hardening in terme of groups of n primary
aislocations on &lip plenes a distance x apart
which are terminatedfb&‘harriers 8 distance 2L apart.
s these dislocations are sallowed to move a distance
R = \IX during the Bauschinger stpein, then the
dame expression @(~6,) = 28 0,/G is obtained,

R 48 the mean aepapatiﬁn of the primary groups of
piled=up dislocstions; so this motion corresponds
to a4 substantial rearrangement of the p?imary
stress-field., Moth also considers small groups

of n' sgecondary dislocations at a distance r
fyom the primary groupsy which relisve local strain
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The horizontal component of the force between '
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The horizontal component of the force between
two dislocations (after Koehler)




by moving from Souress & dis’tama 1 apart

(~ 19‘“‘&‘ om) through a aiatanoe 1 ¢ If thesé are
able to move baak when the appliad atreae is
réaverdéd, their sontributien to tha Bauschingar
gtrain is

B(~6) -n i('nf/f).lb’;w%w.

8o | B( 46‘9) % Db/2xR = ﬂ/@g\

........

the Bauschinger atrain, thaugh rather 1553 than
do the primary ds.slccations

If a posiﬁiva edge dislogation be fixed at X
(figurs LOT) and & negative dislocation ¥ be free
tc.mévé in the slip plane AB, & diatahba‘lz from X,
the force on Y parallel to AB is given by the
ainusaidal dotted aurve (Qottrell 19&9). M and Q
are positions or &t&ble ‘equilibriwn in the ‘abeeénce
of applﬂ.ed stress; Whﬂ,le the. regiens AL, NOP and

RB are unatablm We may nse this médél to: calculata

& ﬁ.auﬂchingqr effect, a8 follows,
on application of a sultably directed shear
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stress +0, , a dislocation initially at M or Q
moves to L or P respectively; if a stress -—o,
1s applied, the aislocation moves to N or Re
The étrasa required for this e &, = Gb/8x(i-v)h

2 S R
% - o e SRS ke e AaEeas et e

where G i8 the shear modulus, b is the Burgers
vec'tcjr, 'andj v i3 pPoisson's ratio. Smaller Btressea
produce & smaller strain, Larger atresges disrupt
the pair and carry b 4 off to inrinity, Oc is thus
the yi.eld atresa. When the stresa m reversed
from +06p to ~6, Ymovea a distance 2h along AB.
If we had taken X and ¥ to be dislocsationa of the
aame sign, then NOP is the stable reglon, and the
motion of Y when the streaa is reversed is 0.82811.
Let there be N enm o:f' dislocation per cc.
The mean separation of these is then 1/{N. We
arrangé_thesa 'dis,lqﬁaﬁibns in pairs by associating
each with 1its nearest ~ne:l.'ghbeﬁr-. There: are thus |
N/2 pairs oflaiéloqétibns,-eaqh‘i om long. For want
of any det‘inita‘ estimate wé assume that half of these
pairs are dislocations of 1ike sign, and half of
unlike slgn. (In"rég;ona where the mtttoe 1 vent
we should 'thke‘ fher_rlz_:'ta. be mostly of like sign). .The
mean sep'a;'é.ti;bn of" the two 'dd%s.loc‘atians‘ in any pailr
cannot'weﬁxceed' 1/4'17 and We take this to be. the value
of ' h. The plastic a;&ain on reversal of stress




fram S, to -5, s then N/s 20D dué to- the
unlike pains, and N/Us 0.828h:b aué to like pairs.
This wé ldentify with the Bauschinger strain

2.828 Nhb. & O TOTBIN

The yleld atrain is

0, = /¢ = B/ER(-Y)n = b N/BN(I~v)
The Bauschinger ratic is then
B( ~65)/84 = 707 x Bu(\-¥) = 1445

Thié 1 é‘little ;ﬁfgab'@han.the e;perimeﬁtaxly
chserved vaiué ef'abbﬁ§'8@ We have assumed that h
takes ite maximum velue, 1/{N. If we assume that
all values of h between O and 1/{N ape equally
1ikely, then the Bauschinger ratio is réduced to. 3.9.
Thus this mechenism is capable of making a substantial
contribution.

Ascording to Koehler (19hd) the stress
exerted'by one . dislocation on another is as shown
in figure LO8, A like dislocation is etsble on PON
and contributes the sdme strain as ji;nf eat.’éi*@ll‘f‘-?
pleture. An unliké‘diﬁlﬁﬁﬁhiﬁn which igs at P when
the stnasa ig +v, moves past R when the gtress is

reversed to ~6,.+ If we suppose that thie dislocation




only goes as far as the next dislooatibn-pair, then
it moves a distance a: 11tt1e larger than 1/{N.
Thus the Bauschinger strain is ‘a 1ittle larger than
that deduced on the basis of Cottrell's function,
but 1s“b£itﬁej$éme'mgd§rqu magnitude. -

. Both these egtimates of the Bauschinger
ratlo-are in a sense special cases of the general

cagg of rearrangement of dislocations treated in

section IV(e).

It has been pointed out (Woolley, 1948)
that ﬁhe'exhauétion*thébry~as'applied to'breép
(Métt; 1948) is'éapablé'of glving a Bauschinger
effeetg pro?ided'the reasdnabie~assumpﬁibn is made
that the stress reqnmret to aotivate ] dialooation
might in some caaes be direction-sensitiva.
Exhaustion alone is however not adequate to explain
the éffect, for 1t is clear that if a specimen is
gtrained by 8 Btpeéé +6, and then by -6, » all

dislocations with agtivation-stress in this range

should be exhausted, is&+ no longer available for

plastic deformation in this stress range. Consequently

the B2 curve should be linear snd elastic between

45,

-6, &and i« , which is contrary to what is observed.

This conclusion holds whether the dislocations are
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regarded as originating st the grain boundaries
88 in the author's troeatment, or at Frank-Read
sources, as is now more generally supposed.

fiome conclusions can be drawn from the shape
of the B2 curves. In figure 209 at the polnt A
thers are no dislocations in the specimen capable
dﬁ being activated or moved by a stress between
0 and +0; . At ¢, after the strain Bi, the
nﬁm’bex" of dislocations capable of belng activated
and moved by a stress betwsen 0 and +6; 1is such
that their motion produces the strain B2, which is
about 2/3 of Bl, Thus at ¢ either (1) the
dislocations which moved during B1 have activated
g slightly smallep number of other dislocations,
and the B1 dislocatione tzke no furthegApart in the
deformation, or (i1) sbout 1/3 of the dislocatione
which moved durding B1 have become trapped and the
remaining 2/3% sinply move back when the stress is
ralsed to +6, again. The latter séems the more
reasonable explanation. The samé argument leads
to the conclusion that no further s&hgtantial loss

of aialbcatians‘by trapping occurs, the dislocations

responsible for B2 also préducing B3, Bl ete,
Fupthermore, in figures 205-7 it 1s seen that the
B2 curves springing fram betwsen O and say -3 [y
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haye the same amplitude as the preceding part of the
BY curve. We infer that in this case there is no
loss of active dislocations, The loes of active
dislocations which causes the strain amplitude
of B2 to be less than that of B1 theréfore takes
place when the strese 1s near -6, ., This is a
reasonable conclusion, as the larger the stress
the more easily somse dislocations may be pushed
into regions of distorted lattice from which they
may not easily esgapé.

The B1 and suéceeaing B curves to a first
appraximation~fon@a¢;6éea hysteresis loops of
twofold protation symmetry. This implies that the
éxternal stress is needed not to activate the
diﬁlééations but to move them through a resisting
lattices For, suppésamthah-the streas is required
merely to activate dislocmtions, and that the
lattice offera no réé;stanca t6 & dlslocation
once it is activated and removed a small distance
from its original anghoragé. During the Bi strain
a Gertain number of dislogations would be activated
and would move at;ahcé\a-Qertaintdisﬁanqp, this
éiving the B4 atrain. 'Séma of these aré”trapped
§§~&as¢rfbed?;hﬁ%ﬁ?&&bova paragraphs Unloading
é§ﬁ1ﬂ¢be»#atflx'alaaticy‘but as soon as the stress
ﬁé@ﬁmga positive ﬁhe.ramaining disxﬁgatinns;would
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Figure 411

Contributions from Frank-Read gources.,




immediately move back te their originel positions,
giving a B2 curve as in figure LO9, cu:;ve B2e,
Astually, textural stresses would probably cause
the eurve to be more iike BZb, But neither of these
curves is symmetrical to B or resembles the
pxperimental B2 curve.

IV(f) ERANK<READ SOUROS
| e reckon that there are at least two ways
in whieh these can contribute to the Bauschinger
effect. |

© In the first of these we consider & crystal
containing a network of Bources each of length L.
'J.‘IIQ‘ Ms&{l s'trl'e.s‘s is G’b/i. +« When this stress is
applied all the sourcdes become semi~circles, as in
figure .L‘Ht?) (full 1ines). If the strése ie reversed
the sources become semi-circles in the .oppcsi-ta
airection (figure 410, broken linés), The strain
agmociated with this motion is at most

l o [\ T b
- W22\ . b = —
* ( ‘J.) o £
The yield strain 1y @, = v/ ¢ , 8o the Bauschinger
ratio is %/, This is decidedly smaller than the
observed ratio of about 8.

A second way in.-whig¢h Frank-Read sources can

48,
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contribute to the Bauschinger effect is seen when |
we gonsider a source inside a grain, es in figure 411,
Let the length of the source be { and ite aistance
from the boundary be L/:g If £ < L then one
dislocation is generated when the external shear
stress O is sultably directed and @b/l >o > Gb/L .
Thip dislocation c¢rosses the whole grain until it is
held up by the small gep £, as shown in figure U411,
Fulls line, If the stress had béaen oppositely
directed, the dislocation would have moved to the
yési*&ioh rapnesent'ea by the dotted line, If the
grazn diameter 48 L, then we calculate the Bauachinger
ratio as followa,. -

Number of souvcees in volume £* = |
surface drea of one grain = LT

Number of sources w:l.‘bhin a e . &
distance  of the grain = blL.g73 = b3
’houndamr. pep: grain

2
Nunber of Altte Tér oo = Gf'i : ﬂ? = Ctl
Area each dislocation moves - 1
ST . b 2 LLb
, = b 7 —7
Bauschinger strain = 1 o
Yield strain o= efa
Bauschinger ratio = bL[t

Thie result indicates an effect which is proportional.
to grain size, and ‘therefore disagrees with the resilts
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of section II. In any caes it is likely that this

‘méchanibm would only apply in the early stages of

deformabion, when the grains are relatively perfect.

LT
A L P

LA e )

, In 8 streesed polyarystalline aggregate ) -
the appliea atresa prodnoaa -1 sat of shear Btrqeaasl
aoross @he'g?&lﬂ%bOun@aPiﬁaf"Kﬂ (1947) has put
fbpward éxﬁerimental e?iaeﬁaa that af élevated
temparaturee the grain boundariea slip over each other
antil thgse'ahear gtnessaavarg vglaxed, in accordanoa
wjpn‘tne theory of zener (1941). Such slip takes
p;a§a bﬁldﬁ the coﬁventibﬁéi elastic limit, énd is
n&t 6bservéd atlroam ta@peﬁaﬁure where the effective
vtaeosity:df the“grain;bbﬁhﬁﬁrfes is far too high,

It produaea an extra strain equal to 50% of the true
elastic strain,

During plastia dafcrmatien, hOWUven, many
dislocations arrive at the grain baundariea, and 1t
seems p@ﬁsﬂbla that thesa Wpu}d activate lchl slip
in the héiénbdurhooa'bf'£hé'gﬁaxn boundaries and

relax all or part of . the shear stress syatem

reeponeible for the Ke~Zéner efreot.
Gpainsboundary slip_amggg-cannot explain the
Bauschinger effect, as at low temperatures-such slip




51.

can only occur as a concombtant of plastic deformation
produced by some other mechanism. Besldes this, the
maximum strain 1t cah contribute is only 50% of the
yleld strain, while the cobserved Bauschinger strain

ie about 8 times the yield strain.

We reckon that the géneretion of dﬁfects by
the intersection of serew dislocations may make
a zmall contribution to the Bauschinger éffect,
as follows,
geitz (1952) has pointed out that during
plastic deformation if & serew dislocation A orosses
the axls of another screw diglocation B, a Jog 1s
formed in caech dlslocatlon and a 1ing of vacancies
or interstitial atdns is left behind, joining the
two dislocations. An extra force is reqnibed.ta
move A, because.@neégy'mnst be supplied to lncrease
the length of the line of defects., (ovrespondingly,
1f the direction of straln is reversed, a reduced
foras should be requlred to move A back toward B,
beeause energy is obtained by shortening the line
of defectss 'This gives a Bauschinger éffect. The

effact 18 very limited however, for two reasons.




Seitz points out that these lines of vacancies or
interstitial atoms anéfuﬁﬁtabiéfat roon témperature,
and the defects diffuss together to form sheets,
which cause less dlsturbange to the lattice, Also,
Mott (1952) points out that the motion of & set of
dislogations Ay A, A3,p§§'.0n_thé_§amé slip plane
crossing B generates a sheet of vacancies or
interstitiale direct; even at low temperatures,
No Bauéghipger.effaqt“ié to be expectéd IFf the lines
oft defects ére removea.b§'the formation of sheets.

We tconelude that yacancy mechenisms do not
contribute appiGQiably to ﬁh&.Bagachingep-ﬁﬁfadt,
but we note that some vagangies or 1nterétitiai-atcme,
not lying in a sheet, are generated when the leading
serew dislocation of a slip avalanche cuts another
séraw. |

Edgé dislocatians cvaﬁaing a acrew'dé not produce
lines of Vacanoies or 1nterst1tza1 atams. Pure adge
disloaat&@na are rane, however, the aVaraga dislocation
consisting presumably of equal screw and edge elements,
80 the remarke sbout screéw dislocations, above, ave

esgentlally applicable to all dislocations,

In ﬁéoﬁidn IV we havée put forward various
mechaniems which may contribute to the Bauschinger
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effect, ‘The contribution of textural stresses has
been estimated and shown to be inadequate t6 eéxplain
the obgerved effect in polycrystalline metals éf
cuble lattice. Various mechanisms based on the
fearrangemeﬁt of dislocations are found to predict
an effect about the size of %hat’aetualxy-dbsewveé.
It is pobsible that several of these méchanisms
are simultaneocusly active in the BauschinEEr effect.
Some of these mechanisms Gould operate in single
crystals (see section VIL)w No discussion of the
detailed shape of the Bauﬁéhinger curve is offered,
The theory of work<hardening iteelf not yet
ba;ng in a gsatisfactory state, it 1s aifficult to
gﬁggegt which mechanisme areé chlefly responsible
for the Bauschinger offset. It would bé & very
desirable thing Lf eruclal expériments conld be
devised to distinguish between. the contributions

of the mechanisms proposed,
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v{a) INTRODUGTIO N

Gomparatively little experimental or theoretical
work has been carried out on the¢ thermoelectric
properties of plastically dgrbrmed.metals. Crussard
(1948) gives ref'erences to earlier work, and points
out that it is 1mpgptant that the plastic deformation
should be macroecopieally homogenéous; prooesses
such as drawing and rolling being unsatisfactory
owing to the high surface strain. He determines the
thermoelectric power of various metals after plastic
exténsion, and also gives one result for the plastic
torsion of & solid rod. He discusses the origin of
the plastic component of the thermoelectric power,
and attributes it tentatively to dislocations,

Crussard's observation that elastic shear
produces no change of thermoelectric power suggested
to the‘presqnﬁwaﬁﬁﬁﬁr a semi-quantitative theory of
the contribution of cold work to the thermoelectric
power, This theory is outlined in sections V(b)
and V(e). It also seemed worth while investigating
experimentally the change of thermoelectric power

wheén the direction of plamtic strain is reversed.
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Hxperiments with copper are described in sections
v{d) and v(e), and are discussed in V(f), where
it is concluded that Ene results support the
suggestion of section IV that the Bauschinger
strain is due to a réaprangement of dislocations.
alyeady present in a workshardened metal.

V(o) LHE. THERMOREEOTRIC POWER OF AN AGOREGATE
Consider a:aéﬁféﬁfgﬁainﬁ'in'ﬁariéag as in

figurs 501, or in parallel, as in figure 502,

If the thermal and elegtrical conductivities of the

grains A and B areé égual but their thermoelestric

powers ave mh~andgﬁﬁ' régpectively, ther the

thermoeslectric power of the aggregateé is -

Q—- ) ).‘Eﬂ‘ s A E‘B

where v is the fvaﬁtibﬁ of the tétal volume
ocgupled by B. Méaingaéf92§a gave an elemeéntary
ds?i??tibn'of this result fér_ﬁhe qggaﬁiﬁ'which the
grains B are distributed anywhers in theé material A,
The present author, not being at the timé aware of
Maéiﬁ@‘s treatment) &aaucéa‘a'différenﬁ‘ﬁrdof of

this result. This proof is given bBelow ag it is
mathematioally mqra;éleagnt'than Masing's proof,
though adding litﬁle of interest from a purely physical
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Figure 503 Figure 504
Sphere B embedded in A Grain dissected into spheres,
each equivalent to a dipole.
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Figure 505
Grains of B replaced by dipoles
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é‘éh‘s’ider first a sphere of metal B of radius =,
enibsdded in metal A, ag in figure 503, Both metals
have the same thérmal ¢onductivity and electrical
resistivity. The heat flow is parallel to'the
s 'an’d the i-awhérma-ls ‘paraliel to the xy plane.

..,~<

temperature- ~di-,:€‘:tlexrema,— i;n- A ag Zero, and the Thomson
eunefs 6f B relstive to A a8 8, The current-
density 3, in A 18 then given in ferms of the
p@t’é‘ﬁ&i—;@‘ai YA and ‘the eléctrical resistivity P by

Pd, = -egrad Va . (1)
If we comiaér""ﬁﬁ-' elanan*b of length dp in B, then |
we have | |
Q'-VB - ” “'S"axup - f’ﬂyd?t ("'S’ﬂzﬂ')dl
op | iy = egrad Vy + Fi (2)
where Fdz 48 the iLncrement pt‘ ‘Thomson ésmefs per
unit length in the z direction (I = 84T/dz), and i,
is unit veatox- in ‘the & dj,rautmm §ince there is

no aaemnulation of charge, we have
v i, = 0 = aiv 3, - (3)
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At the surface seéeparating the two media wé have
a Péltier e mufs p_ » Which can be taken as zero at. -
%z = O and mtsx-ea'séé -lineaply with z. Thus p = k=
where k = dp/dT. aw}az, and 86

YA-&VBsz# m‘uose on r=a ()

Since there i¢ no: acdumulation’ of charge on the
surface of separation, the radial componént of 4
is gontinuous; :i;;.-';é‘ﬁx'
aVB#Feéae & )VA on r =a - (5)
3v o ' o

The general solution of equations 1, 2 and 3
is

T WA %ﬂ ., (cos @)

Equa*bions L end 5 detarmine the values of A and B
1ead:lng to.

(6)
(7)

Equation 6 shows ﬁhat the aphere is aquivalant to
8 dipole p:l.aqed at 2 5 ¥ of strength
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o= g (F e’ s B %x a> (8)

Beéause of thé-linearity of equations 1 to 8,
the principle of‘aupérpeaiti-on applies. . The grains
of the hggregate can therefore be disSecteé into
a get of sphares,.andféagh feplacéd'by its squivalent
dipole, as in £igure 504. To evaluate the mean
pdtéhﬂgl across a surfage such as PQ, in figure 505,
we consider Fipst the contribution from eny one
dipél"e , which wie“ff‘:ﬂake* as origin., If 48 be an element
of area on PQ then

S\PQV&S = J‘o% ¢ QT2 Ax = Z.T\'# (9)

similarly, § Vd$ = -2Tm
- L RW y W .

If the area PQ 16 8§ and the distance .FR is L , then
the mean pofeﬁtial‘bétwagﬁ PQ and RW is

Ver "4""(3}‘)/ 8

where Sm 1is the total dipole moment in the volums
PORW,  But from eguation 8,

3»/@ & —nﬁfg CS%——” ) /8 = F e

where v is the fraction of the total volume occupled
by Bt




59,
Thus ¥V = (F + ¥){v o . (10)
But F = 8d1/dz and k = dp/dT.dr/dz, so

But 8 + dp/dT 4e. the thermoelectri¢ power of B
relative to A, and equals Ey - B, .

Thug the thermoelectric power of an ageregate of
B = By * VAT = E, + (EB"'EA)V
s By {lev)+ By v
Which is the requiredxzasult‘

This can obviously be extended %6 include the
case of an aggregate of ¥, parts by volume of A,
vy Of By ¥, of C, Bnd 50 on. The dbeerved

thepmoelectric pw_e;:e will then be

The ldeai fhéoi&Abf‘fhe;change.of thermoelectric
power due to §1aat;g- deformdtmn.wauld,-.inivmm:é
aetﬂéﬁi’;pa knowledge of the sotual distribution of
lattice defects in the metal and a guantum theoretical

',‘.v.
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treatment of their contribution to the thermoelectric
power, Nelther of these requirements can at present
be met.,

An approach to the problem may be made from
Oruseard'e experimental observation that tensile
stresses in the elaatic range produce a proportional
change .of thepmoslectric power while shear stresses,
béing-neﬁbiublésihfoxégnal tensile and compressive
éomponénté, produce no effect, Thus in a uniformly
elagticdlly stressed medium the chenge of thermos

eléi'igp power is proportional to the change of

density,AE = «A¢ ¢  If the dlstribution of elastic
styéﬁﬁmig.nonﬁuﬁifmrmg then there are corresponding
ld&&i‘?&riﬁtibnéf@f’&énsity and therméelectric: power.
If the apéampéﬁﬁingfehéngﬁs_@f.éléat?i¢al and - thermal
c@nﬁaaﬁivf#y-aré'sméiltwé may apply the reaults’bf
sééﬁipﬁivii)f .Thﬁ théﬁmcéiﬁﬁtwié*pbWér due to the
ﬁ%#ﬁé@éa is.ﬁhen glven by

AR = JUsp.av = oL Ap
where Of is the mesn change of density produced by
the e&astiaidaf¢§@g§i¢n, éveraged:avérhtﬁa:whole
volume.

The defegts prégent in large numbers.in:d:
p;ﬁétigalgﬁfdaf§?§9d~1atticé;are dislocations,
vagaricles and interstitial atoms; Bach of these
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defects has aigqr§, usually about oné atom across,

in which there are large stralns and Hooke's law

is not obeyed, and a surrounding gg;gag.f;ald,
in'which the stralns are smaller and Hooke's law

is obeyed. The contribution of the stress field
to ﬁhé thecrmoelectyrie power can be calculated by
estimating the mean change of density. The
gontribution made by the core of a defect is not

so easy to estimate, but it is likely that it 1s
of‘the.same sign as the contribution Lrom the stress
field, and prdbably smaller, because the core of the

defect. is small.

(1) Bdge dislocations

. Oalculations of the stress field of an edge
dislocation by Nabarro (1947) and Koehler (41941)
show that the incremse of denaity at any given point
above the slip plane is matched by an equal decrease
at‘the-eorrespondipg‘point-below the alipﬂplane.
Thus in first-order theory, edge dislocations

contribute nothing to the thermoeleectric power.

(11) Screw dislocations .
-The stress fleld of a serew dislocation is
entirely shear, to first order, so these also

contribute nétﬁiﬁg'to the thermoelectric power.




(141) Interstitial atoms

The siress field of an interstitial atom is
such that the density is everywhere increased, and
there is therefore s first-order contributién to the
themoelectric power. 'xf there are Ny interstitial
atoms per cc, the mean increase of density is mN,
and the thermoelectric power incrasases by KmNi ,-

where m 1is the mass of one atom.

~ (iv) vacancies

| Though a vacancy and an interstitial atom

neutralise each other if they diffuse together,

they are separately noit complementary in their effect

on the lattice, A vacancy produces a smaller effect

than an interstitial atom, because adjacent atoms

do not have to move to make roam for a vacaney.. %ﬁ
The obvious extreme analogy is that it creates very %
1ittle disorder if one hrick 1s removed from a brick

wall, but considerable disorder is produced by the

insertion of an extra brick, Ia this connection

it 48 important to note that the'density~change,

which appears in the thermoelectric equation

is the density-change produced by local elastic g
strains, and does not. include any change of magroscopic ;%

density due to the formation of voids. Thus it

,,,,,,,,
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eorresponds more 6 the ‘lattice strain measured’
by X-pay diffrvection, rather than to a-density

change memsuied by tffﬁ the ratio of the total
mass to the total vaiﬂmﬁq

It appears then thab an Interstitial atom

produces a larger’ tx”nmee;eutrio pawem.than»does4

a yacanoy or ong aﬁmwle_igth of dislecation, The
”r:depqngguanatne
‘three clésses of defect,

pbaerved thermoaledkwme pi

relative numbers of t;;aéqu
Fram Orussard's résults it is seen that the
sign of the plastic componert ‘of the therfoelsctric
power 18 opposite to that produced by elastic
tension. ‘This tharafﬁﬁe»correspdnds to &n'iﬁéreasé
of true density and thus may be attribduted to
interetitial atoms, ' Ve may estimite their number
by aaicﬁlating”ﬁﬁ'fﬁdmiﬁrubSard's results. A tensile

stress of 1 kg/mm ‘gives an elastic contributien
to the ’chér’rn‘bele‘et;;*ﬁgc power of =7 % 10° =10 volt/deg.

A b2 W
et RO ¥y @ «.._3.‘;‘».»’
2 SRy SNl Qs 8
Py S G

The change of abnSiﬁy'iﬁ

ap = <oV )s/Y = - 2,2 x 0% gnfec
where Y is Young's modulus and ¥ is Poisson's ratio.
Thus
&= OE/ap = 3,2 x 107° volts/deg per em/sc.

The mass of a cgppeﬁ:atﬁm:ie 1 xifﬁﬁg3 gm.
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At a plastic strain of 10% the thermoélectric power
is about 2.5 x 10™2 volt/deg. This gives

Ny = Ap/dm = ?3‘1018 por cG.

This shows reascnable agreement with Seitz’
(1952, p L6) rough estimate of 1.6 % 1013
or interstitials per cg.

vacancies

However, the fact that an interstitial atom is
surrounded by a stronger stress fleld than is a
vacaney, is 1tael:nansapgum§nt that feﬁar interstitial
atoms than vacancies will be forméd. The theory
outlined above can be criticised from thia viewpoint,

and further theoreitical and experimental information
ig desirable,

The change of thermoelegtric power after cozd'
working is not large, and in the present experiments
interest centres on the .change of thérmoelectric
power during the relatively small Bauschinger atrain‘
mhe usual method of measuring the change of |
ﬁhermoelectric'powar on ¢old working ls to measure

the e.mf, set up in a thermocouple consisting of
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the eolduworkad.metal and a standard metal, and at
the same time ta measure the tamperaﬁﬂre differenoa
with an 1ndnpanaent airauit. This method did:not
appear to offer sufficlent ageuracy, gg&%aova-nnil
méfhod ﬁas amplpyed, in whieh the thaﬁm§1 e, L,
of-fh& specimen‘ﬁéé’nﬂmﬁared with ‘the e;ﬁ@f. of &
standard thermochuple working between the ssimé
temperatires,

Views of the apparatus are shown in figures
506 end 507, and thé eircuit in figure 508. Thick
.egppafileaas":. are attached to the ends of a standard
spegimen ‘of 1/46" ‘wall thickness, forming the

gpecimén coupls Wwihess thiermoelectric power iwm deroted

By B, One endiof the specimen is heated
electrically, -and the other end cooled in-a current
of tap-watér. A o¢pper#¢nnstantan couple, the
1;;,;;§, is in thermal contact with
tne sPaaimén, ‘Althotigh ¢lectrically insulated from it.

temje]atu.eh_ou'j

When the galvanametehia- reads’ ZG?O; ‘then
RGRAR) rm |

For high aoeuracy it is impartant to aVoid
the effect éf ﬁtray thermal a.m.f, This can be
aahievea in aecardanaa with the follow1ng pvinoiples.

2B A




66..

(1) As far as possiblé the wholé circuit, apart
from the thermocouples, must be kept at one
temperature,. The room was therefore provided with
thermostatically controlled electric heaters, which
maintained the temperature uniform and constant to
400, i |

(11) fThe low~level loop (figure 508) comprising
Gy Ré, the specimen couple and the associsted
wiring, was constructed éntirely of copper, with
copper terminals at junctions, solder and other
metals belng completely excluded, Residual stray
~eum,fy in this loop is due to the copper in various
parts of this circuit being of different purity and
hardness; this stray e.m.fs may amount to more than
the change of e.mef. to be measured., The high-level
loop is less critical, and a manganin box is used
for Ry

(141) since stray e.mifs cannot be aveided it is
aéaentiél‘to keep it constant. Thig was achieved
by sdbatantihl laéging and therﬁal shieidigglpf all
important leads. and components, to give an estimated
thermal time'cbnsﬁanﬁ of at least 30 minutes. |

Y]
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(4v) switching is to be avolded in the low-level
clrcuit, as thisg introduces variable stray e.m.f,
Por this reason the setting of R, 1s chosen

beforehand, and balsnce obtained on R,.

(%) TIdeally the effect of stray e.m.f. could be
eliminated‘completely by finding a.value:for Ry

for which the galvanometer deflection is unchanged. .
ﬁh@n fhe temperature difference 1s.altered. This
method is not of use in the present experiments,
for two reasons. Firstly it takes about 10 minutes
for the specimen to settle down after & change of

| ﬂeéttinput, go 1t is unduly slow., Secondly, the
second-degree dependence of thermal e.m.f. on
temperature (e = at +»bt2) is different for the two
couples and 80 the value of R,fox balance is slightly
dependent on the tampérature difference, unless Eg

or the temperature difference is very small.

(Vi) The procedﬁre finally adopted was to find

a value of R, which was unchanged on simultaneous
reversal of 8, and S5. This eliminates stray e.m.f.
in R4y Rpy G and the associated wiring. S, is made
of annealed copper and is connected direct to the

specimen couple, these leads and S, being immersed




in & continuously=stirred oil«bath, 80 no stray
esmafs i8 anticﬁipﬁﬁad here, S=1 iz also made of
e.t’nne‘azlea‘ coppeﬁ,f and should introduce negligible
stray e.un.fs in the high level loop, No compensation
ié' provided for a‘hmzr‘ e¢s.Lo in the léeads from the
température coupleé to 51; and in the millivoltmeter
V 3 estimates of the magnitude of stray e.m.fs

here ghow that it may be neglected.

The galvanemété'v G is a Paschen gal#dnometer
with 3-ohm coils connected in serles-parallel, An
exxra'auxiliary Qéii~syatem was fitted to providé
an ‘additional control field, ta'rédnbé the
sensitivity without altering the positions of the
control magnets or switching in éxtra resistance
into the low level loop. This is very canveﬁient
when finding a rough balance. The sansativity was
usually 500 nnn/rv-af: An external voltage 'q:t; 041 puV
was aveilable' to check the sensitivity if desired.

The temperaturs difference of sbout 20 0@
aqﬁméé‘ th:é' spegimeixiéifﬁ;aﬁ'dbtained by heating one end
elégﬁpxcéily ana:¢g§iing the other with a stream
of ‘tap-@w;a'ter. The heat input was derived from the
: AQd¢ maing and waa»méintained nominally constant
with & constant=voltage transformeér, Slow variations

of up to * % degrée were however observed. These
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were attributed (1) to variations in the temperature
of the cooling water, coupled with the 10 minute
thermal inertia of the specimen, and (ii) to poor
frequency stability of the A.C. supply, impairing
the performance of the constant~voltage transformer,
As mentioned sbove; the balance value of Ry depends
slightly on the temperature differencé; a small
correction was therefore applied to take account

of the varlation of tempéerature.

The temperature couple junctions were soft
soldered, bent into the form shown in figure 509,
insulated with cellulose tape, pressed in contact
with the ends of the specimen by a pair of springy
copper hoops, and lagged with felt, Preliminary
tests had shown that this could record the
témperature difference neéross the specimen to an
accuracy of about Os1% .

The specimen couple was constructed by tightly
screwing two copper rods into threaded blind holes
drilled in the walls of the ends of the specimen,
as in figure 510. The assembly was annen1ed for
one hour at 980°C during which time the threads
at the junctions became firmly sintered together.

The lower ends of these rods were als¢ threaded,
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and carried copper terminals whiéh were conneoted

to 8, by a spiral of annealed copper wire. The

switch 8, the two spiral leads, and the lower ends
of the two rods were all immersed in an electrically
stirred oil-bath.

The specimen was plastically deformed by
application of 8 1éad 4o the rim of the wheel, W
(figure 506). The shespr strain was measured by
the telescope and sgale. T, and by the mirrors M
attached to the ends of the specimén.

v(e) Eﬁﬁﬂégm
(1) 1t was confinmad that in the elastic

range the thermaelaetria power-ia-tndapendent of'
w11

~ &hear stresa, within an - aacuracy of 7 x 10
'””VOit/dgg, up tb a shear stress of 700" kg/mm %
. [The thermoeiactric pawar produced by & tensile
stress of 700" kg/ﬁm gE usa x 10 11 volt/deg.
(Grussard 19&8)]

(11) Figure 511 shows the typical variation
of thqnmpeieptribﬁbﬁw5ﬁ during a Atreéss reversal,
The horizontal axis shows the total plastic strain.

The thermoelectrie¢ power was measured at six points




on each curve, corresponding to the points marked
in figure 512, The vertical line through each
.point indiéatea the experimental agouraoy.

V(£) DISOUSSION
| In figuke:511:it is seen that during the

Bauschinger strain from +6, to -6, there is

rélaﬁively small change in the thermcelectric

POWSY whéeh rises at the normal rate after -

is passed. This ié“taken to indicate that during

the Bauschinger strain there is 1ittls change in

the number of inﬁeratitial atama. Since these are

producsd by the intersection with a gorew dislocation

of leading dislocations of a slip avalanche, we argue

'that leading disloeations do not eut each. other

during the Bauschinger strain. In saction IV(b)

it was suggested that the magnitude of the Bauschinger
strain is what wag1d be expected if eaah'aislocation
moved a distance edqal to the,meén,aapar&tipn of the
dislocations present, or if groups of disloégtiona
moved a disiangq_aquél #o the mean agparation of the
groups, In such a.rearnéngemenx ne 1eading.
Qialcqaticns intersect sach pthér, whigh is what is

now suggested by the thermoelectric power measurements,
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. After the Bauschinger strain is camplete and the
stress @ pasnéd, the rate of generation of
interétittal atomégrises-to the value it had

before +6, was reachedi this implies that leading
dislocations are cutting each other as frequently

ag before.

A somewhat surprising eéxperimental observation
in figure 511 is that there is a small rise of
thermoelectric power on unloading from +6, to 0.
THisg effeét is feai and is invariably obsérved on
dggpading'after plastic deformation. . Ite origin
is at present unexplained, If at this polnt a:stress
less than +0, 4s applied, and unloaded, no change
of thermal e.m.f. 45 observed.

In the theory above, and in the theory of
electrical resistivity dlscussed by Seitz (1952),
no aeccount is taken of a possible contribution from
stecking faults due to gollapsed sheets of vacancies,
or to sheets produced from interstitial atoms., This
gontribution 18 at present being further econsidered,
Tt 15 likely to be 6f the same order of magnitude,
but somewhat smaller, than the centribution from
interstitial -atoms,

The accuragy: of the results is not ag high as
could be desireds; it is hoped to repeat these
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cbservations with & modified apparatus in the

near future,




.

Vi(a) INTRODUCTION

The primary purpose of this expériment was
to obtain some information on the Bauschinger
effect in a metal where twinning processes play
an essential part in the deformation, for comparison
and contrast with the results obtained with face-
centred cubic metals and especially with iron.
\ No stress~strain curves of the Bauschinger effect
in hexagonal metals have spparently beéen published.
The polar behaviour of twinning, however, makes it

extremely likely that a large effect would be
observed,

VI(b) EXEERIMENT

Specimens of* ‘gtandard form with 1/16 in.
wall thickness were madé up out of 99.98% pure
magnesium obteined from Messrs. Magnesium Elektron
Ltd. These were annealed at 300°C for 8 hours
in air, producing complete recrystallisation with a




N
Figure 601 Figure 602

Ball bearing prevents buckling

C+t

Figure 607

Stereographic projection
of magnesium single crystal.
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grain size of 220=g§%1§§%mmgc This temperature
wag chosen as being the highest at which surface
oxidation was negligible. Some preliminary
experiments with tin had shown that unless the
wall thickness-ofvthqzspecimen is very uniform
there is a tendency for the specimen to twist
about one of its generators rather than about 1its
axis, a8 shown in figure 60%, This form of
instability had not occurred in the experiments of
Part I. To prevent the possibility of this
behaviour the spécimens were fitted with & ball
bearing, as shown in figure 602,
Stress«strain curves with Bultablée reversals
of stress were then takerj these are shown in
figures 6@5~606. ‘In tWo of these expéeriments
notes were made of‘ﬁha amount of noise emitted by
the specimen when twinning occurs. These are noted
in figure 606. Oreep effects were very noticeable
whenever the strain rate was large, and contributed
up to 30% of the observed strain. Readings were
geénerally taken about 2 minutes afteor. . a stress

inerement, when the creep rate was falrly small.
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‘VI(e) DISCUSSION

| The results ghowh 1n.f1gufes 603+6 are
nqtably different from those given in Bection II.
Consider for example. figuré 605. Duping unloading
ai'tev a prior deformation to +s, , thé curve
resgmbleglthqsanof'quﬁaon IT in showing only
glight oqr#ﬁthré, an@?sgpgtantiqlly no. plastic
flows Small,negatiyﬁﬁéﬁréaggg produce apprecisble
defsrmation, whidﬁ‘{ﬁﬁbegsgs very rapldly beyond
a stress -6 , where ¢, <G, . The strain rate
here exceeds the strgin rate Just before +«ov, ,
but after a certain fufther»darohmapion in the
negative Qi.zfec.tioriz:fi‘%ﬁ'}j drops off to & value nearly
equal to the ngtqaugéfbefpge,-gda » . B2 curves
Obtained’by_removinguihé’ﬁegatiVé stresgaand
applying again é positive stress are quite unlike
those of Section II as}fpravided the negative strain
is not too large, ihéy show two steps; (figures 604
and 606), thelseednd of ‘which brings the specimen
back very nearly to the point +6‘ from which the
B1 curve originally sprang. A

These results are broadly intelligtble in

terms of the mechaniem of deformation. If a grain
in an aggrégate is o.defdm in a specified wey,
in gene?al five éiétincﬁfshehr systems are required




- (Taylor 1938), which means at least three active
shear planes. This condition may occasionally
be relaxed a little for a grain whose neighbours
have a favourable orieéntation (of Section III(a)).
In hexagonal metals slip takes place only on the
basal plane (0001), so that slip aloné is inadequate
to allow the aggrégate to da;armlw;%hauﬁiaavftation.
On. the'other hand;_tWinniﬁg.aﬁn oqﬁuﬁ'éh the 8ix
(19?2)leanes, in thé;six {467?] directions. If a
rod-shaped singlé‘cryétéiwisfanbjected to tension,
it can extend by twinning on any'(i07é),piane if 1ts
axis lies in’thezérégfﬁﬂof-ﬁhe steredgraphic projectim
of figure 6073 but if it is compressed, no twinning
. cai occur when 1t ' is in this orientation. The area
G:rapreéents.orieﬁtatiqna.in which twinning occurs
only during'comﬁrqssieﬂ; while the arvea ¢ + E
represents orientatipns'whgfe twinning cén occur
on at least one twin plane in tension and at least
one in compression,  'The areas ¢, I and ¢ + E of the
pole sphere are approximately egual. -Whus, in a
pclycrystalline,aggvégate with no preferred
orientation, about 1/3 of the grains will be unable
to deform by twinning if a specified unidirectional
stress is applied, If a single crystal ie twinned
by the application of a stress of suitdb1é-direction,
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it can be untwinned by a stress in the same direction
but with opposite sign; the same result presumably
applies to a' grain 1h‘an aggregate, |

‘Twinning gives extra shear planes which eﬂable
Paylor's condition to be satisfied., It is a
aisgontinuous process, leading to large locsal
stresses where twin lamellae meet grain boundaries ;
" these stresaseés must be relieved‘by’loéal'slip
(where possible) and by local twinning. The strain
‘energy assoclated with thece stresses 1s less if the
‘twin lamellae are numerous and narrow, rather than
‘few and broad; this is presumably one reason why
even heevy twinning may be invisible under microscopic
examination, though viéible-by X=ray diffraction
‘(Galnan and Tate 1951, Barrett and Haller 1946).
Simple twinning is able to give a maximum. sheap
of only 13% in magnesium, Further deformation can
take place by slip and secondary twinning within
the twin lamellae. 1In the present work the largest
strain was 16%, so it is not reckoned that these
secondary processes contribute greéatly here,

In view of the ¢omplexlity of the internal
stresses it is not poseible to give a full analyeis

of the present experimental results, These are




theréfore discussed merely from the point of view
of the contribution of twinning and untwinning
to the shape of the BY and B2 curves,

First of all it must be pointed out that
agymetry of the: B cu#ve will arise 1f the specimen
is initially anisotropie, Extruded magnesium rod
can be anisoﬁropicfﬁbn tenglon-compression along
its axisj ocohmidt (1933) found tensile and
c.@m_;preésive yield pointse of 2300 ana 1300 ke/cm®
régpactively in an unréeryétallised Elektron AZM
alloy« But In the present éxperiments.using‘tnrsibn
of a tube whose axis is the axls of the fibre texture,
this objection should not apply.

The positive direction of strese is defined
as the divection of stress first applied, producing
the prlor strain. Popitive stirain and pssifivo
twinning are strain and twinning taking place during
application of a positive stress. Positive untwinning
is the untwinning of a pésitive twin, and is produced
usually by & negative stress. Positive retwinning
1s tha ﬂétﬁinniﬁg of an untwinned p@sitiyg~tw1n,
produced by the re-application of a positive stress.

Along OAB in figure 605 deformation oseurs by
positive twinning and sccompanying slip, This
twinning takes place in about 2/3 of the total number
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of grains, the remaining 1/3 being in unfavourable
orientations. Some of these latter may deform

by slip, and near their edges there will in any case
be local slip and twinning to accommodate twinning

in adjacent grains. Along BO the deformation is
small and resembles the corresponding curve in the
cubic metals; in particular, BO can exceed 20A
without any clearly-defined yleld-point on it,
showing that Masing's theory is inapplicable here
also., No substantial untwinning occurs during
unloading. Along OD the plastic component of the
deformation increases until at D there is well-marked
vield where the strain rate dae/dcr increases
substantially, subsequently settling down to a smaller
value beyond E. The part 0D probably corresponds

to incipient twinning in a limited number of weak
grains. At D the stress is large enough to produce
twinning in all grains, and general plastic flow.

The strain rate along DE should exceed that along

AB for the following reasons,

(1) Along AB we have only positive twinning, which
occurs in only 2/3 of the grains. But slong DE
these 2/3 undergo positive untwinning while the
remaining 1/3 undergo negative twinning, both of
which contribute to the total strain. Other things
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veing equal, the strain rate along AB should be
a/é.bf that alonglnmg'

(ii) Along AB the, ’hard' grains, fenming 1/3

bf the total number, Will tend to '1qck‘ their
immediate neighbours and hinder thelr thenaion.
Thus the ratio of st;é@p_ra?éa shqﬁld be~i¢ss than
2/3 to 1, The ratio is not likely to be lees than
1/§,tq 1, BO We may‘take~ag &.mean vélﬁe i{é iq 1.

_The influence of textural stresses has: not
been caleulated, By analogy with section IV(b),
however, we may say that these probably cause
a 'rounding' of the yleld point at D; but do not
affect the strain rate along DE.

Untwinning is 8 limited process and must end
when all the twinned materisl is untwiﬁngd,A La&
t§a>priér strain be .#-ng Then, asstming that
223 of the B1<strain!iguéﬁtfibﬁt&ble-to untwinning,
é}furthen strain of - e5Za; Qozwill.qamplﬁte the
_untwinning process. - Thus-at a resultant strain
or -9 /2 the strain rate ehould be due solaly
*to negative twinning in 2/3 of the grains, mnd should
thérefore have the agme;value as along ABs This i&
shown in figure 605, cuf%e‘EF. Along BF the material

1s, to a first approximation, defonming exactly ag 1if
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1t had been subjected only to negative stresses,

A B2 curve springing from F therefore shows the

same Bauschinger effect as & B1 curve, the strain
rate along oH being neaprly dbublé that qioﬁgAQF,

and falling off towérd the value of EF at H, where
this partiecular test terminated. It is noteworthy
that the strain-amplitude of GH is only sbout 10%,
while on the évgumentlahcve it should be more like

1% X stréin~amp11tud¢<of OF; i.e, about 19%. Thise
diserepancy is probably due to the fact that OF

is slightly larger than the ‘maximum strain obtainable
in a single crystal by simple twinning. wé are here
moéeover'cbnaidering a'pélyer&stai, where many grains
will not be favourably ériented. Part of the étrain
OF must theréfo%é heLattiihuted to secondary slip
and twinning, end these apparently limit the strain
reqaveﬁable in the'farmféf“negative untwinning.

A Bomewhat différanﬁlﬁz curve springs from
pointe along DE (figire 60k, of also figure 606) .
Here paéitivb retﬁigniﬁg and negative untwinning
acénffalong.xa. This cannot exceed the positive
untwinning and'neghtivb twinning that occurred along
DJ, and so must give the same strain as DI, At L
the material is therefors internally in.the same

state as it was at 0, and s6 the stress-strain ourve
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rises till it péséés.tnraﬁgh ﬁ; and then continues
in prolongation of AB. |
znlaasqasing tnégﬁ@@éivationa of twinning noise
it is important to ﬁgté £hat the material adjecent
to the 3/8" dismeter pins, which trenemit the.terque
to the ends of the specimen, 1s 'stressed nearly as
highly &8 the reduced centre section, and also
un&érgaes>aome plastic deformation. This must
dontrfhutd to the nolse. ihus'it is only the absence
of noise that is here significant. The only region
in whish_ﬁonsidgrablevplaétio deformation occurs
ﬁiﬁh@ut twinning noisé is along KL (fiéunos 604 and
606) ‘and we may conclude that in thids région twinning
takes place by the formation of ‘very small twin
lamellae and their Steady growth, rather then by the
sudden twinning of relatively large volumes of metal.
In figure 603 1t ¥ill be noted that the negative
yield stress (P, Q an&?g§fph\thefﬁ% curve inereases,

the greater the prior straif. A similar effect is
géen in the B2 quﬁvﬁé~¢f'£;gnra 6064 (8; T and U).

According to Mesing's interpretation of ¢old Work
and the Bauschinger effect, the reverse yield stress
should decrease with increasing prior forward
dbﬁommaﬁion; Thus these results gre'in&onéisgant
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with Masihg's theory; but would accord with the idea

of the hardening of "-t,_héfiamce , due to the

aceumulation of”defﬁﬁﬁéfpﬁdducéa by'ﬁnﬁ-cald:woik.
The above éxp’ié;';éﬁién 4s plausible, but it

requires confirmation by other methods, such as

. microscopic observation or Xeray diffraction.

More experimental gtiess-sirain curves are desirable,

and inecluding éﬁhérthekagcnal"metals and tin,

These extensions are however outside the scope of

the present study, wnéae-pmme object was to show

the considerable difference betweén the Bauschinger

effect in hexagonal and cubie metals.
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the eiperimental results of Sache snd
Shbﬁi (1927) who fongd=a.Banschingef=afcht in
siﬁgie qrysﬁglé of 7Q2367a1pha brass wére at the
time regerded as exceptienal, and even in 1951
it was remarked by Seltz that "irregularitles
suqhngs the Bauschingér effect ... are not -
observéd'génerally;;ﬁigﬁysmaisn (seitz, 1952),

though in late 1951 he agreed. (private comminication)
‘that there appeéared to be noé experimental evidence
to support this statement. It would in fact be
sq@ﬁ#iéiﬁélif*aingla'arystalsfshowéd no Bauschinger
eﬁﬁ&ét, For with a sensitive extensometer limited
plagtic flow can be detécted mt the beginning of

the extension of & single orystal, at stresses

below the conventional yield point a§ measured

with a less sensitive:extenscmeter (Boas and Sohmid
1929)., If such behaviour is observed at the
beginning of plastic extension, ‘there seems no

particular neasbﬁ why some flow should not ocour
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Figure 701
Single crystal testing maghine
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ot a low stress during subseguent plastie
compression. It was therefore decided to
inventipate the Sauschinger elffect in single
orystals of a pube metal. Oadmium, Being the
least workehardening of the hexagonal metals,
was folt o be the motal of grestest intérest.
If a Beusehinger effect oould be cbserved in
oaamzﬁm,than a Baugchingor @ffact'akﬁﬁld also be
obgarvaed in the othdyr hexagonal matnls vhere
work«hardening 1s more agyérﬁnt, an&-e?en“mbra 80
in the cubic metals thove slip on several planes
15 possible.

Tublng the progress of this work n Bauschinger
effact hae been ﬁapgrtaﬁ in elngle crystals of
aluminium (Thompson 1954, private communication)
end magnesium (Weinberg 1952), so that the effect
does anpear to be goaneral,

Vii(h) ARRARAQU
Flgure 701 shows deteile of the testing
maehdne, The specifion i 1o soldeved ifite. the brass

blocke By B' whienh are fixed to-the stuel arms AA'.
Those are pivoted by & ball rece at R, Ho that when
a load is applied to either of the gords Og', the
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specimen is extended .or compressed. The block B
carries a pair of leaf springs LL' which press
a pair of needles NN' rngainst the sides of the
block B', These needles carry mirrors MM'.
Extension of the spécimen rotates the mirrors, and
the angle of rotation is measured with & telescope
and scale, The linear magnification is 6600, i.e,
an inerease in length of the specimen by 1 m causes
& change in scale reading of 6.6 mm, The strain
of the specimen can be measured to 002%.

The pressure of the. leaf springs LL' is
sufficient to exert s small restoring force on the

machine and thus to influence the accuracy of stress
measurement. These springs are therefore slightly
curved, so that when the blocks move apart the shape
and position of each spring does not change. Thus
the springs cannot commuxiicate elastic energy to the
machine and therefore éxert no resultant force. This
is ¢hecked before inéertiné a specimen., The residual
restoring force and the friction are negligible,

It must be noted that the block B' does not move
linecarly but rotates about the pivot BR. This means
that there is a small strain-difference sacross the

width of the specimen. At a mean strain of say 1%,
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the nominal strain vardes from 0,99 to 1.01%
aéréss the specimen. This.dirferénca is reckoned
to be negligible.

The design may be eriticised in that the
dgviae-meaaures the sum of the Bauschinger effect
in the specimen and in the solder which attaches
“the specimen to the'ﬁlbaka BB'. This is inevitdbla,
as: it is not possible to attach a senaitive
extensometer direct to & 1 mm dlameter single erystal,
L4 mm long. The layer of soldar i howdver relatively
'small in thickness and large in araa, and the strength
of the solder decidedly larger than the strength of
a Biﬁgle'diystal, and it is reckoned that the observed
éffect may be entirely éttribnted to the specimen,

VII(e) RESULTS
After several preliminary expériments two
. speciméens were finéliy tested under satisfactory
conditions, Limitéfibﬁs'af time have prevented
further measurements, but it ie reakaned that the

results indicate that a. welledefined Bauschinger
effect does occur.
The spécimens were both cut from the same single

erystal, caly, grown from Johnson Matthey "Specpure!
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cadmium. This orystal hed its slip plane at Lhe
~and its slip direction at N7 to the tension axis.
Consider rirst epeoimsn cdlb, whis was etressed
cyalically saveral times between,the 11m1ta as shown
in figune 702. The alxevnata loading curves are
denvted in seqnenaé~ﬁ&f1, 3; 5; etiCe, and the
unloading curves by 2, &, 6, etc. Figure 703 shows
the loading curves to larger scaié. Guera 2 and 3
togethér cerréapénd'tc7th3 B1 curve of scotion II.
The unlosding curves, 2, ki, eto, are linear and
elastic within experimental uncertalnty. The loading
curves 3, 5, ata.,~atéf?§§y simiiéﬁ'and'show a large
Bausahingér'strain; The axes of figures 702-5 are |
sealed in unita of resolved shelr stress and resolved
shear strain on the slip plane in'tha 81ip dlrection.

Specimen Gdha wag taken through the cycles
shovn in figures 70l and 705. Details of the stress-
strain curve were not measured during the prior strain,
curves 1 and 2, Ourvé 3 of figure 705 follows the
finite etrain of'cﬁrva\t,~ana is the same ae curves
3 to 11 of figure 703 rn'fiénra 705 curve 7 follows
the rather smaller strain of curve 5, and has a
Bauaahinger effect a iittle lees than nonmal. In the
same figure curve 5 follows the even smaller strain

of curve Sg'and~i£s Bauschinger strain is even less,




'Thue a p?ior sprqin of_@ndgr 0.5% is required to
develop the full Bauschinger effect or to delete
tnglﬂmemory" qf,a'prgvigﬁé_stpess reversal.
'_Kq‘signif;qance,is ﬁtﬁqchqd to the strain

Id;fférgnce béfweqn.thelﬁipsf loading curve 1 and
the,cuﬁveé_3,tol1i of.figure 703. 1t is extreﬁely
q;?ﬁfoult to be gug& that mount;ng the specimen
1ntr§duces_no plastic strain, slthough the process
Qf;ﬁélﬁering,tne,apqgimgn should help to anneal 1it.
,Moréﬁgxperimental.ev$dence:would’be1reqnirad'to
estéb;iéh that curve ﬁ is the truq,initial stresg~-

strain curve of virgin material.

VIII(d) ' DISCUSSION

- The results of the above observations show that
a Bauschinger effect is ¢observed in cadmium, and it
is tﬁerefore likely that theafect 1s a fundamental
.property of single crysitals of all metals.

Detailed discussion of the results is out of
place here as, the expefiments=did not cover a wide
enough range ‘of experimental conditions, It is
perhaps worth ﬁbserving'that.relative'to the yleld
8train the stréin assoclated with the. effect is

aboﬁt-three times larger than that observed: in
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'polyéryatéiliﬁé'cﬁbiéﬂmeﬁals (éectibn Ix §b6VQ),
though having the same geéneral character, It is
thus 1ikely that the theories put forward to
aceount for the effect in the cubic métals3"
(section Iv, abové) are~dlée‘to some extent

appliéable in the case of cadmium single crystals,
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Figure 801

Vertical illuminator
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VIiI(a) VERTIOAL TLLUMINATC 4 |
- There being no vertical illuminator avail-
able for microphotography in the department, one

was ¢onstructed &s shown in figure 801. It is
related to the Beck<Wrighton illuminator, but

has one or two points of difference. The L5°

glass slipy, A, 1s placed near the eyepiecé instead
of just above the objective. Belng thus near the
primary image rather than near. the objective, the
optical quality of the glase slip is gquite uneritical.,
This arrangament,alau.allawa;tha 1liuminator field
stop, B, (whose image in the 45° glass slip is to
coincide with the eyepiece fisld stop, 0) to be
brpught ¢lose to the body of the microsgope without
the use of an aﬁxiliaﬁy'iens. The 1ighteaonrce is

a 12 volt 2l watt car lamp inclined to the horizontal
to glve a source approximately 2 mm square. The
condensing lens at the illuminator fileld etop, B,
forme an image of the source on the bagk of the
objective, 3uét £i1ling 1ts entry-pupil, D, The
lamp~housing is totally enclosed. It 1g fitted with
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cooling fins ana'ia-égngacteﬁ'te7tha'microscope
by a bakellite tube which s an effective thermsl
inéumatav,‘ The Incident light is permanently plane
 §$$&$¢35d7by-a sheet of Polaroid at P« An analysing
'ﬁ%iarbid'eén"be’piaead*abové~the eyeplece.

with this type of illuminator the photographic

~exposure is independent of the focal lengthe of the
wdﬁﬁeﬁtive and eyepiéce and depends only on the area
Q@ the field on the photographic plate snd the
§efleeting power of the specimen, Withs netal of
high reflecting power, such as magnesium, an
expéaure of 2 seconds is adequate using Process
plates and a field 3 inches in dlsmetor. For visual
work & resistance in sgeprieés with the lamp reduces
7thﬁ brightﬁess.

The flurnace described here wag constructed
“4o. produce single grystals by the travelling furnace
method (Andrade 1937 )« ‘the exact adjustment of the
furnace temperature in the conventional Andrade design
is ﬁéﬁally found t¢ be somewhat eriticel, This is

due to several fagtors, The chief of these is that

the temperature gradient in the specimen is.




Ring seal Drive Cover

Moving furnace Grooved plate

Figure 802
Single crystal furnace




ccnaidarably reduced.beeause the epeaimen is of
erelatively high thﬁrmal conductivity and is |
sgparated from the furnace élement by the silica
wéil off the controlled atmosphere enéiaanre‘Which
is of rélativ.ely*lipw aonaizétivny. Bési'aés"«v this,
-ithe heat loss from the speoiman oceurs principally
from the pides of tha speciman5 and the temperature
| gradian& behind the.moving-furna359 and the
temperature distribution; vary with the position
off the furnace along £hé,léngth of fgg gspecimeén,
£t was raékqned,that thesé difficu;ﬁies ﬁight be
overcome (1) by ?ﬁttingithe travelling furnace
'ihé&de'the contrélled‘aﬁmosphere tiube rather than
outside, snd (i1) by growing the erystals not in
silica quill tubes but in grooves on a metal plate
extending well beyond the ends of thé ¢ryatﬁls,

so that heat can be conducted away equally well,
whatever the position of the furnace relative to
the speécimen.

These principles were embodied in thc furnace
shown in figure 802, ' The Ffurnace has not een
extensively teated;vbut it does produce: ductile
erystals of tin and cadmiiim,. >Figuré§863fshbﬁsvthef

temperature distribution” deduoéd‘by platting the
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Figure 803

Temperature distribution in furnace
A - near mid-point
B = near one end
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-hempéraﬁupe of a fixed poinit in a spéQImQﬁfas‘thb
mbvingufdnnace travela‘paét;'»eurVe A 18- the
diatribut;on:when‘ﬁhétﬂdrﬁace is near the mid=point
of & Bpeeimen 18 om., 1long,; and curve -B when it is
‘neab one ends ' The température gradient ia about
Lo deg/em for at leatst 2 om on eithén side of the
peék. The temperature'disﬁtfbutibn does not wvary
much. with,position of . ﬁhe furnace, and the peak

temperature changes- by only B8%.’
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