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in Alpha Brass 

Clarence 1. Newton 
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The Bausch in ger effect in alpha brass, specifically t he loweri ng of the y ield strengt h in 
t he direction opposite to t he preceding plast ic deformation, was studied by an examination 
of both tens ile and compressive elastic limits measured at the quarter-cycle stages throughout 
a co mplete cycle of uniaxial plastic strain of one percent a mpli t ude. X-ray measurements of 
axia l residual directed microstresses indicated that t he latter could be correlated w ith the 
decrease of t he elastic limit measured in the direction opposite to t he preceding deformation 
only at the first quarter-cycle of deformation. After 3 quarter-cycles t he axial residual 
stress was always tensile r egardless of t he direction of previous deformation; whereas t he 
elastic li mits continue to s ilow strong direction ality. 

1 . Introduction 

AlLhough i t is nearly 80 years Sin ce Bausch
inger [1)1 first reported t be effect which may be 
described very broadly ftS the anisotropic moclificft
tion of the plastic properties of ft metftl specim en 
that has undergone a, preceding plasLic deform ation, 
a simple quantitative explftnltLion for the phenom e
non has not yeL been estltblished. Perhaps the 
most co mmon aspect of this effect is the raisin g of the 
yield strengLh of ft plltsticltlly deformed metallic 
specimen in the direction of previous deform ation 
and the lowering of Lhe ~' i cld sLrengLh in the oppo
site or reverse direcLion. The ba i of an explanation 
often advanced for t his ph enom enon is the dif
ference in degree of susceptibili ty to slip in differ
ently oriented crystltl grains or regions of differing 
hardness within the specimen [2]. This inhom og
eniety of slip is though t to give rise to ft system of 
residultl in ternal stresses upon release of t he de
forming load; and, upon reltpplication of 10ltd, th ese 
residual stresses presum ably modify the exterllltl 
stress req u ired for yielding. 

R esidual stresses in metals can be calculated from 
measurements obtained by means of X-ray diffrac
tion [3]. If the stresses are random in sign and 
magnitude in the diffracting material, the X-ray 
diffraction lines are observed to be broadened ; if 
the stresses are nonrandom, the peak of the line 
will be shifted. This latter effect, the change in 
Bragg angle of diffraction after plastic deformation 
of a specimen, implies a nonzero net stress in the 
diffracting material , which is usually observed to 
be of such a sign as to oppose the prior deformation. 
S. L . Smith and W. A. Wood [4] observed such 
residual stresses by mcltns of X-rays and believed 
them to be relit ted to the Bauschinger effect. 

R ecently a detailed qllantitative study was made 
of this type of residufl.l "oriented mierostress" and 
its relation to the Bauschinger effect by B . M . 
Rovinskiy and V. M. Sinay kiy [5] . These experi
menters worked wi th three gro ups of specimens of 

1 Figures in brackets indicate the literature references at the end of this paper. 

40X steel (Russian designation), each group having 
had a differen t thermal or strain-raLe history. The 
specimen, after haVing been annealed, were com
pressed uniaxially by diffcrE'llt amounts, ranging 
from 0. 30 percent to 1.46 percent. Although the 
au t hors do not give detltils of their X-my procedures, 
they state that back-reflection X-ray patterns of the 
(3 10) spacing (using cobalt radiation) fl.fter these 
pre tra ins enabled them to calculate the residual 
micros tress, O'n , in each ca e. The direction of (fn 

is no t specified, but it is presumod to be axial. The 
conventional 0.2 percent yiold strengths in com
pression and in tension were t hen determin ed, and 
the difference, D.O', between t hem was obtained for 
each degree of prestrain. Both the yield strength 
difference and the residual stress were round to go 
through it mn,ximum at a dcCormi'. tion neal' 1 percent. 
The value or prestrain tbltt resulted in these imul
taneo us mlt}..imums near 1 percent depended on the 
thermal and stra in-mte history or the specimen. 
The mtio of O'n to D. O' was found to differ rrom one 
group of specimens to ano ther, bu t to vary by only 
a few percent wi thin a group. These au thors 
observed that this ratio, in most cases somewhat 
greater than uni ty, was comparable to that observed 
for the ratio of the X-ray stress, measured on a 
specimen under load, to the appli ed mechanical 
stress. They concluded that, if one keeps in mind 
the coefficient of correspondence between stresses 
determined by X-ray Itnd mechanical methods, one 
can predict the magnitude of the redu ction of the 
yield strength during reversed loading of a specimen 
from the size of the r esidual orien ted microstress 
observed with X-rays. Thus the Bauschinger effect 
after uniaxial plastic dcCorm.ation is, acco rding to 
this picture, the result of t he estfl.0lishment of a 
residual oriented mi crostrcss t ha t can be summed 
with the macrostress creltted by Lhe external load. 
Or, in equation form, 

where (fA is the yield streng th of the annealed mate·· 
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rial, ITo IS the yield strength observed in t he reverse 
direction after a plastic deformation of the speci
men, ex is constant nearly equal to uni ty, and ITR is 
the orIented axial residual microstress mellsured by 
X-ray diffraction. Or, from another viewpoint, the 
reduction of the yield strength is 

Since the residual stresses in a specimen are balanced 
internally by s tresses of the opposite sign, there is a 
fur ther corollary implicit in this model , tha t is, that 
the region or crystals that support the additive stress 
observed by means of X-rays is that same region in 
which plastic flow first begins, thus det€rmining the 
yield strength. 

This ar ticle on the Bauschinger effect by Ro
vinskiy and Sinaysk:iy was of sufficient interest that 
it was decided to investigate the Bauschinger effec t 
and the state of residual stress at appropriate s tages 
in specimens that had undergone a complete cycle of 
plastic deformation, unlike those of Rovinskiy and 
Sina~Tskiy, which had been plastically deformed in 
one direction only. 

2. Experimenta l Material, Procedure t and 
Results 

When a metal specimen containing a residu al 
internal stress system is sectioned, i t is assum ed that 
at the exposed surface the stress component normal 
to the surface vanishes and the components of stress 
parallel to the surface are not affected. A few 
years ago an X-ray study of resid ual stresses on 
various sec tions of plastically deformed iron b.v 
C. J . Newton and H. C. Vacher [7] ~Tielded results 
consistent with this long-held h.vpothesis. The 
procedure in that study employed an X-ray beam 
normally incident on the sections of t he specim en 
with the diffraction pattern recorded 011 photographic 
film . The observed lattice spacin g was cornpa,red 
with that of the annealed material. A similar pro
cedure was used in this study of sections of alpha 
brass specimens, except that the diffracted X-rays 
were detected by means of a diffractometer (counter) 
technique instead of by film. 

The alpha (Cu = 70, Zn = 30, Pb< 0.07 percent) 
brass specimens which served both for elastic limit 
measurement and for X-ray residual stress measure
ments, were machin ed from 1 by % in. bars, to be 7H 
in. long with a gage length of n~ in . and a reduced 
section measuring 0.625 by 0.373 in. X-ray examina
t ion indicated no appreciable preferred orientatiou 
in the material. Th e plastic extension was per
formed on a hydraulic testing machin e using Templin 
grips, the plastic compression was made possible by 
careful machining of the ends of the specimens and 
by the use of massive steel guides around the speci
men undergoing compression. During the course of 
interrupted straining, resistance wire strain gages 
were used to follow the amount of strain. The 
routine of the mechanical testing and strain measure
ments, along with a discussion of th e difficulties that 

sometimes arise when one attemp ts to measure very 
small permanent sets, and h ence elastic limits, with 
resistance gages, has been previously reported [8]. 
The elastic limit was taken to be the stress required 
to give the specimen a permanent set of 2 X I O- 5, al:; 
indicated by gages not previously subj ected to large 
plastic strains. 

The values of the limit for various condi tions of the 
brass specimens are listed in table 1. It is difficult 
to specify precisely the reliability of these values, 
most of which are the average of several observations. 
The precision of the testing machine is high , but 
varia tions from one specimen to another may be 
large. A reasonable estimate of average un certain ty 
migh t be about ± 1 X 103 psi. 

TABLE 1. Elasltc limits and oriented residual stresses 

Plastic deformation state of specim en Elastic limits in 103 psi 

Net plastic CUIll. plas- In COIU-
Description prestJ'ain tic prc- In tension pression 

(%) strain (%) 

Annealed 0 0 14 13 

Positive cycle (lnitial deformation extension) 

E + 1 1 J5 3 
E - C 0 2 4 16 

E- C- C- - 1 3 5 20 
E- C- C- E 0 4 20 3 

Negative cycle (initial deformation compression) 

C 
C- E 

C- E- E
C- E- E- C 

- I 
o 

+ 1 
o 

E~ Extended plastically 1%. 
C~Compresscc1 plasticall y 1%. 

4 16 
17 3 

Axial 
residual 
stress in 

103 psi 

(Reference 
zero) . 

-9 
+2 
+5 
+7 

+8 
-3 
+4 
+8 

Average uncertaillty approximatel y ± IX103 psi. 
Ditrerent specimens were used for the X-ray residu al stress measurements 

(last column) than " 'cre used lor the elastic limit c1eterminatiolls. 

One can see in table 1 that essen tially symmetrical 
results of elastic limits with respect to plastic exten
sion or compression were obtained when the direc
t ions of limit determination and prestrain are taken 
into account. The effect of plastic deformation was 
to raise sli gh tly the elastic limi t measured in the same 
direction as the deformation and to lower by a large 
amount the limit measured in the opposite direction ; 
this is in accord with the Bauschinger effec t. !iVhen 
a second plastic deformation. r ever sed in direction, 
was made, the elastic limits were affected by roughly 
the same amounts relative to the values pertaining 
to the original material in the annealed state, but 
reversed in direction . Thi s demonstrated that it is 
the direction of the immediately preceding deforma 
tion that is of major importance with regard to the 
elastic limits . The third step in the positive cycle 
of plastic deformation, at a minus 1 percent net 
strain , showed a small increase in both tensile and 
compressive elastic limi ts. And finally, the last 
step of the cycle, an extension of 1 percent to reverse 
the net strain to zero, resulted in a strong reversal 
of the elastic limits, as expected. 
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Elastic limit determinations were made during 
only the first two steps in the negative cycle of de
formation, since the results "vere obviously syrnmetri
cal with those of the positive cycle. 

Longitudinal and crosssections were cu t from the 
reduced sections of new test specimens at q uartel"
cycle stages of one complete cycle each of po it ive 
and negative 1 percent plastic cleformatioll. The 
sections were mountcd without heat in a,crylic eemenL 
and carefully mechanically polished, electro-polished, 
and etched until all surface disturbance was removed . 
The X-ray diffraction measurements were made on a 
commercial horizontal diffractometer with cobalL 
KO'I characteristic radiation, using a proportional 
counter as a cletector. Each specimen was con
tinuously rotated about an axis normal to its surface 
in order to bring more grai.ns into diffracting position. 
The position of the peak of the (400) line, near the 
20 diffraction angle of 153°, was determined by the 
analytical method of three-point parabola fitting of 
D . P. Koistinen and R. E. Marburger [9], as described 
in the AE Information R eporL TR- 182 [10]. Cor
rections were made in the intensit~r aL each poin t for 
the LorenLz and polarization factors, and all value 
of the caJculated Bragg angle were corrected for 
specimen temperature variation. The precision of 
peak determina tion was approximatly ± 0.02° 
in 20 . 

The value of the crystal la ttice spacing observed 
normal to Lhe surface of a given section compared to 
that of the annealed material enabled one Lo calcu
late the sum of the principal stresses parallel to Lhe 
surface of the section. Becau e of the unia.xi.al 
manner of deformation, it was assumed tJtat one 
principal sLress (TA. was axial in the specimen and 
two equal principal stresses, each (TT , were at right 
angles to the axis. H ence, meas urements on the 
cross section yielded a value, 2(TT, twice the trans
verse stress, and those on the lm'1gitudinal section 
yielded ((TA + (TT), t he sum of the axial stress plus Lhe 
transverse s tress. Therefore, the ax ial residual 
stress was calculated for each pre-strn,in condition 
by subtracting one-Imlf the sum of the s tresses found 
in the cross section from the sum of the stresses found 
on the longitudinal section . That is, (T A = ( (T A + (TT )

~~ (2(TT)' The resulting values of axial residual 
stress are listed in table 1. Because of the involved 
nature of the calculation and the many possible 
sources of error, only an estimate of average un
certainty, ± 1 X 10 3 psi , is expressed as a measure of 
precision of the results. 

The behavior here again shows a kind of symmet r~r 
between the cycle of plastic deformation begun wi th 
an axial extension and the cycle begun with axial 
compression . After the first 1 percen t plastic de
formation , a residual axial stress is observed that is 
opposite in sign from the deformation; that is to say, 
after extension , a residual compressive stress is 
observed, and , after com pre sion , a residual tensile 
stress is observed . That is the common behavior 
that has often been reported. After the second 
quarter s tep in the deformation cycles, the observed 
stress, though smaller in magnitud e, has reversed 
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sign so that it continues to be directed opposite to the 
deformation. After the third and fourth quartet' 
steps, however, the residual stress i tensile in all 
cases, regardless of direction of deformaLion. This 
behavior is shown graphieally in fi gure 1. 

These residual stresses, resulting in ~t ('h~U1ge in lile 
X-ray difl'rac tion peak position , arc orien ted micro
stresses, indicating a nonzero average component of 
s tress present in the coherently diffracting material 
of many grains of the specimen in the X-ray beam . 
Another type of microstress , in which the residual 
s tresses may be random in magnitude and sign as 
one goes from grain to grain , results in a broadening 
of the diffraction line. Two other factors in the 
specimen may increase line breadth: random micro
stress that varies within each grain (micros tress of 
the "third kind," as it is sometimes called) and very 
small particle size. Previous study of individual 
diffraction spots on stationary film patterns made 
with a monochromatic misorientation goniometer 
[6], using some of the same specimens, however, 
revealed that neither of these factors were signirican t 
under the conditions of Lhis investigation. 

Line breadth measurements were made on the 
(400 ) diffracLion line of the brass using cobalL K O'[ 
radiation, employing the diffractometer with a 3° 
beam slit, a 0.1° receiving slit, Soller sli.ts, scanning 
rate of 0.2° per min, rate meter time constal lt of 
8 sec, recording chart speed of 0.4 in . pel' min, and 
specimen spinner in usc. Sillce the 0'1 - 0'2 doublet 
was not fully resolved in these paLterns, one-half 
Lhe bread t h of the low-angle side of the 0'[ line was 
mcasUl"ed at half-peale intensiLy and multiplied by 
two . :NIeasUl"ements on the cross and longitudinal 
sections of a specimen wme very nearly equal and 
\vere averaged togeLher. The observed bmadth was 
con ected for instrumental broadening by Lhe method 
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described by H. P. Klug and L. E . Alexander [11] 
for high-angle diffractometer lines. The maximum 
random micros tress, without regard to sign, is given , 
according to B. D. CuUi ty [12], by 

E 
UMx= 4 tan 8 ({3) 

where UAh is the maximum random tensile or com
pressive microstress , E is Young's modulus of the 
material, ~ is the Bragg angle of diffraction, and 
f} is the corrected line breadth. The values of {3 and 
UMx are to be found in table 2. The precision in {3 is 
estimated to be about ± 0.05° , which is refiected- as 
an uncertainty of ± 0.7 X 103 psi in UMx. 

It is apparent that the maximum random micro
stress is of the same order of magnitude as the 
residual directed microstresses. One may also see 
that there is no significant difference in the random 
stress level in the annealed specimen and those of 
the first two quarter steps of both the deformation 
cycles, after which the stresses rise markedly. 

3. Discussion 

The essential conclusion of Rovinskiy and Sinay-
skiy was that the Bauschinger effect can be explained 
by summing the residual directed micros tress, de
termined by X-ray diffraction, with the externally 
applied macros tress to accoun t for the lowered elastic 
limit measured in the direction opposite to a preced· 
ing plastic deformation (which we shall call the "re· 
vcrse elastic limit"). The results of this study 
clearly demonstrate that this conclusion cannot with 
validity be extended to those cases where the im
mediately preceding deformation has itself been pre-
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FIGURE 2. Decrease in elastic limit and axial oriented reszdual 
stress versus cumulative plastic strain through one com plete 
cycle of deformation. 

uA= Elastic limit of annealed materi al. 
u, =Elast ic limit observed in reverse direction after deform ation . 
uR= Axial oriented residnal microstress measured by X -ray diffraction . 

ceded by a plastic deformation in the opposite direc
tion. This inequali ty of the residual stress and the 
decrease of the reverse elastic limit, flu , beyond the 
first quarter-cycle is presented graphically in figure 2, 
where both quantities are plotted against the cumula
tive strain . Throughout at least the first four 
quarter-cycle steps of a cycle of deformation, the 
Bauschinger effect, as can be seen in tablCl I, depends 
to a very high degree upon only the immediately 
precClding: deformation. The effect of earlier de
formations seems to be merely to increase slightly 
the difference between the forward and reverse elastic 
limits . An entirely dlfIerent situation exists with re
gard to the X-ray deternuned residual axial stresses. 
As can be seen in table 1 and figure 2, only the first 
quarter-cycle shows an ax'ial residual stress that ap
proximates the Bauschinger decrease in reverse elas
tic limit. The residual stress at the second quarter
cycle, + 2 X 103 psi, agrees in sign but not in ma,gni
tude with the decrease, + lO X 103 psi, in the limit. 
Clearly something other than the immediately pre
ceding deformation is beginning to have an important 
effect. After the third and fourth quarter-cycles of 
deformation, the direction effect of the immediately 
preceding deformation is increasingly maslu,d by 
this cumulative factor. At this point, specimens in 
the positive cycle and the negative cycle are indis
tinguishable on the basis of the ax ial residual stresses 
observed, whereas the Bauschinger effect, that is, 
the directionality in elastic limit, is undiminished. 

The validi ty of the various methods of calculating 
residual stresses fronl X-ray measurements continues 
to be open to some question. A new approach has 
recently been used by D. M. Vasil'ev [13 ,14] to com
pute the internal stress system from measurements 
on sections. He aSS Llmes as usual that the str ess 
components lying in the plane of the cut are not af
fected by the cu t. He does not make the usual as
sumption, however, that the component normal to 
the surface of the cut is relaxed to zero; but rather 
that, in the equations rehLting strain to stresses in 
this region reached by X-rays, it appears multiplied 
Dy a factor k, to be evaluated, which lies between 
zero and one. He computes k from data obtained 
from additional X -ray nleasurCl11ents. His resulting 
vo lues of k vary typica lly from 0.2 in the case of 
aluminum (99.99 percent pure) examined with Cr 
Ka radiation to 0.7 in the case of Fe3C examined 
with Cr Ka radiation. A surprising result of his 
measurements and calculations is that all principal 
stresses, both axial and transvers<', after either uni
axial extension or compression, are always compres
sive. This is obviously in conflict with the usuall'e
sult that the residual aXIal stress is opposite to the 
direction of deformation, as was used by Rovinskiy 
and Sin::tyskiy for the bosis of their explanation of 
the Bauschinger effect. It is also in confli ct with 
our result that, after cyclic axial deformation, the 
residual axial stress becomes tensile regardless of the 
direction of the last axial deformation. 

No attempt was made in this study to evaluate ;Is 
by the somewhat complex procedure of multIple in
clined incidence X-ray exposures of Vasil'<w. How
ever, calculations were mode of the axial stresses 
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using a k of 0.4, Vasil'ev's value for copper wi th 
cobalt radiation. These ealculations yielded results 
containing coth tensile ttnd compressive stres es, at 
least qualitatively sim ilar to tho e obtfiined by the 
accepted procedure and listed ill Lable l. These 
newel" vfilues were not added to the table, however, 
because they dJd not secm to f\.dd apprecif\.bJy to Lhe 
results already presen ted, and, moreover, tllere docs 
not appear to be adequate evidence thf\.t the value of 
0.4 used for k was more nef\.rly correct than the usual 
value zero. 

'While the directed residuf\.l stresses seem gradually 
to lose any relationship wi th the clastic limi ts n.s the 
plastic st.rain cycle passes the three-qUinter mark, 
the values of the mf\.ximum random microstrcss cal
culf\.ted from diffraction line bref\.d th measuremcnts 
nnd listed in table 2 show f\. 11 abrup t change after the 
third qUf\.rter step in the dcJormation cycle. Since 
no such mf\.rkcd change in Lhe Btl.Uschinger e:f\'ect is 
observed f\.t this point, it seems clear that the tttter, 
at least in the cyclic case, is the r esult of some fn.ctor 
or factors other tban ei t her of these types of micro
stresses revealed by X-ray diR'racLion. 

TABLE 2. R esults oJ line breadth 
measurements 

]~ Ia stic 
condition of 

specimen 

Corrected 
line brcadLh 

f3 (2!J0 ) 

lVI £I X. randolll 
microstross 

uM.c (103 psi) 
---------1·---
Arulcaled 0. 35 5. 2 

P ositive cycle of deform ation 

Jl 
E-C 

E-C-C 
J,-C- C- E 

0. 30 
. 3.\ 
.50 
. 55 

4.5 
5. 2 
7.5 
8. 2 

N egative cycle of dcfonnalion 

C 
C-E 

C- E- E 
C- Jl-E- C 

0. 35 
.35 
. 50 
.50 

5. 2 
5. 2 
7.5 
7. 5 

E = oxtcndcd 1%. C=comprcsscd 1%. 
A vcrare uncertainty in fJ approximately 

± O.05°. 
A verago uncertainty in u.iVfx approximately 

±O.7 X l 03 psi. 

It may be that the Rovinskiy and Sinayskiy 
model of the part played by the oriented micros tress 
is correct for the first deformation of an annealed 
material ; but that, as the material is subjected to 
fmther strain of a cyclic nature, another type of 
residual stress arises that is always tensile in char
acter and increasing, perhaps asympot icall?, in 
magnitude, while that. associated with the Bau
schinger effect is outweighed or masked, after t he 
third quarter stage, altogether. Tile r ise of this 
conjectural new type of re idual sL res is also in.d i
cated at this point in the cycle by the increase in 
line broadening. The Bauschinger effect, in the 
meantime, is not affected at all; tbe elastic limi ts 
are as strongly directional at the end of a cycle of 
d formation as at the beginning. One must con-

elude, therefore, that an explanation of the Bau
schinger effect that is valid in all cases must he 
based on some model other than the additive action 
of those types of residual micro t re LhaL arc 
revealed by X-ray diffraction eft"ects of peak shif t. 
or broadening. 

The plastic properties of metals in ge neml Hre 
being explained with increasing success on Lil e basis 
of the dislocation theory of behavior as exemplifi ed 
in the work of A. H. Cottrell [15], N. F . M otL [16], 
and many otbers. Some applicat.ion of the theo r~r 
has been made to the problem of the mechani m 
of the Bauschinger effect, as for example in the work 
of R. L. Wooley [17] and that of S. N. Buckley and 
K . M . Entwistle [18]. A critical review of Lhe e 
theories is beyond the scope of this paper; it appears, 
however, that there docs not yet seem to be a theory 
sufficiently complete to enable one to predict quanLi
tatively the behavior of the forward and reverse 
elastic limits of a cyclically deformed polycrystalline 
pecimen such as used in this study. No doubt t he 

complexiLy of the physical situation in experiments 
such as thi.s with polycrystalline brass is such Lhat 
it would be difficul t, if not impossible, to apply 
dislocation theory quantitatively and with rigor. 
It has been suggested Lhat the Bauschinger cfl"ect 
is a result of the nonsymmetry of the sLress potential 
associated with a dislocation arrangement after 
Rov;, as, for example, arising from a pile-up against 
obstacles on Lhe ;lip plane or from the in tcracLion 
of other dislocations on parallel slip planes. If 
this is true,Lhe ela tic sLresses in the crystal lattice 
would probably be quite localized, on the scale of 
perhaps 102 or 103 inLeraLomic distance ; whereas 
the stresses associaLed wiLh X-nty measurements are 
averaged over much larger dimensions. Even if 
the to::>l of X-ray micros tress measurement were 
sufficiently sensitive to reveal the nf\.tw-e of f\. localized 
dislocation configumtion after an initial deformaLion 
of the order of 1 percent, it should probably not 
be smprising Lhat th is information would become 
masked by more gross structural effects and would 
cef\.se to be a major conLributor Lo the X -ray mic1'o
stress af ter the cumulative eA'ects of reversed plastic 
strain past the middle of a strain cycle became 
important in the specimen. 

4. Summary and Conclusions 

The principal experimental facts reported in this 
study may be summarized ns follows: 

(a) The elastic limits indicated a strong Bau
schinger effect in alp ha brass throughout a complete 
cycle of axial plastic deformation of 1 percent 
amplitude. 

(b) There was no marke::l Chf\.llge in Lhe effect as 
the cycle progresses ; only a slight hardening was 
apparent. 

(c) The axial oriented resid ual micros tress was 
not additive to the applied stress to account for 
the Bauschinger effect in the latter part of the 
cycle; in fact , after the thircl-quf\.l"ter sta~e, t~e 
micros tress appears always to become posltlve 111 

sign (tensile). 
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(d) The random maximum micros tress (X-ray 
line broadening) remains near the value found in 
the annealed material until it exhibits a marked 
char:-ge at the three-quarter cycle condition of the 
specnnen. 

These facts point to the following conclusions: 
(a) The effect of the cyclic deformation on the 

elastic limits seems to require two mechanisms (at 
least): one to account for the forward limit hardening; 
a second to account for the large reduction of the 
reverse limit. N either mechanism would appear 
to be strongly affected by the cumulative strftin of 
one complete cycle of 1 percent amplitude of plastic 
deformation . 

(b) Since both the oriented and the maximum ran
dom micros tresses measured by X-ray techniques 
show a markeel chftnge in chftracter ftfter three
quarters of 11 cycle of deformation while the Bausch
inger effect does not, they arc not directly related to 
the Bauschinger effect, at least under these conditions 
of reversed plastic deformation . 

(c) The cyclic uniaxial working of this materiftl 
leads to a residual stress in the axittl direction . 
Determined by X-ray diffraction, this is a positive 
(tensile ) stress. 

The author ftcknowledges the cooperation of 
colleagues at the National Bureau of Standards who 
made significant co ntribu tions to this investigation: 
in particular, H . C. Vftcher, who supplied valuable 
assistance in the plftnning stage, E . Escalante, who 
assisted in the measurements of elastic limits, and 
P . D. Sarmiento, who assisted in the preparation of 
specimens for X -ray diffraction examination. 
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