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SUMMARY 

The effect of p re s t rdn  i n  tension upon the  stress-strain char- 
acter is t ics  i n  compression have been studied f o r  copper and brass. 
The residual  stress phenomenon h o r n  86 the Bauschinger effect  2s 
of primary lrnportkce in cyclic loading, inasmuch as it serves t o  
reduce the  yield  strength of  plastically  strained metal to deflor- 
mation of the opposite sign. 

Compression testing of copper prestrained in tension various 
amounts yielded the following results: The Bmschinger effect 
developed at very small prestrains was essentially independent of 
prestrain and disappeared mer the strain i n  the subsequent corn- 
pression  test exceeded 8 = 0.01. Tensi le  prestraFn weakened the 
material i n  subsequent compression and affected  the shape of the 
stress-strain curve obtained. 

An examination of the  effect of s t ress   re l ief  annealing on the 
Bauschinger effect in copper and three brass a l l o y s  a l l  pres t r a ind  
i n  tension S = 0.01 yielded the following  results: For copper, 
annealing raised  the compression yield strength and lowered the 
tensile yield stre-h approximately  equal m u n t s .  For the  brasses, 
annealing raised  the compression field  strengths 8 large amount but 
made l i t t l e  change i n   t h e  tension yfeld strengths. 

Investigation of cubically a l f n d  and isotropic copper demon- 
st rated  that   the  residual stresses  responsible  for  the Bauschinger 
effect are intragranular. 

The stress-straln  properties of 8, given  engine component may 
be  considerably  influenced by the previous  plastic-deformation 
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history. This history  includes  the deformations  received during 
forming and any deformations produced by loading conditions  during 
ear l ier  operation. Loading under operating  conditions may result  
i n  plastic  strain a$ pohts of stress concentration  or because of 
the combined effects of time and temperature. Loading conditions 
may change during the  operating  cycle and in  some cases  the  direc- 
tion of l o a m  may be reversed. Such cyclic changes in  the loading 
conditions that result i n  plastic f low cause a continuous change i n  
the  yield  strength of the  material and the  general shape of i t s  
stress-strain curve. 

One of the phenomena associated  xith  repeated  loading is the 
Bauschinger effect, first observed i n  1881 with  iron. If a metal 
is strained  plastically  in  tension  or compression, the  yield  strength 
i n  subsequent defomt ion  of the opposite  sign is  reduced. 

The explanation o f t h e  Bauachinger effect   comnly accepted 
until recently was advanced  by  Masing  and Mauksch (references 1 to 4) 
and w a s  concerned with the  anisotropy and varying orientation of 
the individual grains in a polycrystalline spectmen. According t o  
their  theory, if  a polycrystalline specimen is given some plastic 
s t ra in  in  tension and then unloaded, a balanced system of stresses 
will exist between the g r a i n s  because the varying yleld  strengths 
of.the  different grains will have allowed some to  flow plastically 
more than  others.  After unloading, the g r a i n s  that have flowed the 
greatest amounts plastfcally have residual compressfve stressea  that 
result in and are balanced by residual  tensile  stresses  in  the  other 
grains. Because  of the  residual  stresses,  the specimen w i l l  then 
require a lower external  load  in compression to cause plastic flow. . 

This resrdual stress explanation will account f o r  practically 
all of the  difference in  yield  strengths between tension and com- 
pression tests of plastically  prestrained specimens. There is, 
hovever, a small component of this  difference  in  yield  strengths 
wfiich is not a residual stress phenomenon although it always has been, 
and will be i n  this report,  referred t o  as 'Bauschinger effect. This 
component is associated with the  fact  that  prestrain  in  tension 
actually weakens material in  aubsequent compression. In other words, 
the  tensile  prestmin  affects  the  height which the subsequent com- 
pression  stress-strain curve attains in relation  to the virgin curvee. 
Ffore will be said about this effect  later  in  the  report  but it is 
important at th i s  poFnt t o  realize that the  entire  difference between 
tension and compression yield  strengths of tensile  prestrained 
specimens is not due t o  residual stresses  but  that an additional 
effect is operating. 
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Zener (reference 5) has pointed  out  that one cannot  speak of 
residua2 stresses between grains because the deformation i n  any 
one grain is not uniform and homogenous. He attributes  the phe- 
nomenon to the  residual  shear  stresses that exist between the slip 
bands and the elaatic matrix i n  a s t rdned  specimen. As evidence 
i n  support of his  eewpoint, he cites  the fact that Sachs and 
Shoji  (reference 6 )  observed the Bauschinger e f fec t   in  single crys- 
tals of brass. The fact that  their   crystals were rather  badly 
segregated may, however, have influenced  the results. 

Although the Bauschinger effect  first observed in 1881, 
systemic 5nvestigations of  the nature of the  present one have been 
few. 

In genera1,previous experiments are incomplete i n  .the following 
respects: (1) The influence of s t ra in  hardening wa8 not eliminated. 
A single specimen was carried through a number of crcles of tension 
and compression srith intermediate anneals  (references I, 2, and 6:  
and the  yield  strengths were conpared from cycle t o  cycle. I n  this 
case  the f ie ld strengths were influenced by %he entire previous 
history and not o n l y  the  preceding  cycle. (2)  No attempts were 
made to   se lec t  a metal having identical f l o w  curyes i n  tension and 
i~ ccmpression. (3) The effects of a o y i n g  addittons were not 
determined3 and ( 4 )  the presence or absence of the  effect in sfngle 
crystals has not been definitely established. 

The present experiments serve to  further  clarify soae of the 
phenomena associated  with  repeated loading. The variation of 
Bauschinger effect with prestrain to high prestrains has been exam- 
fned for copper, for  which the flow  curves in tension and congression 
agreed t o  within +3 percent or  better. Thbr relationship between the 
flow curves af ter   prestrs in  to the virgin curves was examined. 

Ekperiments were performed t o  determine the  effect of stress 
relief annealing on the subsequent tension and comgression curves 
f o r  I percent tensile  prestrained specimens. Copper and three 
brass a l loys  were investiga-bed t o  study the.effects of composition 
on the Bauschinger effect  and on its remval. 

Zener's hSTpothesis,  which explains the Bauschinger effect  i n  
single  crystals  by,attributing it to residual shear stresses between 
s l i p  bands and the  adjacent  elastic material, was investigated i n  
the following fashion.  Klingler and Sachs (reference 7 )  have shown 
that  logitudinal and transverse  spechens  cut from cold-rolled  sheet 
exhibit  differences in  yield strengths similar to  the Bauschinger 
effect. Specimens taken  transverse to the  direction of prestrafn 
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have reduced yield  strengths  in  tefiion  just 88 i f  they had been ri 
longitudinal specimens tested i n  compression. This effect is 
analogous t o  the Bauachinger effect and w i l l  be referred  to a8 
such, but i n  quotation marks t o  differentiate it from the  dif-  
ference in behavior between tension and  corrrpression. Both phe- 
nomena are believed t o  have the saue causes. Commercial  isotropic 
copper and 100-percent cubically alined copper sheet were both 
examined for  the existence of this "€!auschinger effect" and t o  
determine i f  the  extent t o  which It was exhibited  Uffered  for the 
two materials. The cubically alined copper ia similar t o  a 
single  crystal i n  th& all the grains have the same orientation, 
thus removing the  possibility of residual  intergrslrular  stresses 
due 'GO differences in  orientation. Thus, if this  material  exhibits 
the "Bauschinger effect" t o  the same degree as isotropic copper, it 
w K L l  have been demonstrated that the  residual  stresses exist on a 
scale intragrmular rather tha;n intergranular. 

(D 

-@ 

The experiments performed fall under three headings: (1) The 
variation of Bauschinger effect wtth prastrain, (2)  the effect of 
heat treatment and composttion upon the Bauschfnger effect, and 
(3) the "Bawchinger effect" in cubically alin& copper shset. 

Variation of Bauschinger effect with preetrain. - For thie phase 
of the  investigation, specimens  were cut from a 3/4-inch cold-rolled 
bar of electrolytic tough pitch copper (99.90 percent Cu) . The button- 
head type of specimen employed is i l lustrated i n  figure 1. The 
reduced section in the center provided by the 2-inch radius served 
two purposes. It restricted  the maximum stress and strain t o  the 
center of the specimen  where all s t r h  readings were taken and it 
allowed higher e t ra lns  t o  be  reached i n  compression without buckling. 
It has been shown that  the effect-of such 8. large radius on the 
stress  state can be neglected (fig.  19 of reference 8 ) .  

All specimens were annealed at 1000° F f o r  45 minutes after 
machining. Tension and compression tes t s  were carried out on a 
120,000 pound h-ydraulic tensile machine. Axiality of loading i n  
tenslon  testing was achieved thr- the use of a specially deaigned 
fixture similar t o  one used by Sacha (reference 9) . This fixture 
insured that at the beginning of the  test  the load axis was not mre 
than 0.0005 inch removed from the specimen axi~. Strains were com- 
puted from change of diameter readAnge obtained  with a mechanical 
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radial gage i l lus t ra ted   in  figure 2. A m i n i m u m  diameter change of  - 0.00025 inch could be  aetermined over a t o t a l  range of 0.024 inch. 
This change corresponds t o  a minimum longitudinal  strain 6 

h) of 0.0017 and a maximum longitudinal  strain 6 of 0.17 in tensioa z for a specimen having an or ig ina l  diameter of 0.300 inch. Strains 
greater  than  this value were measured with  point micrometers. P 

Data were plotted  in  the form of true  stress-natural  strain 
curves. The true stress Q was computed as the load divided by 
the instantaneous area and the natural  strain 6 BS 2 loge 7 
where is the  original area and d is the  instantaneous area. 
Stress-strain curves w e r e  obtained for  the  annealedmaterial i n  
tension and i n  compression. 

a0 

Specimens  were prestrained i n  tension  varlous anrounts and then 
tes ted   in  compression t o  examine the  effect  of tensile prestrain on 
the flow properties in compression. For tensile  prestrains  greater 
than 6 = 0.16, the  height-to-diameter ratio o f  the  prestrained 
spechen was such that buckling would have occurred ear ly   in   the 
subsequent compression tes t .  For this reason a section with height- 
to-diameter ra t io  of about 2 was cut  out of the  prestrttined specimen 
for  compression testlng. 

The effect  of heat  treatment and composition on BEauschinger 
effect. - The effect of s t ress  relief' annealing after tensile  pre- 
strain on the stress-strain curves i n  tension and compression was 
investigated. The desideratum in t h i s  case was t o  anneal at a tem- 
perature and for  8 perfod of tlme that would relieve  the stresses 
responsible for the BEbuschinger effect  but would cause no recrys- 
tall ization. For th i s  reason the  tensile  prestrain was kept small, 
1 percent, so that the  recrystallization temperature would be 
relatively high. A c t u a l l y ,  complete s t reas   ra l ief  and no recrys- 
ta l l izat ion is impossible to obtain; 8 treatment w a s  selected that 
must closely  approxdted this cmditfon. It was felt that   the 
separation i n  temperature  ranges between s t ress  relief ma recrys- 
ta l l izat ion would be greater f o r  alloys than for relatively pure 
materials. For this reason and to determine the  effect of 
alloying elements on the Bauschinger effect,  three  different brass 
alloys, 70-30 (Cartridge brass), 70-30 (leaded), and 604 (pihzntz 

, metal), were investigated fn addition t o  the electrolytic copper. 
Th€s series of al loys gave a rmge  in  structures from the rel- 
atively pure  copper, t o  the solid  solutions of zinc i n  copper with 
and without a dispersed  soft second phase of lead, to the two phased 
a + p *  60-40 Iylurrtz metal. 
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The  leaded 70-30 .bras8 and the Muntz metal specimens W e r e  
cut from 3/4-inch-aiameter  cold-rolled  bars and annealed  at 1000° F 
for 3/4 hour after  machining.  The  Cartridge  brass  specimens  were 
machined f r o m  slugs cut  from an annealed U / l S  -inch-thick  plate uith 
the  longitudinal  axis of the  specimen in the  rolling  direction. 

For this  phase of the  investigation,  it was desfrable  to w e  a 
mre sensitive  strain-measuring  device than the  mechanical radial 
gage (fig. 2). Two different  gages  were  employed,  the Huggen- 
berger  gage  for  the  experiments- on copper  and for the experbents 
on the brasses, an extensometer of the 0. S. Peters  type  using a 
selsyn system to draw autographic  load-elongation  curves. The 
Huggenberger gage measures elongations  to a Renaitivity of 
50 x lom6 inch in a 1-inch  gage length. Four times  this  sensitivity 
can  easily  be  obtained  by  estlmating  between  gage marks. The 
sensitivity of the  Peters  gage x&8 80 x 10-6 inch.in a 1-inch  gage 
length. 

The specimens used  for  these  experiments  were  cylindrical  to 
allow  the  use of the  extensometers  described.  Analogous  dimensions 
were the  same as those  illustrated in figure 1 except  for  the 
dlameter of the  gage  section,  which for copper specimens  was 
0.550 inch  and  for  brass  specinens wa8 0.250 inch. 

... 

For each of the four materials  investigated a series of at 
least Pour sFecfmens  were  prestrained 1 percent in tension. Of 
the four specWn8, m e  w a s  Frmneaiately  retested in tensfon,  one 
in  compression,  and  the  other two were  stress  relief  annealed  after 
which one w&6 tested in tension and one in compression.  The  series 
of four curves  obtained  indicated  the  effect of the  stress  relief 
anneal on the  tension and compression  curves.  The  brasses  were 
stress  relief  annealed at 4800 F f o r  7 hours and  the  copper  at 
SO00 F for 10 hours. For the  latter,  the  effect of extending  the 
annealing  time to I!& hours w a s  also investigated. 

2 

Investigatfon of' ''Ekuachinger  effect" in cubically  alined 
copper. - AB was pointed out previously,  it was desired  to  throw 
f'urther light on the  subject. of the Buschigger effect in single 
crystals.  .The  0.032-inch-thick,  annealed,  100-percent  cubically 
alined copper sheet-med in this phaee of the investigation is 
comparable  to a single  crystal in that all the  crystals  have a 
(100) plane  parallel to the rolling plane and a (OOQ axis parallel 
to the  rolling  direction.  The  behavior of this sheet was compared 
to the behavbr of D r d i n a r y  commercial  copper  sheet  0.03Pinch  thick 
in  order  to  determine  the  difference in "Bauschinger  effect." 
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The specimens employed were 3 inches long and 0.5 inch wide 
with no reduced section. Gripping was accomplished with Temp1i1.1 
sheet grips. 

Autographic load-elongation curves were obta-lned with a gage, 
similar t o  the  Peters gage discussed in the  preceding  section, 
sensitive t o  125 x 10-6 inch in 1-inch gage length, The gage 
was mounted on the edge of the specimen. Strains greater than 
12 percent were read w t t h  dividers and a acale t o  an accuracy of 
0 -01 inch. 

The virgin longitudinal and transverse  tensile curves were 
obtained for the  cubicallyalined ana for  t h e  ieotropic copper 
sheet, Following this, an 18-inch by 3-inch s t r ip  of each was 
pulled 10 percent. From these  prestrained  sheets,  3-inch by 
0.5-inch specimens were cut in longitudinal and transverse direc- 
t i o m  ma tested i n  tension. 

Variation of Bauschinger effect with prestrain. - W e  stress- 
natural strain curves for the annealed copper i n  tension and com- 
pression  are p lo t ted  i n  figure 3. (DO shown i a - a  corrected com- 
pression CUI.VB, which will be diecussed later.) The m e  &re 
average  curves of several  tension and compression tes t s .  It can 
be seen that   the  compression curve lies slightly higher  than  the 
tension curve up t o  e str- of about 8 = 0.175 but that 
position is reversed a;bove t h i s  strain.  

The fact   that  the compression curve f o r  copper is higher than 
the tension curve has been previously reported (mrk done by L u d m  
and Scheu, and Taylor and Wmey  referred t o  on p .  69 of refer- 
ence lo). This work also showed that the relationship is 
reversed i f  the  strain becomes sufficiently large, and this reversel 
we,s attrtbuted to the strengthening effect of necking. The present 
investigation, however, reveals clearly that the two curves cross 
each other at a s t ra in  of roughly 17 percent, caneiderably below 
the necking strain, which is about 40 percent for copper. 

A t  very smal l  strains  the  stress-strain curve i n  compression L i e s  
approximately 5 percent higher than the tension curve, but the strain 
hardening in c o ~ r e s s i o n  becomes gradually less than that in  tension. 
It could be  expected that the strafn hardening should decrease fas te r  
with s t ra in  In compression than i n  tension  because of the fol lowhg 
considerations: The hdividual crystals  in a polycrystalline specfmen 



rotate during deformation thus causing  strengthening by raising  the 
net  stress on the croBs section necesscwy t o  reach the c r i t i ca l  
resolved shear stress on the s l ip  plane. This rotation is respon- 
sible f o r  the  preferred  orientation assumed by crystals i n  deformed 
metals, which I s  called texture. The texture obtained in compression 
is different  frorathat  obtained in tension and consequently the con- 
tribution of the rotation t o  the  strengthening is different in the 
two cases. The evidence for  the forego- ideas l a  peeented In 
the f olloxing paragraphs. 

For polycrystalline copper Ono has shown that the grains 
approach a texture i n  tension where primarily the - direction 
of the crystaL l a t t i ce  graduslly becomes coincident utth the  direc- 
tion of tensian, whereas the texture in campression oaneists of a 
[no) - direction being parallel  t o  the direction of compression. 
This relationshlp probably applies t o  a l l  face-centered cubic metals 
and has been demonstrated for aluminum by Sachs and Schiebold (ref - 
erence U) and for  brass by Helrnana  and S a c b  (reference 12) . The 
referenced work on copper and aluminum has been s e i z e d  by Sachs 
(reference 13). 

?Furthemre,  experiments on face-centered  cubic  single  crystds, 
primarily for  aluminum (reference 14) but also exbended to  brass 
(references 15 and 16) and copper (reference 1 7 )  , have definitely 
Shawn that the field strength of crystals in terms a€' the c r i t i ca l  
resolved shear S~ZWSE is a constant value. Consequently, the tenaile 
field strength varies depending on the angle between the d i p  eystem 
and the direction of the applied st ress  or on the orientaticm af the 
crystal. In psrticular, it is found that the (111) - orientation 
requires close t o  50-percent more applied stress to produce slip than 
the [UO] - orientatian. The general relatimehips found fo r  
orientation dependenoe of properties aF single crystale aleo apply 
to polycrystall ine copper, a s  demonstrated f o r  rsheet with a highly 
preferred orientation (work d m  by Fahrenhorat, Matthaes, and 
Schmid referenced on p. 317 of reference 18, Czoohraleki ' e work 
referenced an pp. 129-130 of reference 18, and reference 19). 

Thus, the mmt  of strain hardening produced by deformation of 
a polycrystalline metal should depend on the  texture developed. If 
this  preferred  orientation posseeses a comparatively high yfelil  strength, 
then  the  stress  required t o  produce plastic flow i n  a given poly- 
crystalline metal depends on the strain hardening and on 'the deforma- 
tion  texture developed. If rates cxf strain baraening a m  comibrea 
equal, the stre8a-sbd.n C- w i l l  be steeper for the stronger text-. 
It is believed that %hi8 i s  th0 e x p a t i o n  for the apgearancee C$ the 
tension and cmpression curves yulesentea in  figure 3. 
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As a measure of the Bauschinger effect, a ra t io  can be formed 
of the yield  strength in compression af ter  tensile prestrafn t o  
the f l o w  stress at the same strain i n  conq?res~ion assuming that the 
prestrsin had also been i n  compression. For the denominator of t h i s  
ra t io  it would be incorrect to use the  actually observed compression 
curve  inasmcla 8s the prestrain of the actual  spechen was in tension 
and had therefore 8 higher  degree of strengthening due t o  rotation of 
the s l i p  directions into the  stress axis. For this reason, a cor- 
rected compreseion curve having the same  amount of strengthening as 
tension due to s l i p  direction rotation was determined. A* small 
strains (0.005 t o  0.01), where the  rotation is negligible,  the com- 
pression  curve is higher than the  tension curve by about 4.1 per- 
cent. This amount vas assumed to be the  percentage by which the 
conpression  curye should l i e  higher than the tenslon curve if' there 
were no difference in deformation texture between tension and com- 
pression. A corrected compression curve w85 thus determined which 
was always higher than the  tension curve by this  4 .I percent. This 
curve is also shown in  figure 3. 

Stress-strain curves for specimens tested in tension and in 
compression a f te r  a tensile  prestrain of 8 = 0.046 are shown i n  
figure 4. The curves i l l u s t r a t e  t h e  EauschFnger effect, the yield 
strength in compression being considerably lower than tha t  i n  
tension. Also shown is the  portion of the  corrected  virgin corn- 
pression  curve  beginning at a strain of 8 = 0.046. In  the present 
investigation  the Bebuschinger effect at any arbitrary plast ic   s t ra in  
is defined in  the following fashion: An elast ic  modulus l ine  is  
drawn a t  an offset equsl to the arbitrary s t ra in   in  question. The 
ratio of the stresses at the intersectfons of this l ine with the 
subsequent compression curve sad the  virgin  corrected compression 
curve is the Bauschinger effect at t h i s  strain. Referring to f ig -  
ure 4, the Bauschfnger effect at 0.001 plastic strain is the ratio 
of the  stress at the point A to the stress at the point B. Points A 
and B are the  intersections of the subsequent compression t e s t  and 
the  corrected virgin compression curve with the  elastic modulus l ine 
drawn a t  B L ~  offset  of 6 = 0.001. This line has a slope of 
ll.2 x 106, which is the  transverse modulus corresponding to a lon- 
gitudinal modulus of 17 x 106 and Poisson's ratio of 0.33, which values 
were taken from the  l i terature.  It should be noted that  the lower 
this  ratio,  the  greater the Bauschfnger effect. 

It can be seen from figure 4 that the  tension and compression 
curves af ter  tensile  prestrain converge after a straFn of 6 = 0.01 
indicating  that  the  residual  stresses  responsible f o r  the Bauschinger 
effect (or, aa discussed previously,  the largest part of t h e  
Bauschinger effect,which i s  due to residual stresses) do not affect 
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the flow properties beyond th i s  
further illustrated i n  figure 5 
plotted aga,inst natural plastic 

amouIlt of 
where the 
s t ra in  i n  

strain. This effect  is 
Bauschinger effect  i s  
the subsequent compresaion 

test f o r   a f f e r e n t   d u e t 3  of tensile  prestrain. It is evident 
f r o m  this plot that for  any prestrain the above ra t io  reaches a 
nearly  constant  value  near  unity  after the strain in the subsequeKt 
compression t e s t  reaches  approximately 8 = 0.01. "he attainment 
of this constant  value is an indication that, as expected, the 
Bauschinger effect is no longer  influencing  the flow characteristics. 
A value of unity for the ordinate of th i s  plot would indicate 
coincidence of the flow stresses in the actual subsequent conrpression 
t e s t  with the  corrected v i rg in  compression curye. It should be noted 
that 88 the  prestrain  increases, the limiting  value of the ordinate 
reached  decreases. This effect vill be aiscussed in more detail 
later in the  report. 

The variation of Bauschinger effect at 0.001 plastic strsin 
with prestrain is plotted  in  figure 6. St  can be 8een that  the 
ra t io  expressing the magn5tude of the Bauschinger effect, which must 
be unity f o r  0 p e t r a i n ,  drops t o  a value of about 0.74 at very -13. 
prestraina, under 6 = 0.005, and remains nearly  constant even t o  
s-txains beyond necking. 

A s-le model that explains  the appearance of the tension and 
compression curves after tensile  prestrain is presented i n  figure 7 .  
Assume a specimen made up of crystals  exhibiting no st rain hardening 
which  have two different yield strengkhs, their individual stress- 
st rain curves i n  tension being OBC atrd OAK. (Although it will be 
demonstrated  Later i n  the report that the  stresses  responsible for 
the Bauschinger effect  are  intragraaular,  the concept of strong and 
weak crgrstds is a convenient analog fo r  uae tn this model.) It is  
assumed that the f low curves fn virgin compression and tension are 
identka l .  The average s t r e s s - s t r ah  curve for the specimen will 
then be OAEZ. The .t;eneian and campeesim c m s  for a specimen 
loaded In tension to the pint D and unloaded are lloy oansidemd. 
At t h i s  point the s w a g  cryeta18 will ham undergone no plastic flow 
whereaa the weak crystals w i l l  have floved p las t i ca l ly  an amount AJ. 
The former w i l l  unload along the   l ine SO and the l a t t e r  along the 
l ine  JN. In the unloaded condition or  at average 0 stress,  the 
strong  crystals will now have a residual  tensile  strees of LM and 
the weak crysta ls  a residual compressive stress of MN. If the 
specimen i a  now reloaded in tension  Further plast ic  flow will occur 
at the point D in the weak crystals and the point E in the strong 
crystals. The resultant curve w i l l  be M#Ez. The curve that will 
be obtalned in caqwessian is ~scrw examined.  The specimen will load 
along the  line MP with the strong cryetals l a d i n g  alcmg the 
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line LQ. The  weak  crystals wfll f l o w  plastically when their  stress 
reaches the point T or at an average  stress of P and the strong 
crystals when %heir  stress  reaches the point U or at an average 
stress R. The  resultlag curve will be MPR or, transposed to 
the tension quadrant for comparison w i t h  the tsnsion curve, "Z. 
Thus, the  yield  point  is  lower fn compression than in tension by 
the  difference in stresses  at D a& H and the curves converge 
at the point F exactly like the experimentally  determfned  curves 
in figure 4. 

If the  prestrain  is  increased.  from D to V then the curves 
obtained in subsequent  tension  asd  compression are YXVZ and YXGZ, 
respectively. In this case the,Bauschinger effect  is larger thbn for 
the smaller  prestrsin. The magnitude of the  Bauschinger  effect is a 
function of the length of the m e  SJ, wh€ch  determines  the magnitude 
of the residual  stresses  after unloading. The  length of SJ increases 
88 -tihe prestrain  increases to the point E a f t e r  uhich its length 
is constant. This  point  occurs at very s a  prestrains, name-; as 
soon as a l l  the crystals are flowing plastically. The variation  of 
Bauschinger  effect wLth prestrain  observed in figure  6 is ~IJ conformity 
with the behavior deduced f r o m  the model. 

It  should be noted  that it is not necessary to assme ideal 
plasticity for the model to explain the  experimentally  observed  effects. 
It is on ly  necessary  that the stress values for the strong and the 
weak  cryptals differ  by the same percentage at any strain after plastic 
fielding for the magnitude of the residual  stresses to be constant 
with prestrain  after unloading. 

The relationship of the flow curve in subsequent compression a f t e r  
various  tensile  prestrains t o  the virgin  corrected  compression  curve 
is  illustrated in figure 8. Several interesting  observations can 
be made  from  this plot. The effect of prior tensile  strain  weakens 
the  material fn subsequent  compression 88 compared to  the stress 
U c h  it would  be  expected to sustain for the sane strain in virgin 
comp?ession. This effect increases with increasing prestrain. In 
order to determine the e t u d e  of the effect a plot (fig. 91 wae 
made showing flow curves having stress  values 0.98, 0.96, 0.94, 0.92, 
and 0.90 of the corrected  compression  curve. This plot was laid over 
a plot Uke figure 8 and the compression m e  from figure 9 which 
was tangent t o  the actual  compressfon  curve after prestrrtFn was deter- 
TeFned. For example, the acixal compression  curve  obtained after a 
tensile  prestrain  of 6 = 0.24 is plotted in figure 9. The  reduced 
corrected  compression  curve  tangent to the curve for the prestrained 
specimen has a value  of 0.91. These values, which are  arbitrarily 
called  tangency factors, are plotted agaLnst prestrafn-In figure 10. 
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It can be  seen that the  tensile  prestrain  influences  the subsequent 
compression flow curve in this. respect at a rate which decreases 
with increasing  prestrain. For prestralne  greater than 6 = 0.30 
%he tangency factor remains practically  constant. 

Observations can be made f r o m  figure 8 a lso  concerning the 
influence of tensile p r e s t r a b  on the rate  of strain hardening in  
subsequent compression. A t  prestrains less than 8 = 0.15 *the 
subsequent  conqression  curves have the same general shape as virgin 
curves.  For prestrains exceeding 0.15 the initial past of the stress- 
s t ra in  curve has a region of low slope. The slope rises  progressively 
with further  strain and eventually becomes approximately parallel  to  
the virgin compression curve. This i n i t i a l  nearly  horizontal  portion 
of the  stress-strsin curve8 is aimllar t0 the "yield point effect" 
observed i n  mild steel. 

The effect of heat  treatment and composition on Bauschinger 
effect. - The results of the experiments t o  determine the effect of 
stress rel ief  annealing and composition on the &-anger  effect 
after a tensile  westrain of' 8 = 0.01 =e presented in idealized farm 
in  f igum 11 and 88 experimentally  determined in  f igurse 12 (a), 12 (b), 
12(c), and 12(d). In the  follawing analysis it has been assumed that 
the  orientation  effect mentioned previously is negligible at the small 
prestrains. For the ideal cBse where there is oomplete s t ress   re l ief  
and no recrystallization,  strain aging, orwther extraneous effects, 
behavior such 88 depicted.1n curve E of figure 11; might  be expected. 
The tension and compression c m e s  af te r  stress relief annealing would 
be coincident and l i e  midway between the unannealed tension and com- 
pression o w e s .  A r q  residual stress not removed by the  heat  treatment * 
would cause a proportionate upward dieplacement' of' the  tension c m e  
and a daKarard displmement of the compression curve from this midway 
position (curves C and F of f ig.  11). This is the behavior exhibited 
bg the copper (fig. =(a)). A heat treatment of 10 hours at 5000 F hae 
ralsed the canpression  curve and lowered the  tension c m e  from the 
curves of the tmheat-treated specimens approximately equal amounta. 
Unfortunately, the me of higher temperatures or longer time8 t o  elimi- 
nate more of the residual etress would result in structural changes 
other than stre88 relief becauae khese processes are cmcurrent. It 
can be seen frm this  figure that &ending the annealing time t o  
1% hours lowered the  tension c m e   a t  higher strains. This effect is 
probably due t o  structural changes other than s t ress   re l ief  which 
occurred i n  t h i o  tfme. 

1 

The behavior of the brass alloys was somewhat different from 
the copper. If st rain aging  has  occurred  during the etress  relief 

c 
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annealing  then  the  positions of both the  tension and compression 
curves f o r  the  stress relief annealed specimens will have been 
raised 88 shown i n  figure II. It is assumed in  the schematic 
represenkation of figure IIthat the strain aging is of such small  
magnitude that only the  early pa r t  of the  stress-strain curve Is 
e e c t e d .  Examination of figures 1 2  (b) , E(c) ,  and 12 (d)  reveals 
khat the behavior of the  brasses conforms with the conceptions  pre- 
sented in figure 11: These figures show that the stress to cause 
yielding is nearly  the same for  the  tension specimene and for the 
specimens stress re l ief  annealed  followed by tension or  compression. 
The residual  stresses were almost completely  eliminated by the stress 
relief anneel; the amount of st ress  remaining in  each cam is indioated 
by the  difference between curves C and D. The Bmouat of str& q#ng 
is represented by the  dffference between the average of curves C and 
D and the average of curves A and B. Strain aging has probably influ- 
enced all previously  published data on the Bauschinger effect i n  
brass. The behavior of all the  brass alloys is slml.l&r, indicating 
l i t t l e  ef'fect of composition wlthin the range studfed .  Whatever 
differences were observed were probably due t o  experimental scatter 
and t o  differences in amount of strain aging. 

Investigation of BauschFnger effect  in  cubically alined 
copper. - Stress-strain curves fo r  isotropic and cubically dined 
copper sheet8 in the annealed condition are presented in figures 13(8) 
and 13(b). Curves w e r e  obtained f o r  specimens cut  longitudinal and 
transverse to the rollflag direction. It can be seen that there is 
practically no difference fn the   s t ress -s t rah  relatian between 
the two directions. 

It will be recalled that the object of this phase of the 
investigation was t o  determine if isotropic and cubically dined 
copper possessed the 8- 8moullt of "Bauschinger effect," wkich in 
this case is the  difference in longitudinal and transverse yie ld  
strength f o r  longitudinally prestrained specimens. Plotted i n  
figures 14(a) and 14(b) are the curves  obtained f o r  longitudinal and 
transverse specimens cut from isotropic and cubfcally alined copper 
sheets which had been prestrained 10 percent. It can be seen that 
f o r  both materials  the "Bauschinger effect" is exhibited t o  about 
the same degree, the curve f o r  the longitudinal specimen being  higher 
than that f o r  the  transverse specimen by approximately the same amount 
f o r  the  isotropic as f o r  the  cubically  dined  material. Inaemuoh 88 
the  orientation of all the grains i n  the  cubically d ined  materia 
is the same, there can  be no residual  stresses  built up between them 
because of  mismstch in orientation between adjacent  grains. Becanse 
it is  assumed that the "Bauschinger effect" is a residual  stress 
phenomenon, the  residual  stressea 1m8t exist between different por- 
t i o n s  of the  individual grains, just as Zener (reference 5) has 
contended. 
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SUMMAKY OF RESULTS 

1. Comgression testing of copper prestrained in  tension various 
&zlhounts yielded the following results: 

(a) The Bsuschinger effect developed at very small prestrains, 
less than 6 = 0.005, and remained essentially  constant  in magnitude 
up t o  a prestrain of 6 =I 0.65, w h i c h  exceeded the necking strain. 

(b) The Bauschinger effect disappeared after the s t ra in   in  
the subsequent compression test exceeded 8 = 0.01. A d e l  that 
qualitatively explains the above  phenomena was presented. 

( c )  Tensile  prestrain weakened the material i n  subsequent com- 
pression. The degree  of-weakening  increased with prestrain up t o  
a prestrain of about 8 = 0.30 above  which the  effect was constaht. 

(a) The shape of the stresb-strain curve in compression after 
tensile  prestrain waa a function of prestrain. For prestrains under 
8 = 0.15, the form of the curve was similar to that fcWr an annealed 
specimen. Above this prestrain the m e  exhtbited a region of low 
alope irmnediately af te r  ini t fa l  yielding. The slope of this initial 
part, in  turn, decreased with increasing  prestrain  until it became 
practically  horizontal a t  a prestrain of 6 = 0.24. This behavior 
was simihr t o  the “yield point..eff’ect” in m i l d  steel. Once the 
t n i t t a l  region of low slope t ~ ~ 8  exceeded the slope of the compression 
curve was essentially para l le l  to the  actual virgin compression curve. 

2. An ex8mina;tion of the effect of stress relief annealing and 
conposition on the Bauschinger effect in copper, Muntz metal, and leaded 
and unleaded 70-30 brass a31 prestrained i n  tension 6 = 0.01 yielded 
the following results: 

(a) For copper the  effect of s t ress  relief annealing (10 hr 
at 5000 F)  on the  tension and compression yield strengths waa to 
mise  the compression yield strength and lower the  tension y3.eld 
strength approxhmtely e m  amounts. 

(b) Stress relief annealing (7 hr at 480’ I?) Mtmtz metal and 
leaded and unleaded 70-30 brass changed the tension yield strength 
l i t t l e  and raised the compression y€eld strength t o  the  extent  that 
it almost equaled the tensfon yield strength. It is believed tbt 
strain aging in the brasses during st ress  relief annealing raised 
both the tension and compression yield strengths. 



RAGA RM E51Dl.3 15 

(c) There waa practically no deference  in  behavior in   the  
three brass alloys studied. 

3. A n  effect analogous to   the  Bauechinger effect w a ~  noticed. 
i n  appraxlmately equal magnitude for both  cubically alined and 
isotropio copper sheets. Thus, it appears that the  residual  stresses 
responsible for  the Bauschinger effect are intragranular . 
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A Surfaces must be concentric,  parallel, flat, 
square, and true (as applicable) to each other 
within 0.0005 inch full indiaator readfng 
unless otherwise specified. 

Figure 1. - Buttonhead tensile specimen. 
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.6 
Natural p l a s t i c  s t re in  

* Figure 5. - Bauschinger effect a g a i n s t  natural p l a s t k  strain for different values 
of tensile prestrafn. 
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Figure 6. - Variation of Bawchinger effect at 0.001 plastic strala vltb 
tensile prestrain. 
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Figure 7. - Model used t o  qualitafively explain Bausahinger effeot.  
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Figure 10. - Variation of tangency factor with teneile peatrain. 
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Figure Y. - Concluded.  .Longitudinal and transverse stress-strain curves for iso- 
tropic and cubically alined oopper sheet. 
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P ip re  1.4. - Concluded. Longitudinal and tramverse tansion stress-merain curvge for specimens cut from inotropic and cubically a l i n d  
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copper sheet prostrained 10 percent in tension. 
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