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ABSTRACT 

The effect of cold work on the high-temperature prop ­
erti es of a quenched and tempered chromium-molybdenum 
steel was investigated by means of stress -rupture and 
relaxation tests . The material with several levels of cold 
reduction (0, 8 , 15 and 39--%- of cross - sectional area) was 
tested in stress-rupture at 700 °, 800 °, 900 °, and 1000 ° F 
(370° , 425° , 480° , and 540 ° C ) in the stress range of 45,000 
to 128,000 psi, and in relaxation at 900 ° F (480 ° C ) and 
80 ,000 ps i initial stress . 

The rupture and creep strengths of the steel at 700 ° F 
(370° C ) was greatly enhanced b y c ol d work , the i m prove ­
ment increas ing with l arger amounts of col d work. At 800 ° 
and900° F (425°an d480° G ) the rupture and-creep strengths : 
were generally lowered by critical amounts of cold def or ma - , 
tion ( 8 to 15- %)-, while beyond the cr itical values increased 
strengths were obtained . A n explanation for thi s behavi or 
i s given in terms of -the Ba-uschinger effect. There was no 
apparent influence of prior deformat i on on rupture strength 
at 1000° -F ( 540° C); h owever , creep strength de creased 
generally w ith increasing pri or deformation . In relaxat i on 
at 900 ° F ( 480 ° C } residual stress was lowered by an 
increase in cold work, 

PROBLEM STATUS 

Thi s i s a final report on the effect of cold defo rmation 
on strength of steel at elevated tem_peratures; no further 
work i s expected to be done on this phase of the problem . 
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EFFECT OF PRIOR COLD WORK ON THE 
HIGH - TEMPERATURE PROPERTIES OF 

A CHROMIUM - MOLYBDENUM STEEL 

IN TROD UC TION 

A knowledge of the effect of metallurgical var iables on the h i gh ­
temperature properties of metals is essenti al for the proper des i gn of 
parts for service above room temperature. There i s a parti cular need 
for information on the influence of c old deformat ion on the variation of 
strength with time of steel at elevated temperatures for the des ign of 
aircraft engine bolts . For example . the threads on some commercial 
bolts are formed by cold - rolling , a n d it is not known whether this cold 
work i s beneficial or deleterious . In addition to being of practical 
i mportance , the behavior of metals with pr ior cold w o r k is of funda ­
mental interest. 

A number of inve st i gati ons have been made , particularly on non ­
ferrous metals and alloys ( 1 - 8), of the effect of cold work on creep 
resistance at high temperatures. The results of these studie s agree , 
in general , that prior c ol d work incr eases creep stren gth; however , the 
benefit from cold work i s l ost at temperatures where rapid recovery 
or recrystallizati on occur. In the case of Monel , there was foun d to be 
an opti mum degree of cold work for improving the strength at each 
temperature ; the optimum percen tage of cold work was noted to 
decrease with increasing temperature (8). A s i m ilar effe ct has been 
observed with stainless steel (9) . The improved creep res i stanc e due 
to c old work of a h i gh-temperature all oy , l ow-carbon N -15 5, was 
attributed (10} to interna l stresses in the crystal lattice . Very little 
information i s available on the effect of pr i o r deformation on the creep 
properties of carbon and low - alloy steels . In a study ( 11) on a O AO.% 
carbon steel in the hot -r olled condi tion at 600 ° - 1000 ° F ( 315 ° - 540 ° 
C) , previous cold work ( 6 and 12 % elongati on} was found t o l ower 
creep resistance . Although the latter results are not d irectly c ompa'"' 
·rable .wit hdataon othe r mater i als , there i s doubt as to the effect of 
cold work on the behavior of steel at elevated temperatures . 

It was the object of thi s investigation to determine the influence of 
prior cold - deformati on on the h i gh - temperature strength of a 
chromi um - molybdenum steel . Creep and rupture properties were 
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evaluated by stress-rupture tests and , to a lim ited extent , the var i ati on 
of strength with time was determined by stress - relaxation tests. 

EXPERIMENTAL PROCEDURE · 

The investigation wa s conducted with a s i ngle bar of c ommercial 
s t eel of the following chemical composition: 0 .38% C, 0 .4 5% Mn, 1.57% 
Cr , 0 .48% Mo , 0 .7 0% Si .--0 .008% ·P -, -0-.015% S-. The material was recei ved 
as hot-rolled 5/ 8-inch-diameter r ods and was heat -treated pr i or to 
c ol d -working. T h e t reatment c onsisted o f heating at 180 0 ° F (980 ° C) 
for 1 hour , o il quenching , a n d temper in g at 1200° F (650° C} for 2 hours. 
Several levels of cold reduction, 8 , 15, and 39 % of cr o s s - sectional 
area, were obtained b y mean s of r oll ing. Bar sections of appr oximately 
15 inches were rolled on s ix s i des for all reductions exc ept for the 
case of the 39 % reduct i on sampl es, which were roll ed on four s i des. 
Reducti on - of - area measurements w e r e m ad e on e a ch specimen; the 
variation from the values indi cated w as no more than+ 1 %. 

Room -temperature t ensile tests w e re m a de on the material with 
var i ous deg r ees of c ol d w o r k as w ell a s without cold work. Standar d 
0 .357-inch-diameter specimens were u s ed except for the 39 % c ol d ­
worked mater i a l which permitted a maximum spec i men diameter of 
0.250 inch.,_ 

Stress -ruptur e tests w ere c on duct ed on the s t eel with O, 8 , 1 5, and 
39- % c old reduc t i on at 700 ", 800 °, 900° , and 1000° F ( 370°, 425° , 480 °, 
a n d 540 ° C ) in the stress range of 45 ,0 00 to 128 , 000 ps i. In add it i on, in 
order to determine if tempering would alter the influenc e of cold work 
on rupture properties , s p e cimens with 8 , 15 and 39 % c ol d r eduction 
were tempered for 3 h ours at 1200 ° F and then tested in stress -rupture 
at 800 ° F and 100,000 ps i. The specimen s employed had a O .250 -inch 
d iameter and a 1 .25 -inch gage l ength, and w e r e machined from the 
centers of the bars . C onvent ional single-lever, c onstant-load , stress -
rupture machines w e re used. Temperatures were m e a s ured by a 
chromel-alumel thermocoupl e placed in c ontact with the c enter posi­
tion of the specimen l en gth, and the temperatur es w ere maintained to 
within + 2 ° F. The tem peratu r e gradient d id n ot exceed 2 ° F along the 
gage length of the specime n. The specimens were h e l d at temperature 
for l hour pr ior to load ing. E xtension of each specimen wa s auto -
graphi cally recorded from the defl ection of the l oading lever, g iv ing an 
elongation-versus -time curve ; in addition , peri odic readings were 
taken with a dial gage. S ingl e t es t s were run , gener a lly. for each c on ­
d ition of temperature , s tre ss , and degree of c ol d w ork. 

A ser i es of s-pecimen s (stress -ruptur e t y pe) with various degrees 
of cold work was tested in stress relaxation at 900 ° F (480 ° C ). An 
initial stress of 80 ,000 ps i wa s applied and the relaxation i n stress 
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re c orded for 500 hours , T h e tests were conducted in a machine nor -
mally used for c onstant strain rate tests , In operat ion , the tensile load 
i s applied rapidly by means of a motor -dr i ven cam to the desired load 
l evel ; the over - all strain i s then held con stant, A load cell placed in 
the gr i p system of the specimen permits the- re-cording of the variation 
of l oad with time, The amount of elasti c strain exper i enc ed by t h e 
l oading members is small bec a u se of t h e i r l a r ge- s i ze , The strai n in the 
specimen i s constant exc ept fo r po-ss ibly a m ino r cha n ge due t o e l as ti c 
rec overy of the mass i ve l oadi ng mem-ber s , C o m parison of relaxat ion 
curves obtained from this m a c hin e with -those from: a conventi on a l 
relaxat ion mac h ine show ed n o a p p reciabl e d iffe r enc e (1 2), After c om ­
pleti on of the relaxati on tests ( 500 h our s ), the spe cimens were tested 
i n stress -rupture at 900 ° F ( 480 ° C ) a nd 80, 000 ps i, 

Met allographi c examinations and hardness measu r ement s {d i s -
c ussed l ater ) were made on t h e t hr eaded a nd gage section s of some 
fractured specimens and on t h e material pr i or to t esti ng, Vickers 
py rami d hardness measurements w ere obtain ed us i n g a 5 -kilogram 
load , 

RESULTS AND D ISCUSSION 

The room-temperature ten s il e propert i es of the quenched and 
t empered steel with var i ous degr ees of c ol d reduct i on are listed i n 
Tabl e 1 . A reducti on in ten s il e stren gth a nd i n O ,2 %- yield strength was 
observed with the 8- % col d-worked materi al, A t the h i gher levels of 
c old work ( 15 and 39 %) , increases in ten s ile and yiel d strengths were 
obtained . Elongation and reduc t i on of a r ea values generally decreased 
wi th increas ing col d work . 

TABLE 1 
Room Tempera ture Tensil e P r opert i es 

Cold Work Tens il e Str en gth 0 .2% Yi el d Elon gati on Reduct i on 
(ps i) S tr e n gth (psi } . (%) of Area (%) 

0% 152 , 000 1 33 , 600 20 62 

8% 149 , 000 147 , 000 19 60 

15% 154, 500 135 , 000 19 58 

39% 166 , 000 15 3, 0 00 18 54 

The effect of prior cold deformation on high - temperature proper -
ties was evaluated in terms of rupture st r en gth, creep strength and 
residual stress in the case of t he rel axati on tests . The stress to 
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produce a mini mum creep rate of 0 ,5 in./in,/ 1000 hours was used as a 
measure of creep strength, Time to rupture , minimum creep rate, 
total elongation , a n d reducti on of area data , listed in Table 2 , were 
obtained from the stress -rupture tests. 

Temp , Stress 
( o'F) (ps i) 

700 128,000 

125,000 

120,000 

800 105 ,000 

100 ,000 

95 , 000 

900 85 ,000 

I 

TABLE 2 
Stress -Rupture Re-sul ts 

A - 0% Cold worked 
B - 8% Cold w orked 

C - 15% Cold worked 
D - 39% Cold worked 

Rupture 
M in , Cre~p 

Rate E l ongati on Reduct i on 
Code T i me 

{in ./ in./ 1000 {%) of Area (%) 
(hr) 

hr ) 
·-

DD0 3 79 .0 ,573 17 52 

AZ 1.5 27 .2 20 64 
B2 8.2 4 .77 17 61 
CZ 42.9 1.0 18 64 
DZ 2756, .0266 19 52 

A02 23.l 1.76 I 18 59 
B02 80.4 .636 21 60 
CO2 112,3 .49 18 59 

A05 9 .5 5 .03 23 72 
BOS 6.4 8 .05 21 70 
cos 12 . 3 4 .95 23 68 
D05 166. .456 22 60 

AS 241.1 .197 19 67 
BS 34.6 1.72 22 68 
cs 115.7 .57 21 68 
D5 649 .3 . 130 22 58 

A7 2906 . .0262 19 56 
B7 608 .6 .0795 19 64 
C7 406.7 . 176 

\ 

25 67 
D 7 4270 . .0228 

I 
23 58 

A8 39,3 1.23 

I 
26 75 

B81 26.0 2.94 28 75 
cs 15.4 4 .84 26 72 

84. 7 1.33 
\ 

29 64 D8 ! 
' 
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Ternp. Stress 
( o F) (psi) Code 

900 80 , 000 Al 
Bl 
Cl 
Dl 

AR* 
BR 
CR 
DR 

75 ,000 A6 
B6 
C6 
D6 

70 ,000 A9 
B9 
C9 
D9 

1000 50·, ooo A4 
B4 
C4 
D4 

45 , 000 A 3 
B 3 
C3 
D3 

TABLE 2-Continued 
Stress -Rupture Results 

Rupture 
Min. Creep 

Rate 
Time (in./ in./ 1000 
(hr) 

hr) 

102 .5 .67 
65.8 1.25 

206.0 .46 
445 . 5- .245 

50 .3 .927 
58 .5 1.18 
74.0 .90 

281.0 .317 

419.2 .133 
342 .0 .246 
347 .0 .262 
732 .6 .128 

1100 . .0488 
1120 .8 .0547 
1352 .0 .0492 
1193 .4 .065 

104.7 .528 
101 .5 .513 

97 .9 .835 
108 .4 1.01 

182.4 . 197 
192 .0 .247 
176 .0 .328 
188 .3 .354 

Elongati on Reduction 
(%) of Area (%) 

28 73 
31 73 
36 71 
33 59 

18 68 
20 71 
21 67 
27 59 

29 67 
31 67 
36 68 
24 52 

25 36 
22 48 
24 34 
25 46 

13 22. 
17 . 2 2 
25 32 
32 46 

10 12 
13 15 
14 15 
27 33 

*Specimen s initially tested in relaxation at 900 ° F - 80 ,000 ps i for 500 . 
hours. 

The effect of cold work on the rupture strength of the steel var i ed 
depending on the temperature (Fig . 1). The 100 - hour rupture s trength 
at 700 ° F (370 ° C) was greatly enhanced by prior c old work , the 
i mprovement increasing with larger amounts of cold work . At 800 ° a n d 
900 ° F ( 425 ° and 480 ° C) the rupture strength was generally lowered 
by critical amounts of cold work (8 and 15 %). while beyond the criti cal 
values increased strength was obt a ined . The lowest 100 - hour rupt ure 
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strength was exhibited by the 8 %·col d - worked materiaL The possible 
severity of this detrimental effect is shown by the reduction in rupture 
time to approximately 15 % of its original value at 800 ° F ( 425 ° C) and 
100, 000 psi , Table 2. At 1000 ° F (540 ° C ) there was no apparent influ­
ence of cold work on rupture strength for tests of all durations as 
shown in Fig. 1. The variation of the 1000 - hour rupture strength due 
to prior deformati on , presented i n F i g. 2, was similar to that of the 
100-hour rupture strength at 800 ° F t 425- ° C); however, at 900 ° _F 

(480 ° C) a small increase in the 1000 -hour strength with incr easing 
cold work indicated a behavior d iffering from that of the short er t i me 
strength. Apparently the l onger test t i me at 900 ° F' { 480 ° C ) allevi ated 
the influence of the cold deformation. 

The effect of c ol d work on cr eep s tr e ngth, (stress for creep rate 
of O .5 in./ in./ 1000 hr} was different at the var i ous temperatures (F i g. 3}. 
A n improvement in creep strength with increasing c ol d work was 
obtained at 700 ° F (370 ° C ) . At 800 ° and 9·00 ° F (425 ° and 480 ° C) the 
creep strength was lowered by 8 and 15- % cold reduction; a reduction 
of 39 % raised the stren gth . A general decrease in c reep strength with 
larger amounts of cold work was indicated at 1000 ° F {540 ° C ) . 

The decrease in 100 -hour ruptur e strength with increase in tem ­
perature, shown in Fig. 4 , is essentially linear to 900 ° F (480 ° C) ; 
beyond this temperature the rate of weakening is greater. The loss of 
strength due to temperature appeared to be slightly greater for the 39 % 
cold-worked material than for- t h e less - cold-worked material. 

There was no apparent effect of cold work on e l ongation at fractu r e 
except at 1000 ° F ( 540 ° C } where increasing prior deformation pro­
duced higher e longat i ons {F ig, 5). The general level of elongat i on 
value's was rai sed with incr ease in temperature to 900 ° F ( 480 ° C ); at 
1000° F (540 ° C) a downward trend was ind icated. Variation of initial 
stress (or time of test) had no apparent effec t on elongations at frac ­
ture at 700 ° and 800 ° F P 70 ° and 425 ° C). However, at 900 ° F (480 ° C ) 
higher elongati ons were generally obtained at the two intermediate 
stress levels, and at 1000 ° F (540 " C} smaller elongations were pro ­
duced by the lower stresses . 

No change in reduction of area d u e to cold work was observed at 
700°, 800°, and 900° F (370°, 425° , and 480° C) except for the 39 % 
reduced mater i al which generally showed lower values (Fig. 6). At 
1000 ° F (540 ° C) reduction of area increased with increase in deform·a ­
tion . There was no significant effect of stress at 700 ° and 800 ° F (370 ° 
and 425 ° C) ; however, at 900 ° and 1000" F {480 ° a.nd 540 ° C ) reduction 
of area de c reased with decreas ing stress, The general level of reduc ­
tion of area values was lower at 1000 ° F (540 ° C ) than at the other 
temperatures . 
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Tempering the cold worked steel at 1200° F prior to testing in 
stress - rupture d id n ot eliminate the influence of cold work on the prop­
erti es at 800 ° F (Table 3). However , a lower level of rupture t i mes 
compared to the unt empered specimens was obtained , accompani ed by 
lower room-temperature hardness . Other sampl es of the worked steel 
did not show the same de c r e as e in ha.rdn ess aft e r t emper ing a t 1200 ° F . 

TABLE 3 
Effect of Te m pering on Influen ce of 

C ol d Work on Str ess -R u ptur e 
P r o p e rti es T e mpered at 

1200 ° F - Tested at 8 00 ° F and 
100 ,000 ps i 

C ol d Work R u pture T i me E;l ong . R .A . 
(hr) {%) (%) 

8% 0 .05 19 65 

15 % 0 .5 21 64 

39 % L2 20 6 1 

In stress relax a tion tests , in c reased col d work produced greater 
relaxation at 900° F (480 ° C }°, as shown in F i g . 7. The g ecrease in 
resi dual stress (at 500 hour~) with in crease i n d.eformai:'ion of the 
material loaded at 90 0 ° F (480 ° C ) a n d 80,000 psi is presented in 
Fig . 8 . A rec;luc tion of 8 % lower ed ths res idual stress by a propor ­
tionately larger amount than sim ilar increments at h i gher l evels of 
cold work . It should be n oted that whil e 39 % cold w o r k cau sed no 
decrease in c reep st r en gth c ornpared t o the non-col d - wor ked mater i a l 
(Fig . 3), a pron ounc ed detr i mental e ffect on r el axation s tr ength was 
devel oped . 

Stress - ruptur e tests of t he specimens .sub j ed es to stress r elaxa ­
tion for 500 hours at 9()0 ° F {480° C) and 80 , 000 p s i, r evealed that 
pri or relaxation l owered ruptur e t i me a n d inc r eased minimum creep 
rate except for the 8 % cold -worked s t eel , which w as n ot mater i a lly 
affected (Fig . 9). 

Hardness measurements of fractured st r ess - ruptu re speci mens , 
presented in Fig . 10 , indicate gen erally a s light increase in hardness 
after exposure to test t emperat u r es . Har d n ess , measu red on the 
threaded section s of specimens , befo r e and after tests at 700° , 800° , 
and 900° F ( 370° , 425 °, and 480° C ) de c reased· for t h e 8 % cold --worked 
material and increased for the mater ials with greater cold work , A 
general increase in h a rdness w ith increas ing pr i or col d work was 
observed in the gage sect ions aft er tests at t h ese temper atures . 
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Fractured specimens whi ch had been tested at stresses above 
70 , 000 psi at 900 ° F {480 ° C ) a n d below displayed necking ; those tested 
below this stress level showed intergranular fractures without necking, 
except for a 39 % cold -worked specimen under 50 ,000 psi , which exhib­
ited a slight neck. At 70,000 psi with a temperature of 900 ° 'F ( 480 ° C), 
either type of fracture occurred. 

Metallographic examinat ion of fractured specimens (Fig. 11) did 
not reveal any evidence of recrystall i zation. Coalescence of cementite 
was observed i n specimens tested at the higher temperatures , particu ­
larly in the h i ghly cold - worked material. Inter granul ar oxidation was 
evident i n the gage secti ons of specimen~ ;tested at 1000 ° F (540 ° C ). 

The l owering of rupture strength and creep resistance at 800 ° and 
900 ° F (425° and 480° C } by small amounts of prior c old deformation, 
is expl a inable on the basis of the Bauschinger effec t. The Bauschinger 
effec t ( 13) is c onc erned with the change i n mechanical properties on 
revers ing the directi on of straining . Strainin g, in e ither tension or 
c ompress ion , rai ses the ability of the metal to w ithstand further s t ress ­
ing of the same-kind a nd lower-s its str en gth to s t resses of the opposit e 
k ind. Work - softening at room temperature , believed to be of thi s type , 
was obser ved in t h is study , Table 1 . S-in ce the final straining was in 
the same dir e c t ion (t en s ile) with all the ·-spec i mens , t h e differen c es 
not ed m ay be r e l ated t o d ifferenc es in the initia l st r ess state of the 8 
and 15 % cold - wor ked m ater i a l compared to t he 39 % col d -worked 
mat e rial. A ccording t o B-a.l dwin (1 4) the res idual - s t ress s t ate resultin g 
from n onpen etrating rolling ( s light reduct i ons} i s d ifferent from t hat 
produc ed by penetrating (heavy) r olling . L i ght rolling produc es a com­
press ive s t ress at the rolled surfac e and a ten s ile stress in the in t e ­
r ior w h ereas heavy rolling produc es a ten sile stress a t t h e rolled 
surfac e a n d a c ompress i ve s t ress i n the i nterior , a ll acting in t he 

rolling d ir e c t i on.· P r esumably the st r ess c on dition (w i th s light adjust ­
ments) remains a ft er the mach in in g of specimens . T h e decrease i n 
room -temper a t u r e yi eld str en gth of t h e m a ter i a l by 8 % c old w ork may 
be a t tr i but ed to the B auschinger effect. Thi s l oss in s t ren gt h due to a 
c r itic al degree of deformation appear s t o carry t o el evated t empera ­
tur es , in t his c ase t o 900 ° F (480 • C) , and i s eviden t in t h e creep and 
ruptur e stren gths. T hi s seems r e asona ble , s ince i t h as been report ed 
(1 5) that h eating a 0.28 % c a r b<?n s teel a t 400 ° C {7 50 ° F ) for 8 h ours 
aft er p r es t r aining d id n ot elim inat e t h e w ork - soft ening effect. T h e 
absenc e of work - softening effec,ts in our t ests at 700 ° F { 370 ° C ) may 
be due to additional c old-workin g of the mater i al ( 5 - 6 % elongati on) 
upon applic a t i on of the test load. 

On t h e bas i s of hardn ess measurements , F-i g. 10 , softening· by the 
8 % deformati on pers i sts even aft er prol onged h ol d ing at 900 ° F ( 480 ° C) ; 
howeve_r , straining appears to remove the softening. It should be n oted 
that the hardn ess changes i n the critical regi on were sma ll. A similar 
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behavior , work-softening of a quenched and _tempered steel, was 
reported by Polakowski (15). who presented the explanation that the 
steel in the quenched and tempered condition contains considerable 
internal stresses and consequently behaves like metals in which the 
internal stresses have been produced by cold work. It should therefore 
soften during cold - work . However, the method of measuring this soft­
ness , indentation hardness with ·its complex mechanics, may be a fac ­
tor in the observation . Microstructure has been shown by Wilson (16) 
t o influence thi s effect; a sorbitic structure showed the largest soften ­
i ng whereas a spheriodized structure displayed no softening. The 
work-softening effect observed in this study is probably based on the 
residual macrostresses and related microstresses induced by cold 
work. 

The effect of cold work (39 %) on relaxation strength and creep 
stren gth was found to be different at 900° F (480° C); the relaxation 
strength was lowered whereas the creep strength was slightly improved. 
This indi cates that the steady - state creep, used as measure of creep 
strength, i s not the controlling factor in relaxation . The first stage of 
creep i s probably of more signi ficance in the estimation of relaxation 
behavior , ,although no evidence of this was apparent in this study. 

SUMMARY AND CONCLUSIONS 

T h e i nfluenc e of cold work on creep, rupture, and relaxation prop­
erti es of a quenched and tempered chromium-molybdenum steel was ' 
investigated. The material with 0 , 8 , 15 , and 39 % cold reduction was 
tested in stress-rupture at 700° , 800° , 900°, and 1000° F (370°, 425°, 
480 ° , and 540 ° C ) in the stress range of 45,000 to 128,000 psi. Relaxa­
t ion tests were conducted at 900° F (480° C) with an initial stress of 
80 ,000 ps i fo r 500 hours followed by stress-rupture tests of the relaxed 
specimens. Room temperature tensile properties of the unworked anq: 
worked s t eel were determined . 

From t he results of this study, the following conclusions may be 
drawn: 

1 . The effec t of cold work on the creep and rupture properties of 
chromi um - molybdenum steel var i es , depending on temperature and 
degree of deformation . Relaxation is affected in a different manner 
from c reep. 

2. Creep strength (stress to produce a creep rate of O .5 in./in./ 
1000 hr) a nd 100 - hour rupture strength increase with inc~easing cold 
work at 700 ° F (370 ° C) . 
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3 , Creep strength and 100-hour rupture strengths at 800° and 
900 ° F (425 ° and 480 ° C) are lowered by small amounts of cold work, 
8 and 15 %, but are improved by 39 %· cold work. The behavior is 
explainable on the basis of the Bauschinger effect. The effect of cold 
work at 900 ° F (480 ° C) is less in long time tests ( 1000 hours). 

4 . At 1000 ° F ( 540" C ) no effect of cold work is apparent on rup ­
ture strength; however, a decrease in creep strength is indicated with 
increasing cold work. 

5 . There is no appar ent effect of cold deformation on elongation at 
fracture except at 1000 ° F ( 540 ° C) , where increasing prior deformation 
produces higher elongation values . Reduction of area is also unaffected 
at 700°, 800°, and 900° F (370° ; 425~ and 480° C) except for the 39 % 
reduced material, which is generally lower . At 1000 ° F ( 540 ° C) reduc­
tion of area increases with increase in deformation . 

6 . A decrease of residual stress in relaxation tests is obtained 
with increasing cold work at 900 ° F ( 480 ° C) and 80,000 psi initial 
stress . 

7. Room - temperature tens il e strength, 0 .2 % yield strength, and 
hardness are lowered slightly by 8 % cold work; with greater cold work 
(15 and 39 %), increases are obtained . 
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