




















TABLE 2-—Continued
Stress-Rupture Results

Min. Creep
Temp. | Stress Ru%)ture Rate Elongation | Reduction
(°F) (psi) Code | Time (in./in./1000 (%) of Area (%)
(hr) hr)

900 80,000} Al 102.5 .67 28 73

Bl 65.8 1.25 31 73

Cl 206.0 .46 36 71

D1 445.5 .245 33 59

AR* 50.3 927 18 68

BR 58.5 1.18 20 71

CR 74.0 .90 21 67

DR 281.0 317 27 59

75,0001 A6 419.2 133 29 67

Bé6 342.0 246 31 67

Ccé6 347.0 262 36 68

Dé6 732.6 128 24 52

70,000] A9 1100. .0488 25 36

B9 1120.8 0547 22 48

C9 1352.0 .0492 24 34

D9 1193.4 065 25 46

1000 50,000 | A4 104.7 .528 13 22

B4 101.5 .513 17 .22

Cc4 97.9 .835 25 32

D4 108.4 1.01 32 46

45,0001 A3 182 .4 .197 10 12

B3 192.0 247 13 15

C3 176.0 .328 14 15

D3 188.3 .354 27 33

*Specimens initially tested in

hours.

relaxation at 900° F - 80,000 psi for 500

The effect of cold work on the rupture strength of the steel varied
depending on the temperature (Fig. 1). The 100-hour rupture strength
at 700° F (370° C) was greatly enhanced by prior cold work, the

improvement increasing with larger amounts of cold work. At 800°and

900° F (425° and 480° C) the rupture strength was generally lowered

by critical amounts of cold work (8 and 15 %), while beyond the critical

values increased strength was obtained. The lowest 100-hour rupture
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Fig. 9 - Influence of prior relaxation on Fig. 10 - Hardness of stress-
rupture time and creep rate at 900°F and rupture specimens prior to
80,000 psi and after tests

12



Fractured specimens which had been tested at stresses above
70,000 psi at 900° F (480° C) and below displaved 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 examination of fractured specimens (Fig. 11) did
not reveal any evidence of recrystallization. Coalescence of cementite
was observed in specimens tested at the higher temperatures, particu-
larly in the highly cold-worked material. Intergranular oxidation was
evident in the gage sections of specimens tested at 1000° F {540° C).

The lowering of rupture strength and creep resistance at 800° and
900° F (425° and 480° C) by small amounts of prior cold deformation,
is explainable on the basis of the Bauschinger effect. The Bauschinger
effect (13) is concerned with the change in mechanical properties on
reversing the direction of straining. Straining, in either tension or
compression, raises the ability of the metal to withstand further stress-
ing of the same-kind and lowers its strength to stresses of the opposite
kind. Work-softening at room temperature, believed to be of this type,
was observed in this study, Table 1. Since the final straining was in
the same direction {tensile) with all the specimens, the differences
noted may be related to differences in the initial stress state of the 8
and 15 % cold-worked material compared to the 39 % cold-worked
material. According to Baldwin (14) the residual-stress state resulting
from nonpenetrating rolling (slight reductions) is different from that
produced by penetrating {(heavy) rolling. Light rolling produces a com-
pressive stress at the rolled surface and a tensile stress in the inte-
rior whereas heavy rolling produces a tensile stress at the rolled
surface and a compressive stress in the interior, all acting in the
rolling direction. Presumably the stress condition (with slight adjust-
ments) remains after the machining of specimens. The decrease in
room-temperature yield strength of the material by 8 % cold work may
be attributed to the Bauschinger effect. This loss in strength due to a
critical degree of deformation appears to carry to elevated tempera-
tures, in this case to 900° F (480" C}. and is evident in the creep and
rupture strengths. This seems reasonable, since it has been reported
(15) that heating a 0.28 % carbon steel at 400°.C {(750° F) for 8 hours
after prestraining did not eliminate the work-softening effect. The
absence of work-softening effects in our tests at 700° F {(370° C) may
be due to additional cold-working of the material {5 - 6 % elongation}
upon application of the test load.

On the basis of hardness measurements, Fig. 10, softeningY by the
8 % deformation persists even after prolonged holding at 900 ° F {480° C);
however, straining appears to remove the softening. It should be noted
that the hardness changes in the critical region were small. 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- o
ness, indentation hardness with its complex mechanics, may be a fac-

tor in the observation. Microstructure has been shown by Wilson (16)

to influence this effect; a sorbitic structure showed the largest soften-

ing 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
strength was found to be different at 900° F (480° C); the relaxation
strength was lowered whereas the creep strength was slightly improved.
This indicates that the steady-state creep, used as measure of creep
strength, is not the controlling factor in relaxation. The first stage of
creep is probably of more significance in the estimation of relaxation
behavior, although no evidence of this was apparent in this study.

SUMMARY AND CONCLUSIONS

The influence of cold work on creep, rupture, and relaxation prop-
erties 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-
tion tests were conducted at 900° F (480° C) with an initial stress of
80,000 psi for 500 hours followed by stress-rupture tests of the relaxed
specimens. Room temperature tensile properties of the unworked and
worked steel were determined.

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

1. The effect of cold work on the creep and rupture properties of
chromium-molybdenum steel varies, depending on temperature and
degree of deformation. Relaxation is affected in a different manner
from creep.

2. Creep strength (stress to produce a creep rate of 0.5 in./in./

1000 hr) and 100-hour rupture strength increase with increasing cold
work at 700° F (370° C).
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