Internal Stresses and Structures Developed During Creep

L. J. CUDDY

Specimens of 304 stainless steel subjected to different thermomechanical histories develop dif-
ferent internal stresses, ¢;, and different substructures. Creep rate is uniquely related not to
the applied stress, o4, but to the effective stress, o* = (64 — 0;). Values of o* are determined
from experimental results and ¢; calculated from o; = (04 — 0*). Results show o; increases
with the applied stress according to ¢; < oi”. Transmission electron microscopic observations
show that the density of dislocations within subgrains, pp, and the subgrain diameter, D, vary

with applied stress according to: pp « cﬁ, D 0;10'

8 where K = 1.4 to 2.0. Subgrain misorien-

tation is independent of creep stress, strain, or temperature. The contributions of these struc-

tural variables to the internal stress are discussed.

IT has long been recognized that the creep rate of a
material cannot be predicted merely by specifying the
stress and temperature to which it is subjected. A
number of studies have demonstrated the pronounced
effect of thermomechanical history, or differences in
substructure, upon creep rate.'”"® Sherby and co-
workers® made a systematic study of the effects of
stress, strain, and temperature histories upon the
steady-state creep rate of aluminum. They concluded
that variations in history led to substructural changes
which affected the creep rate, and that the equation
for the steady-state creep rate, €;, could be written:

& exp(pr) = AS)10) [1]
where A(S) is a parameter dependent on structure
which is separable from the stress~dependent parame-
ter, f(o). However, Bayce et al.® subsequently found
that no such separation was possible, but that ‘‘the ef-
fect of stress on creep rate (is) dependent on the sub-
structure,” i.e., in Eq. [1] flo) — f(o, S).

An alternate method of incorporating history or
structural effects upon creep rate is through use of
the concept of an internal, or back, stress.”*™ " As
structural changes occur during creep, the effective
stress producing deformation is reduced by the de-
velopment of an internal stress, ¢;, acting in opposi-
tion to the applied stress. Thus, the creep rate is
related not to the applied stress, g4, but to the effec-
tive stress o* = (04 — 0;). Recently, an attempt has
been made to determine o; from results of experi-
ments at elevated temperatures. Nix, Barrett, and co-
workers,'® by means of their ‘‘dip test’’, have deter-
mined the critical value of the applied stress which
just balances the effective internal stress to reduce
the strain-rate to zero. From their analysis they con-
clude that the maximum of the periodic internal stress
is in excess of 90 pct of the applied stress.

In the present study we have developed another
method of determining the internal stress which is
produced during creep. Toward this end we performed
what Sherby and coworkers® referred to as ‘‘constant-
structure’’ tests. Referring to Fig. 1(a), all speci-
mens of a single series of tests are prestrained to the
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same strain, €, at the same stress, 0y, and temper-
ature, T, to produce as nearly as possible identical
structures and identical internal stresses in each. The
applied stress is then abruptly reduced to one of the
preselected final stresses (01, 02, 03) and the creep
rate immediately after the drop (¢,, €,, €;) measured.
Assuming that there is no significant change in struc-
ture or internal stress during the drop in applied
stress, this creep rate is a function of the final ap-
plied stress and the internal stress developed during
prestraining, i.e.

¢ exp(pe) = floa = 01) = £6¥)
RT, ¢

Groups of specimens with different prestraining his-
tories have different o; and therefore produce dif-
ferent € vs o4 curves, a and B in Fig. 1(b). From
Eq. [2] it is seen that the observed difference in ap-
plied stress necessary to maintain a given creep rate
in two specimens is a reflection of the difference in
their internal stresses. By varying prestraining condi-
tions and observing the corresponding changes in ap-
plied stress necessary to maintain a given rate, we
have determined the unique value of o* for that rate.
The difference between the gbserved applied stresses
and the effective stress yields the internal stress
developed by each set of prestraining conditions, i.e.,
0; =04—0%.

Along with values of 0; determined in this manner,
we examined, by means of transmission electron mi-
croscopy, the substructures developed in specimens
subjected to a wide variety of creep conditions.
Finally, these data were examined for correlations
between the variations in the values of 0; and varia-
tions in substructure.

(2]

PROCEDURE

Three-in, lengths were cut from + in. diam rod of
commercial AISI Type 304 stainless steel whose com-
position is shown in Table I. These were annealed at
1090°C for 30 min to produce a uniform grain size of
74 ym diam. Threaded-end specimens with a gage
section 0.150 in. in diam by 1.438 in. long were ma-
chined from the blanks. Specimens were mounted in
the constant-stress, tensile apparatus described in a
previous publication' and soaked for at least 24 hr at
the testing temperature to stabilize the structure prior
to testing. The load on the specimen, its extension, and
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Fig. 1{@a)—Schematic representation of a series of constant-
structure tests.
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Fig. 1(b)—Schematic of creep-rate vs applied stress curves
for specimens with different structures and internal stresses.
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its temperature were recorded continuously through-
out the test. Load, read from a load cell incorporated
in series with the specimen, indicated that stress re-
mained constant to within 0.5 pct. Extension was
monitored to within 0.0002 in. by an extensometer
fastened to the shoulders of the specimen and equipped
with a linear variable differential transformer. Tem-
peratures were read from thermocouples spot-welded
to the top and bottom of the gage length and were con-
stant to within £0.5°C. Stress drops were effected by
removing weights from the load pan. Temperature
changes of about 15°C required about 10 min and were
carried out without removing the load. At the comple-
tion of the test the specimen was cooled under load

to preserve as well as possible the structure prevail-
ing during the creep test.

Thin films for electron transmission microscopy
were prepared from disks cut from the center of the
gage section. Six micrographs at 20,000X were taken
from each specimen for dislocation density determina-
tion. A plastic overlay containing a 30-cm-circumfer-
ence circle was placed in nine random positions over
3X prints of each micrograph, and the number of dis-
locations not in cell walls intersecting the circle was
counted. Density was computed from

Pp = 73

where n is the number of intersections of dislocations
along a length, L, of circumference, and ¢ is the

film thickness, taken to be 2000A. Approximately
twelve other micrographs at 2000 to 8000X were taken
from each specimen. Average subgrain diameters were
determined from these by the line intercept method,
with the line laid in several directions to minimize or-
ientation effects. Diffraction patterns were taken from
the thicker areas of the foils to measure subboundary
misorientation by shift of Kikuchi patterns. When an
area displaying strong Kikuchi lines was found, pat-
terns were taken in every one of a colony of adjacent
subgrains to get the average misorientation. Colonies
examined contained from four to ten subgrains. Col-
onies in at least two different grains were examined

in each specimen.

RESULTS AND DISCUSSION

In preliminary work a series of constant-stress
tests and a separate series of temperature-change
tests were carried out. Results of the constant-stress
tests showed that, except at very low stresses, steady

Table I. Composition of 304 Stainless Steel

Element Wt Pct
C 0.051 to 0.054
N 0.043 to0 0.046
Cr 18.5 to 19.7
Ni 9.5 t0 9.8
Mn 161 tol.62
Si 0.48 t00.50
Mo 0.30 t00.31
v 0.028 to 0.029
Ti <0.02
Cb <0.02
0] 0.0035 to 0.0041
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state was not achieved even for true strains as high
as 0.25. Eventually a minimum rate is observed at
the onset of necking. This minimum rate is higher than
the true steady state rate which is observed only in
the absence of necking.2° Rather than attempt to deter-
mine the € — ¢ relation from these arbitrary minimum
rates, the creep rate at a constant value of strain, 0.15
unless otherwise noted, was used as a basis of compari-
son for all tests. Measurements at € = 0.09 and 0.24
gave the same € — gy relations. Using these values it
was found that creep rate, é, was related to applied
stress, 04, through a power law, € < 04.

Temperature change tests centered at 711°, 809°,
and 879°C showed that the apparent activation energy
for creep in 304 stainless is:

®@ =91 £9 kcal per mol

This value is independent of both temperature and
stress. As a check on this activation energy, the log
of the temperature-compensated creep rate
¢ exp(91,000/RT), was plotted against log stress for
all the constant stress tests, Fig. 2. The data for
temperatures from 704" to 927°C fall on a single curve,
indicating that 91,000 cal per mol is the proper value
for activation energy for creep of 304 stainless steel.
The relation between creep rate and applied stress
illustrated in Fig. 2 reflects not only the direct effect
of applied stress upon creep rate, but also includes
the effect upon creep rate of differences in structure
which yield differences in internal stress developed
at the different applied stresses. For example, trans-
mission studies revealed that subgrains were fully
formed after 8 to 10 pct of creep strain; once formed,
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Fig. 2—Dependence of temperature-compensated creep rate
on applied stress in constant-stress tests.
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their size remained essentially constant. The average
subgrain diameter, D, decreased markedly with in-
crease in applied stress, o4, Fig. 3. For stresses be-
tween 4000 and 35,000 psi the subgrain diameter, D,
decreased according to

D= 0_1-40.8 [3])

Fig. 4. These measurements were made on specimens
strained from 0.10 to 0.25 at temperatures from 704°
to 816°C. No effect of strain or temperature was ob-
served. The density of dislocations not associated with
cell walls was measured in foils prepared from speci-
mens elongated at various stresses to strains of ap-
proximately 0.23 at temperatures from 704° to §16°C.
As shown in Fig. 5, the density increases as

pp= 04 [4]
where K = 1.4 to 2.0. Between 704° and 816°C, the
density is independent of temperature. Such relations
between applied stress and substructural variables are
apparently quite general since they have been reported
for A1,*"* Cu,”® stainless steel,”® Fe-8i,”"*® and Fe.®
In many of these observations the temperature inde-
pendence of the structural variables has been noted.

Subboundary misorientation was determined by the
shift in the Kikuchi lines caused by crossing the sub-
boundary. In over 120 observations of specimens
strained from 0.07 to 0.29 at stresses from 8000 to
15,500 psi and temperatures from 704° to 816°C, no
regular change in misorientation with variation of these
parameters was observed. If trends exist, they are
obscured by the broad scatter in experimental results.
For example, the apparent misorientations in a single
cluster of subgrains such as those shown in Fig. 3
may range from 0.08 to 2.5 deg.

Five series of constant-structure tests were per-
formed as outlined above in order to determine values
of internal stress. Results of a typical series are
shown in Fig. 6. Here all specimens were prestrained
approximately 15 pct at 35,800 psi, 704°C after which
the applied stress was dropped to one of a series of
final stresses indicated at the right of the figure. The
temperature-compensated strain rate is plotted against
applied stress for the five series of tests in Fig. 7,
which also contains the prestraining conditions for
each series. The results for all series can be approxi-
mated by a power-law relation

é exp(%) = Agy

where 7z is dependent upon the prestraining stress.
Separate tests showed no dependence of » upon
strain, from 0.09 to 0.24, or upon temperature, from
704° to 927°C. It is obvious from Fig. 7 that the creep
rate is not a unique function of applied stress. In fact
Fig. 8 shows that the curves for different prestrain
stresses are similar but displaced from one another
by constant values of Aoy4. According to our discus-
sion above we assume that these differences in applied
stress reflect the differences in internal stress de-
veloped by the different prestraining stresses, i.e.,
AT; = AC4.

Absolute values of o; developed by each prestrain-
ing stress were evaluated by two methods, In the first
method, the values of A and » for each curve in Fig.
7 were plotted against the prestrain stress for that

VOLUME 1,FEBRUARY 1970-397



curve, Fig. 9. Extrapolating to op =0 gives the val- ¢ exp(—Q—> = 1.6 X 10~ % *%8 min-"
ues of these parameters for the condition o; = 0, i.e., RT )
04 = 0*. This procedure predicts that, at low stresses: which is shown dotted in Figs. 7 and 8. The € vs 04

704°C 816°C

25,000 psi 18,630 psi
Fig. 3—Subgrains developed in 304 stainless during creep to strains of 0.25. Magnification 4000 times.

10.0 T T T ' — curve for specimens prestrained at 6600 psi lies to
the right of this dotted curve by an amount Aoy = oy,

CREEP TEMPERATURES the internal stress developed at 6600 psi. Other
= ® 704°C — curves lie farther to the right due to the higher inter-
L o 760°C - nal stresses developed at higher prestraining stresses.
L © o 8lg°C Where they overlap in creep rate we can calculate

N the difference in internal stress in adjacent curves
a0l © from Ag; = AG,4 at constant ¢. The absolute value of
' o; for each op, obtained from summing up the values
of Ao, are shown in Table II.

In the second method, the value of applied stress
necessary to maintain a given strain rate after pre-
straining is plotted against the prestraining stress,
Fig. 10. Extrapolating to op= 0 where ¢; =0 and
04 = 0*, we obtain the unique value of o* necessary to
maintain each creep rate. These results are shown as
the dashed curve in Figs. 7 and 8. Values of o; are
then obtained from o; = 04 — o* at constant €. These
K] TS TR N S S AN T SR S results are also shown in Table II. Results of the two

3000 5000 8000 15000 25000 33000  methods are plotted in Fig. 11. The agreement is ex-
APPLIED STRESS, psi — cellent and indicates that internal stress is related to
Fig. 4—Average subgrain diameters developed in specimens the prestraining stress by which it was developed
strained 10 to 25 pet at various creep stresses. according to:
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Fig. 12—Increase with applied stress of internal stress, dis-
location density, and density of subgrain boundaries.

By studying the variation in the € vs o4 curves for
sets of specimens which were prestrained at different
stresses, op, the value of ¢* for each € is deter-
mined. The internal stress developed by each pre-
straining stress is calculated from o; =04 — o*. Re-
sults show o; « 6p". Observation by transmission
electron microscopy showed that the density of dislo-
cations within subgrains, pp, and the subgrain diame-
ter, D, varied with applied stress according to:

~0.8

pDOC(’/[g: Doy

where K = 1.4 to 2.0. Both were independent of strain
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and temperature. Subgrain misorientation showed no

re

gular variation with creep stress, strain, or tem-

perature. These results indicate that the internal

stress arises from some or all of these structural
variables. However, further work is necessary to

determine the relative contribution of each.
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