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SUBSTRUCTURES DEVELOPED DURING CREEP AND
CYCLIC TESTS OF TYPE 304 STAINLESS STEEL
(HEAT 9T2796)*

R.W. Swindeman V_K. Sikka
R. K. Bhargava' 3 Mastefl®

ABSTRACT

Substructures devcloped in tested pecimens of a reference heat of type 304 staindess steel theat
9T2796) a:c examined. Data include dislocation demitics. xell and subgrain sizes. and carbiade previpi-
tate size<. [tine conditivns ramge for temperatures (rom 482 1o 649 (. fuor stresses from 28 o 241
MPa_ a:n! for tiemes (om 4 to 15,000 hr. As expevied. it is obscrved that temperature. stiress. and lime
have strong inflluences on substructure. The change in the dislocation density i too small to measure
for conditions which produce kess than 17 moaotonic stram. No cclls form, and the major alteration
of substructure is the precipitation of M, ,C. wrbudes on grain boundaries, on twin boundarics. and
on some dislucations. Al stresses ranging (rom 69 (o 172 MP3 and at temperatures ranging (rom 482 to
$93°C. the dislocation density increases with increasing stress and is generally higher than expeciad
froms studics made at higher temperaturss. Dislocations are arranged in fine networks stabilized by
carbides. Al stresses above 172 MPa and temperatures (o 649° C. the dislocation density is too great to
measure. Cells develop which are finer in size than cells developed at similar stresses but as higher
temperatures. Disheation densitics and cell sizes fur cycdic speamens are comparable to data for
crecp-tested specimens. On the basis of the obscrved substructures, recomenend ations ate made rezard-
ing further siudies which would assist in the dewlopment of constitutive cyuations for high-
temperature inclastic analysis of reactor components.

INTRODUCTION

Currently recommended constitutive relations for use in the inelastic analysis of liquid-metal fast
breeder reactor (LMFBR) components' > arc based on ‘he acsumption that mechanical strain can be
separated into three components: elastic, time-inJependent plastic. and time-dependent creep. Specific
constitutive relations which provide rules for describing the yicld. flow, and hardening behavior are formu-
lated separately for plasticity and creep. Ad hoc rules. which are intended to compensate for creep-
plasticity interactions, are also provided. The equations asc based primarily on concepts involving principles
of continuum mechanics, thermodynamics. and rheology. although results frm exploratory mechanical-
property studies arc also considered.® Although thesc constitutive equations have »een accepted and are in
usc.? the Structural Design Methods (SDM) program’ at the Oak Ridge Nation.l Laboratory (ORNL) is
organized on the premise that the inclastic design methods should be upgraded periodically through an

*Work performed under FRDA/RDD 1894 No. DHNE, High-Temperature Structure Design

Y Univessity of Cincinnati

1. C. F. Puch et ol Currently Recommended Comstitutive Equations for Inclastic Design Andlyvsis of FFTF
Components, ORNL-TM-3602 Ouk Ridee National Labotatory (September 1972),

2. C. F. Pugh ct al.. Background Information for Interim Metheds of Inclastic Andlyvsis for High-Temperature Reacior
Components nf 2% Cr I Mo Stecl. ORNL/TM-5226. Oak Ridee Naticnal Labotatory (1976).

3. 1. M. Corum et al., Pressure Vessels and Piping: Verification and Quelification of Inelastic Analysis Computer
Programs. pp. 13 15.47 $8.79 109, ASMI Publicabion G-MDRKE, American Socicty of Mechanical Fngincers. New York
(Junce 1975).

4. (1S, Atomic Encrey Commission, RDT Standard 1°9-5T. Guidelines and Procedures for Design of Nuclear Syster
Componenis a1 Flevated Temperatures. Oak Ridge National Laburatory (March 19745,

5. W. L. Greenstrect, "OPNL High Temperature Structural Design Methods Development Program.”” Trans. Am.
Nucl. Soc. 1(2); 40 {Novemher 1971,
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iterative process which requires 3 close interaction between material studies. constitutive equation develop-
ment, computational methods development . and structural tests. The development of improved constitutive
equations, for example. clearly requires an improved knowledge of material behavior.

Recently, Robinson and coworkers® hawe initiated work to develop improved constitutive equations for
use i the LMFBR program. Under consideration are approaches propused by Hant,” Onat?® Rize
Lagneborg,'® and Miller.'' These last three investigators comsider the fact that polycrystalline alloys
deform principally by the movernent of line defects (dislocations). However, in 2 commercial alloy, such as
type 304 stainless steel at an elevated temperature, strong interactions occur between dislocations and point
defects, such as interstitials and substitutional atoms. These interactions impede dislocation glide and climb.
Also. as shown by Crossman and Ashby'? and Mohamed and Langdon,'® one can also expect that at low
crecp-strain rates. significant deformation can result from grain boundary sliding and diffusion creep, which
do not necessary involve dislocation motion in the matrix. Finally, it & imown that the presence of
precipitates. such as M, ;C, . has a profound influence on the dislocation substructure’* 'S and hence. on
mechanical behavior. These metallurgical complications have not been considered in the development of
many of the deformation models advanced for predicting inelastic behavior of structural materials under
arbitrary thermal and mechanical loadings. It would seem desirable, therefore, to characterize dislocation
structure and to usc such informiation as a guide in the selection of deiwmation models. The potential of
this approach has been demonstrated recently by Lagneborg and coworkers.**-!”

The work presented here represents an evaluation of dist x:ation substructures and carbide distributions
in tensile, creep, and cydic-tested specimens of type 304 stainless steel. The studies were supported by
several ERDA programs, including a program at the University of Cincinnati on the Correlation of Strength
and Microstructure (CSM) (ERDA contract no. AT-1011); and programs at Oak Ridge National Laboratory
on the Generation and Correlation of Deformation and Failure Criteria for Structural Materials (DFCSM)
(ERDA 1892 0H050), and the Development of Improved High-Temperature Inelastic Structural Design
Method (SDM) for LMFBR Components (ERDA 189a Activity No. OHO48). In general, the specimens
which were studied were not tested specifically to provide material for substructure investigations. Rather,
the original intent was to produce mechanical properties data. Although the description of the thirty six

6. D. N. Robinson, A Cendidsre Creep-Recovery Model for 2% Cr- 1 Mo Steel and Its Experimentsl Implemeniation,
ORNIL-TM-5110. Oak Ridge National Laboratory (October 1975).

7. E. W. Hart. “A Phenomenological Theory for Plastic Deformation of Polycrystalline Mctals.” Acts Metall. 1R:
599-610(1970).

8. F. T. Onat and F. Fardshisheh. Representation of Creep of Merals. ORNL4733. Oak Ridge National Laboratesy
(August 1972).

9. J. R. Rice, “On the Structure of Stress-Strain Rebtions for Time-Dependent Plastic Deformation in Metals,™
Trans ASME, Sev. K. J. Appl Mech.,37: 128 -37 (1970).

10. R. Lagneborg. A Modified Recovery-(reep Model and lis Evaluation,” Mer. $¢v. J.. 6: 127 33(1972).

11. A. K. Miller, “An Inelastic Constitutive Model for Monotoric. Cycle and Creep Deformation: Part 1. Fquations
Development and Analytical Procedures, Part 11. Application to Type I Stainless Steel.” Trans. ASME. J. Eng. Marer.
Technol., 98: 97113 (1976).

12. F. W. Crossman and M. F. Ashby, “The Non-uniform Flow of Polycrystals by Grain-Boundary Sliding
Accommodated by Power-Law Creep,” Acts Merall.. 23: 425 -40 (1975).

13. F. A. Mohamed and T. G. Langdon, “Deformation Mcchanism Maps Based on Grain Sizc.”” Merall Trans. §-
2339-45 (1974).

14. J. T. Barnby, “Effect of Strain Aging on the High-Tempesature Tensik Properties of an AISI 316 Austenitic
Stainless Steel,” J. Iron Steel Inss. London, 203: 392-65 (196%).

15. F. Garofslo, Fundementals of Creep and Creep Rupture in Metals, MacMillan Co.. New York. 1965.

16. R. Lagneborg, B-H. Forsdn, and J. Wiberg, "A Recovery-Creep Model Based Upon Dislocation Distributions.” pp.
1-7 i Creep Strength in Steel end High Temperature Alloys. The Mcials Society, London. 1974.

17. A. Odén, E. Lind, and R. Lagneborg, “Dislocation Distributions During Creep and Recovery of 2 207 Cr- 35+ Ni
Steel at 700°C,” pp. 60-66 in Creep Strength in Steel end High Temperature Alloys, The Metals Soviety, London, 1974,
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transmission-electron micrographs reproduced in this repurt makes the reading somewnat edious. the
reader should take comfort in the fact that two hundred other availabk micrographs were not included.

MATERIAL AND EXPERIMENTAL TECHNIQUES

The malerizi examined was taken from a 25-mm thick plate of 2 wellcharacierized heat of type 304
stainless steel (heat 9T2796)."* Uniaxial test bars having diameters near 635 mm were machined from the
plate, reannealed for 0.5 hr at 1093°C, and tested iz tensile, creep, and strain—ycling modes. All tensile
tests were performed in air with techniques described elsewhere.'® Although some tensile tests were
discontinued at low strain levels. all the specimens examined here were tested to complet= lailure.

Creep tests were also performed in air using techniques described by Swindeman and cugh.?® Speci-
mens wnich were examined included some on wkhich tests were discontinued in different stages of creep.
and somu on which tests were continued to fai'ure. When tests were discontinued, the load was maintained
until the specimen was cool.

Tive experimental techniques used for cyclic testing have not been described nreviously. The specimen
design and experimental setup are shown in Fig. 1. The cyclic specimen had 2 uniform length of 25 mm.

13. R. W. Swindcman. Room-Tempersiure (hevscierization Dats for Tvpe 304 Siginiccs Steel :Hear 9T 794) Plete.
ORNL-TM-4396. Oak Ridgr National Labotatony (February 1974).
19. R. W. Swindeman. Los. Stmein Tennle Behavior of Tvpe 304 Siginless Steel (Heat 9T2796). ORNL/TM-5245, Ok

Ridyge National Laburatory (February 1976). )
;. R. W. Swindeman and C. K. Pugh. Crevp Studies on Tvpe 304 Steinlexs Sicel (Heat E043813) U'mder Constant aml

Verying Losds. ORNL/TM4427. Oak Ridye N=tional Laboratory (Juic 1974).
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Fig. 1. Schematic drawing of setup for strain cycling.



about 10 mm of which was actually used for control of temperature and cydicstrain range. The experi-
mental setup was similar in many respects to the one used by Jaske et al.* ' Cyclic speciniens were not
tested to failure, out rather to cyclic lives which spproached the values necessary to establish saturation
conditions. Each test was terminated by uniocading the specimen when it was haifway through the tensile
portion of the hysteresis loop and then cooling the specimen to room lemprerature.

Specimens for transmission-electron microscopy (TEM) were prepared by cutting transverse sections
from locations near the center of discontinued specimens or slightly away from the rupture surface of failed
specimens. The diameters of shices were measured a5id used to determine the true stresses. The foils for
TEM were prepared by mechanically thinning 10 foi! thicknesses near | mm and by final electropolishing
using 2 w:n-jet polisher and an electrolyte of 90% acetic acid and 10% perchioric acid.?? Several foils were
examin:d when possible, and several areas of each foil were examined. Typicallv, micrographs of four to six
areas were available for quantitative measurements.

The data base from which specimens were selected for this study is summarized by the matrix shown in
Fig. 2. Temperatures range from 427 to 816 C and stresses from 35 to 414 MPa. The filled circles represent
creep specimens studied in this work , and the fillr .ouares represent creep specimens studied eartier *? 14
The filled triangles represent tensile-t>sted specinmns studied carlier. The open symbols represent test

21, C. K. Jaske. H. Mindlin. and J. S. Perrin. “Cycik Stres-Strain Behavior of Two Alleys at High Yemperature.” pp.
13- 27 m Cyclic Siress-Sirsin Behavior — Anelysis. Expevimentation, end Feihwre Prediction. Spec. Tech. Pub. 519.
American Socicty for Testing and Matenals, 1973,

22. Personal communication, R. K. Bhargava, Un-ersity of Cincinmati, to R. W. Swindeman, Oak Ridge National
Labosatory. 1975.

23. V. K. Sikka, C. R. Brinkman, znad il. F. McCoy, “Flfect of Thermal Agme on Tensiic and Creep Properties of
Types 34 and 316 Stainkess Stcel.” pp. 316 50 in Proc. 1974, Symp. Struct. Matcr. Flevated-Temperature Nud. Power
Generation Service. ed .. A. O. Schaefier, MIC-:. 1975,

24. R. Bhargava, R. W. Swindcman, and J. Motcll, “Corrclation of the Mxrostructure with the Creep and Tensike
Propertics AIS] WM Stainkess Sicel.™ pp. 31 54 in Symp. Stnect. Meter. Eleveted-Temperature Nucl. Power (emeration
Service. od.. A. O. Schacffer, MPC-1, 1975

ORRA-0WC 76-v97%9
TENSLE CREEP
L] o NOT EXAMINED
L @  EXAMINED EARLIER
®  EXAMINED MERE
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~ 30 -~
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STRESS (MPe)
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482 310 338 366 393 621 649 704 760 016
TEMPERATURE 1°C)

Fig. 2. Comparison of testing conditions for specimen examined in (ransmission-electron microscopy with the data
bese svailable for type 304 stainless steel (heat 972776).



specimeas which were not examined. Superimposed on the matnix are curves which represent the cre2p
strength vs temperature for secondary creep rates 2anging Srom 19 7% 10 10° percent per hr. Figure 2 shows
that specimens were selected tor the examination ol temperature effects at constant stress (for example. at
241.172. and 103 MPa): stress effects at constant temperature (for example. at 338,393, and 649°C): and
stress-temperature effects at constant creep rate (for cxample. at 107, 107> and 107* percent per br).
The specimens included in this work (filled circles in Fig. 2) generally involved examination at lower
temperatures than those in earlier studies.

RESULTS

Data generated at the University of Cincinnati under the support of the SDM program are summarized
in Tasle 1. Included are data relating to the average cell or subgrain siac (A ). the average dislocation density
{p). and the size of the grain boundary and of the matrix carbides. In expanding the information contained
in Table 1. we make use of data tor the same material generated in the other prugrams described in the
introduction. The information is organized on the basis of isothermal data. starting at the lowest tempera-
ture, 482°C {900°F). and moving upward. At cach temperature we start with the lowest stress. considering
at each stress level the shortest time first. then the longer times. Thus, we are exzmining the intluence of
increasing temperatuses. increasing stresses (or plastic strains ). aud *wreasing times {or creep strains ).

The initial microstructure is shown in Fig. 3. This consists of a low density of dislocations (approxi-
mately 10° cm~? ) more or less randomly distributed throughout the grains. The grain size is approximately
180 um. and the grain boundaries are free of precipitates.'™ There is some evidence of dislocations piled
against or eminating from the boundaries in 2 few cases. Most dislocations are fairly straight. and there are
few tangles. loops, or dipoles.

The first data listed in Table 1 arc from a specimen (RP 125) tested at 172 MPa for 1380 hr. The test
was discontinued after the specimen cxperienced about 3% loading strain and 0.037%7 creep strain. A typical
TEM is shown in Fig. 4. and as can be seen. the dislocations (753 X 10 ¢cm ™% ) lie primarily on slip traces
(11) plancs). There are quite a few curved dislocations and some tangles. loops. and dipoles. No dlear
evidence of dislocation cells or subgrains exists. Passibly this structure has been produced by planar slip
during plastic loading. followed by cruss slip and glide of disiovations out of the slip plane during the period
of creep. There is no evidence of precipitation in cither the grain boundaries or the matrix at the magnifica-
tions which were employed (20.000 X ). This is consistent with the finding of Sikka ct al.>* on material
aged a1 482°C (YOO°F).

The second data listed in Table | comes from a specimen (RP 267) tested 3t 482°C and 241 MPa. This
specimen expericnced about 8% loading strain and about 0.067 creep strain. The specimen did not rupturc.
The substructure shown in Fig. § differs markedly from the substructure developed at lower stress (Fig. 4)
and comsists of 2 high density of dislocations which are tangled in 2 configuration of poorly defined cell
walls. The average ccll dimension is estimated at 0.72 gm. The cellular structure seen in Fig. 5 is a result of
the large plastic foading strain and is more a1 manifestation of dislocation glide and dynamic recovery
proczsses which involve cross slip than a manifestation of dislocation climb and thermal recovery. Although
no grain boundary precipitates are observed. a few localized necdles which could be M3 3C carbides are
present. The major dimension of the ncedles is near 0.5 um.

Data for one specimen (RP 324), tested at $10°C (9507F) and 241 MPa, are reported in Table 1. This
specimen cxperienced about 10.47% loading strain and failed in 3511 hr. The substructure which developed
in this specimen (Fig. 6) comsists of poorly defined cells. having an intercept dimension near 092 um. and
being aligned more or less along cystallographic plancs. The dislocation density is aot reported but appears
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qualitati-ely to be similar to the density observed in the high-stress specimen (RP 267) tested at 482°C and
shown in Fig. 5. As before, the substructure is developed primarily from the large plastic loading strain
which produced dislocation glide, cross slip, and associated dynamic recovery. Precipitation of carbides
occurs on the grain boundaries at this temperature, however, and a typical size is near 0.1 pum. There is also
some evidence of matrix carbides. These are few, localized, and near 0.1 um in size.

At 538°C (1000°F), the substructures develup=d at eight stress ievels have been examined. Two stress
levels (specimens RP 14 and RP 201) were produced by tensile testing. These and several creep specimens
have been examined under the sponsorship of a different program (CSM) and data are not included in Table
1. The substructure for the lowest stress (near 41 MPa) listed in Table 1 was produced in the shoulder
region of a specimen (RP 78) tested at 172 MPa for 11.540 hr. This substructure is shown in Fig. 7 and
exhibits the same dislocation density as the untested specimen. The dislocations are straight, exhibit
attractive junctions, and are decorated by precipitates approximately 0.03 to 0.06 um in size. The cell size
is the same as the grain size. Precipitates also lie on the grain boundaries and appear to be of the same size
as matrix precipitates. These precipitates are associated with boundary dislocations.

The next stress level examined at 538°C (1000°F) is 86 MPa (specimen RP 264). The specimen
experienced no plastic loading strain, but accumulated about 0.06 creep strain before the test was dis-
continued at S000 hr. There is no evidence in Fig. 8 of subgrains. and the dislocation density (1.09 X 10°
c¢m?) is close to the starting value. The dislocations are arranged in networks having both attractive and
repulsive junctions.! 7-2% Curved dislocation scgments appear to be frec of precipitates. There is some
evidence that fine precipitates are present on some matrix dislocations, as is the case for the shoulder region
of specimen RP 78, described above. These precipitates are about 0.02 um in size.

The section of specimen RP 78 which was stressed to 172 MPa experienced about 5.5% plastic loading
strain and 1 9% creep strain before the test was discontinued in the tertiary creep stage. The dislocation
substructure shown in Fig. 9 can be best described as a dense dispersion of tangles and networks. There are
numerous repulsive junctions, loops, and dipoles. The substructure appears to be stabilized by carbide
precipitates, shown in Fig. 10. All evidence of the planar slip produced during loading has been destroyed.
Some relatively clear areas among the tangles might be considered as intercell regions, however. The
dislocation density is about one order of magnitude above tie initial value. and tne substructure does not
suggest that thermal recovery processcs are very active. It is clear that the carbide dispersion is fine enough
to play a role in determining the time-dependent behavior.

The final data in Table | for 538°C describe the substructure developer in a specimen stressed to 241
MPa. The plastic loading strain is 11.8%, and the creep strain about 6.4%. The specimen failed in 350 hr.
The substructure, shown in Fig. 11, exhibits characteristics similar to the substructure developed at 482 and
510°C at the same nominal stress level. The average cell size is near 0.76 um, and perhaps cells walls are
more clearly defined than at Jower temperatures. The dislocation density is too high to conv~niently
measure. This substructure is consistent with the dislocztion glide, cross slip, and dynamic-recovery defor-
mation mechanism. Carbides are present on the boundaries and are approximately 0.12 um in size.

Other specimens examined by Bhargava and coworkers?®-2” include three creep specimens (RP 8 at
276 MPa, RP 9 tested at 24] MPa, and RP 26 tested at 138 MPa) and two tensile specimens (RP 14, with an
ultimate strength near 385 MPa; and RP 20J, with an ultimate strength near 362 MPa). Specimens RP 201,
RP 14, and RP 8, which were tested at high stresses, cxhibit cell-type substructures, while the specimens at
the two lower stresses exhibit what Bhargava et al.?® call ““mixed” substructures. This is a configuration in
which cell walls are more sharply defined than at low temperatures and take on more of a subgraia
character.

25. R. Lagneborg, *Dislocation Mcchanisms in Creep.” Int. Metall. Rev., 11: 130 46 11972).

26. R. K. Bhargava, J. Motcff, and R. W. Swindeman, “The Dislocation Substructure, Carbides, and the Deformation
Map for AISI 304 Stainless Steel,” Merall. Trans.. TA: 879 R4 (1976).

27. T. Kenficld, tniversity of Cincinnati, to R. W. Swindeman, Oak Ridge National Laboratory, 1975.



Fig. 7. RP 785 tested 2t 538°C at 40 MP2 fur
11.540 hr. No straim. (15,0001 )
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Fig. 8. RP 264 tested a1t 538 C 2t 836 MP2 for 5000
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Fig. 9. RP 78 tested at 538 C a1t 172 MPa for
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Fig. 10. RP 78 tested at $38°C at 172 MPs fir
11540 M. 7.47% strain. M, . precipitates. (20,000%)
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Fig- 1). RP 25] tested 31 538°C at 241 MPs for Fig. 12. RP 320 tested at S€A°C at 172 MP3 for

350 e 18% straim. A ncar 0.76 um_ ¢} 5.000x ) 2054 hr. 13% stzaim. o o.car 8.1 7 10" cm *_(20.000x)

Fig. 13. RP 270 tested at 566°C at 241 MPa for Fig. 14. RP 2IS tested ot 593°C 54 69 MPy for
114 hr. 20% stysin. » near 0.83 uin. (15.000%) S008 hr with 0.47% straim. (20.000x%)
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Two specimens tested at 366° € (1050°F) have peen examined. and the data have been teported i Table
1. The low-stress test specimen (RP 320) at 172 MPa experienced 3 2% plastic loading stra’., and 7.8% creep
strain before rupturing after 2054 hr. The substructure. shown in Fig. 12. consists of curved dish:c stion
tangles which are stabilized by the presence of a dispersion of carbides. There are some repulsive junctions
and loops, but all evidence of the planar slip associated with the plastic Joading strain is absent. The
substructure is similar to that developed @ 538°C (RP 78). Large carbides are also present on the grain
boundaries. The high-stress test specimen (RP 270) at 241 MPa experienced 10.5%F lvading strain and 95%
creep strain. Cells are present as shown in Fig. 13. but a rather high dislocation density exists within the
cells. The structure is a=ain indicative of glide processes. and thers is no evidence that thermal recovery
plays a significant role in the deformatior: process.

A substantia! amount of data are available at 593°C (1100°F). Substructures developed after aging for
times up to 10000 hr have been examined by Sikka et al.*22* w,.0 have determined precipitate sizes on
grain boundaries, on twin boundaries, and within the matrix of this material. With respect to the influence
of stress, data determined from studies on cleven specimens are provided in Table 1. Results from a study
on an additional six specimens. inciuding two tensile tests. are reportzd by Bhargava et al.>* The lowest
stress reported in Table 1 is near 28 MPa, which corresponds to the stres< in the shoulder region of
specimen RP 213 which ruptuted in 15560 hr. The microstructure of this specimen. not provided here. is
similar to the shoulder region of RP 78. Results from two specimens tested at 69 MPa for 5000 hr are
summarized in Table 1. Both specimens RP 28 and RP 215 experienced small plastic loading strains, 0.1€
and 0.18% respectively. and accumulated creep strain less than 0.377. Substructures of the specimens. which
are very similar, are shown in Fig. 14. The dislocation densities are near the starting - ilue. and no subgrains
are present. Dislocation networks with attractive junctions are decorated with precipitates of a size near
0.08 uim. Within these networks curved dislocations withcut precipitates exist. The deformation mechanism
producing this structure could be the thermally activated breaking of nodal points on the networks and the
subsequent glide and recombination of dislocations within the stabilized networks.'® Clearly. the carbide
precipitate stabilizes the dislocation substructure. but it is questionable whether the precipitates contribute
directly to creep hardening. An increase in hardness after long-time aging was observed by Sikka et al..??
however, implying that the precipitate is hardening with respect to plastic flow.

Very similar substructures are developed after crecp tes'ing at stress levels ranging from 86 to 138 MPa.
The plastic icading strains range from 0.887 for specimen RP 216 at 86 MPa. to 2877 for specimen RP 58
at 138 MPa. Creep strains, reported in Table 1, range from 0.48 to 587 for specimens RP 216 to RP 58.
respectively. Typical substructures developed in the six specimens are shown in Figs. IS through 20.
Neither cells nor subgrains have developed in any ol the specimens. but the dislocation density in the
specimens discontinued after approximately 5000 hr increases by about 407 when there is 3 607 increase
in stress. Three specimens tested at 121 MPa for different times {creep strain) exhibit nearly the same
dislocation density at 1027 and 5131 hs. but show a higher value at 15,500 hr. Substructures consist of
short and curved dislocation segments joined in a network of small tangies with many repulsive junctions. A
few loops and dipoles are also present. The precipitates often lie on what were once slip traces or on long
straight dislocations. Matrix-carbide sizes are relatively independent of stress, but range with time from
0.035 pm at 1027 hr to 0.09 pm at 15.500 hr. Typical substructures for specimens RP 43 and RV 166 are
shown in Figs. 21 and 22. Figure 21 represents the substructure developed after 619 hr at 172 MPa, and
Fig. 22 shows substructure development after 98.5 hr at 207 MPa. The distocation densities are greater than
those observed at lower stresses. and the substructures are quite variable. Some foils exhibit intense tangles.
perhaps stabilized by the precipitation of fine carbides. while in other areas discernible cells are present.
Often the precipitates are aligned on what were once slip bands. Because of the shorter times involved. the
matrix precipitates tend to be smaller at these high stresses. Substructural features for high-stress tests at

28. V. K. Sikka and (. R. Brinkman, Uniaxial Tensile Properties of Austenitic Stainless Stecls Following Prior Crecp
Deformeation  An Interim Report, ORNLITM-5193, f)ak Ridge National Laberatory (April 1976),



Fig- 15. RP 216 tested at 593°C a1 36 MP» for
S006 hr with 1.36% stvaim. o ncar 3.4 £ 10° ¢m *.
120.000x)

Fig. 17. RP 133 tested at $93°C 2t 121 MP» for
1027 hr with 3.15% st sin. p near 4.88 X 10° cm ?.
(15,0004)

Fig. 16. RP 79 tessed 3¢ $93°C at 103 MPs fox
$SO14 b with 2.55% straim. p ncar 4.75 x 10° cm °.
(iS00 /)

Fig. 18. RP 10 tested 2t $93°C 21 121 MPa for
$131 hr with 5.0% ctrain. p ncar 4.66 x 10° cm ?,
(20,000 )




Fig. 19. RP 213 cested 21 593 C 21 123 MP3 for
15.500 by with 56% straim. p rear 383 » 10° ¢m ©
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Fig. 21. RP 43 tested 2t 593 C a2 172 MPa for 619
hr with 167 strain. p ncur 60 7 10° (m 2 (30.00v)

Fig. 20. RP 58 sested a2t 593 C 2t 138 MPa for
5060 hr with 8.67 stram. o mor 382 < [0 ¢m 2.
20 tmmy )

Fig. 22. RP 166 tested at 593°C at 241 MPa for
98.5 hr with 21% strain. p ncar 1l 2 I0° (m ¥,
[EUXL I OVEY
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593°C are also summarized by Bhargava et al’* Dislocations tend to exhibit “mixed™ or cellular
configurations. The tensile tests exhibit cellular substructures with few, if any, matrix carbides.

Two specimens tested at 621°C (1150°F) have been examined with the data summarized in Table 1.
The low-stress test specimen (RP 266) ruptured in 4595 hr at 103 MPa. The plastic loading strain is 1 3%.
and the creep strain is 16.7SC The substructure (Fig. 23) differs markedly from substructures produced by
the same stress at lower temperatures. (See Fig. 15, for example). At 621°C ¢(1150°F). well-defined
subgrains develop. Within the subgrains. dislocation nctworks exist which often exhibit attractive junctions.
This type of substructure is typical of hightemperature deformation where thermal-recovery processes.
especially dislocation dimb. are very active. The dislocation density of 2.64 X 10® cm ~? within the grains
is low. This substructure is somewhat surprising and may indicate that the temperature controller
malfunctioned and produced overheating. This had to happen very quickly, however, because independent
monitoring of temperatures occurs on a daily basis. and no temperature excursion was observed. The
substructure exhibited by the high-stress test (RP 263) is similar to that observed for the same stress (172
MPa) at lower temperatures. This consists of areas where intense tangling develops amid a dispersion of
matrix carbides. The typical substructure is represented in Fig. 24.

The substructures developed in specimens tesied at 649°C (1200°F) are consistent with data widely
available in the literature for austenitic stainless steels.?” ~*? Qur study included five specimens tested in
the stress range of 35 to 86 MPa for times up to 10.000 hr. Supplementary data have been reported by
Moteff and coworkers®>*>-2* for stresses in the range of 103 to 321 MPa, including four tensile tests at
different strain rates.

With respect to aging alone, Sikka et al.® have observed the precipitation of carbides for times up to
10,000 hr and have reported an increase in the hardness. yield strength, and creep rate as a consequence of
this precipitation. The substructure is virtually the same under low-stress creep conditions as for aging
without stress; a typical substructure {RP 158) for a test at 35 MPa and 10.000 hr is shown in Fig. 25. The
specimen experienced no plastic loading strain ard only 0.238% creep strain. The dislocation density for
this specimen and for one tested for 10,000 hr »t 51 MPa is essentially the same as for an unstressed
specimen. The precipitates are very large. near 0.2 um, and are not distributed along dislocations. The
precipi-~tes usually have a curved dislocation associated with them. Both attractive and repulsive junctions
are observed in the dislocation network. and in a few instances extended nodes are present. The
substructure in the specimen (RP 126) stressed at 51 MPa for 10,000 hr is shown in Fig. 26. It is similar in
almost all respects to the substructure developed at 35 MPA (RP 158). At 69 MPa. however, the
substructure assumes a new character, as observed in specimen RP 144 which accumulated about 5% creep
strain in reaching the tertiary creep stage around 8000 hr. The substructure in Fig. 27 consists of subgrains.
with precipitates sometimes decorating the walls. The dislocation network within the subgrains has
segments which are sometimes straight and sometimes curved; 2 fairly high density of attractive junctions is
present. The large matrix carbides usually have dislucations associated with them. The substructure suggests
that the deformation is dominated by thermal-recovery processes, such as dislocation climb.

Two specimens, RP 87 and RP 247, were tested at £6 MPa. Both specimens experienced about the same
plastic loading strain, but the creep strain for specimen RP 247, which was discontinued slightly into the
tertiary creep stage, is about half that of RP 87, which was tested to failure. The substructures for the
specimens are similar and consist of well defined subgrains containing dislocation networks. The
substructure shown in Fig. 28 is typical. The network segments vary in character and are sometimes curved

29. F. Garofalo et al., "Strain-Time. Rate-Stress, and Rate-Temperature Relations during Large Deformations in
Creep,” pp. 1-31 in Joint Int. Conf. Creep. Inst. Mech. Eng., London, 1963.

30. L. 3. Cuddy, “Internal Siresses and Structurcs Developed During Creep,” Metall. Trans., 1: 395 401 (197m.

31. S. N. Monteiro and H. ). Kestenbach, “Influence of Grain Orientation on the Mislocation Substructure in
Austenitic Stainless Steel,” Merall. Trans., 6A: 938-40 (1975).

32. T. L. da Silveira and S. N. Monteiro. **Strengthened Creep Substructures in 316 Stainless Stech,” pp. 334 38 in
2nd Int. Conf. Mech. Behavior of Metdls, American Society of Metals, 1976.



Fig. 23. RP 266 tesied 3t 621°C at 103 MPa for
4595 by with 18% strmin. p wear 264 7 10 om P
mear 221 e (13 0007

Fig. 25. RP 138 tested at 649°C at 35 MPa for
10.000 hr with 0.2.8% creep strain. p ncar 0.89 x 10°
em 15,0001

Fig. 24. RP 263 terted at 621°C a¢ 172 MPa for
119 by with 22% straim. p mwar 125 v (0" m .
€20 M0y Y )

Fig. 26. RP 126 tested a1 649°C at S1 MPs for
10,000 br with 0.66% creep strain. o ncar N33 « 10°
cm 2 (15007
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Fig. 27. RP 144 sested 31 645 C a1 69 MP3 for Fig. 28. RP 87 sested 21 649" C 2t 86 MWP» fos 3960
8232 hr with $.75% straim. A ncar 2.57 um_(15.0004) bt with 22% creep stymn. p ncar 268 < 10° cm 2 A

near 1.99 gm._ (20000x)

Fig. 29. FRP 107 tested 2t 427°C 2t 0.37% ae for Fig. 30. FRP 107 tested at 427°C a¢ 0.377% Ae for
J000 cycies st 148 MPa. o near 7.66 x 10° cm 7. A 1000 cycles a1t 145 MPa.(30,00)x )
near 1.46 gm (10,000%)
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and sometimes straight as when tested at 69 MPa. Both attractive and rcpulsive junctions are present. and
extended dislocation nodes are ovcasionally observed. Large blocky matrix carbides are present and are
usually surrounded by dislocation tangles. Substructures developed in creep and tensile tests at stresses of
103 and 138 MPa consist of subgrains. with walls sometimes decorzted by precipitates. Dislocations within
the subgrains are often straight with attractive junctions. Matrix previpitates form rows, suggesting that
they developed on slip traces produced during loading. The substructures indicate that the aeep
deformation at 649°C (1200°F) is controlled by thermal-recovery processes. such as dislocation climb. As
stresses are increased. however, subgrains give way to cells. 2nd the ma..ix precipitates become smaller as
testing limes become shorter. Additicnal data pertaining o the development of substructures under creep
and tensile conditions are available elsewherc? *-2* for temperatures of 704. 760. and 816°C. Depending on
the stress, either subgrains or cells are formed and previpitates, when they develop. are characteristivally
very large.

Just 25 microstructural data are needed for the carly stages of creep al temperatures and stresses of
concern to the LMFBR program. so also are microstructural data needed which pertain to the early stages
of cyclic hardening at similar tem:peratures. The studies here represent a preliminary scoping. Data from six
cyclic specimens are sumunarized in Table 2. which provides cell or subgrain intercept vatues. dislocation

Table 2. Data produced by transaission-clectron microscopy examination of
straim cycled specimens of type 304 stainless steel (heat 9T2796)

Cydn  Engimcering Mondulus- Cell Disdocatm Gramn
Spccimen Temperature  strain stress compensated o ure denuty buumdary
number °C) ranec®  ampliede?  true stren® Cydlen A » carbide

*7) tMP2) o) tum) 110° 'xm®) (»m)

FRP 107 427 0.37 148 2355 o 1462032 766:1.76 NOA
FRP 106 482 0.37 154 238 oo 123021 S$M-1.206 NO
FRP 1S 538 0.37 172 254 < 2000 1.13: 030 Nw?
IRP JID 649 n.375 132 2134 1000 224:032 $H:108 NM
FRP 109 049 n.e 150 268 100 168:0.15 708: 130 NO
FRP 111 649 [ 1) 161 288 100 163:010 635:-162 NO

*Stramn rate ncar 8.3 x 10 7% /sec.

bg1ress value closc to the aturation condition.

CAxRI stress amplitude/shear modulus.

INO = not ohserved, NM = abserved but not mcasured.

€ Approximately 1000 cyclesat 8.3 < 10 5 and 9000 cyclexat 4.3 ¥ 10 */sec.

densities and carbide-precipitation behavios. Four specimens (FRP 107, FRP 106. FRP 115, and FRP 110)
were cycled at a total strain range near 0.37% at 427. 482, 538. and 649°C. respectively. Two specimens.
FRP 109 and FRP 111, were cycled at higher strain levels at 649°C. Test times at the 0.37% strain range
were simifar. although one test specimen (FRP 106) was carried 1o 10* cycles by increasing the test
frequency after 10 cycles. Transmission-clectron micrographs for the specimen tested at 427°C are shown
in Figs. 29 and 30. The substructure consists of tangles of dislocations occurring at the intersection of slip
traces (Fig. 29). The high-magnification micsograph (¥ig. 30) reweals the presence of loops, dipoles. and
multipoles. These features arc typical of the carly stages of cyclic hardening observed by Nahm et al.*?
Althougzh a well-defined celf structure has not developed. there is sufficient delineation to permit an
estimate of the cell-size limit ). which is near 1.46 um. Misorientation vccurs between the cells in some
cases and a typical angle is ncar 0.1 degice. The dislocation density. p. is near 7.7 X 10°e¢m ™7, and no
~vidence of a precipitate exist in cither the grain boundaries or in the matrix. The substructure developed

33 H. Nabm. J. Moteff, and D. R. icreks, “Substructural Development During LowLycle Fatigue of AIST 34
Staintess Sieed a2 649 C.° Acta Merall. 25: 107 16 (1977)
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at 482°C (FRP 106) and shown in Fig. 3! is similar to that deveioped at 427°C. Although the cyclic-stress
range is virtually the same. both the cell size and the dislocation density are smaller in the 482°C tested
specimen. [t is not clear whether this discrepancy reflects the differences in the temperature or the tota
accumulated plastic strain. Also. it is possible that more foils need to be examined.

Tests conducted at 538°C (FRP 115) show that the cydlic-stress range is substantially greater than at
427 and 45:°C. The substructure shows regions where cell walls are well-defined, as illustrated in Fig. 32.
Other areas are similar in substructure 10 the lower temperatures as illustrated in Fig. 33. Loops, dipoles,
and multipoles are present. The cells are only slightly smaller than cells at 482°C, in spite of the higher
cyclic stress. but the range of cell sizes at a single (emperature is large relative to the differences in the
averages at the various temperatures. The substructure is consistent with the observation of Muteff and
coworkers®® “** that the cells tend to develop near the grain boundarics first and then move inward.
Figure 32 reveals the presence of grain boundary carbides about 0.1 ym in size.

The specimen (FRP 110) cycled at 649°C and at the 0.375% strain range exhibits a lower saturation
stress range than at lower temperatures. On 2 modulus-compensated true-stress basis, howewer. the stress
range is about the same as the range at temperatures of 427 and 482°C. The cell size is greater, and the
dislocation density is lower in the specimen cycled at 649°C. Typical substructures are shown in Fi-s. 34
and 35. These reveal that the cellular structure is in a primitive stage of development in spite of the fact
that the specimen was cycled well into the saturation-stress range. The substructure consists of L undles and
tangles, with dipoles and multipoles. Loops are present, some of which are very small and could ever. be
matrix carbides. Occasionally extended nodes are encountered. The grain boundaries contain precipitates as
would be expected from the test duration.

Specimens cycled at higher strain levels at 649°C exhibit some regions similar to those observed in the
low strain tests. Typical regions of this type are illustrated in Fig. 36 for the specimen cyded at 0.62%

Fig. 31. FRP 106 tested st 487°C at 0.37% 4¢ for Fig. 32. FRP 115 tested at 538°C 31 0.37% ae (or
10,000 cycles st 152 MPa. o near 5.39 X 10° cm %, A 2000 cycles st : 172 MPa. A near 1.13 um. (10,000%)
near l.23um.(l0,0(_)0x1

34. K. D. Challenger and J. Motel!, “Characterization of the Deformation Substructure of AISI 316 Stainless Steel
Afier High Strain Fatigue at Flevated Temperatures,” Metall. Trans., 3: 1675 78 (1972).

35. K. D. Challenger and J. Motell, “Correlation of Substructure with Flevated Temperature Low-Cycle Fatigue of
AISI 304 and 316 Stainless Steel,”” Fatigue at Flevated Temperatures, STP 510, American Society for Testing Materials,
Philadelphia, 69-78 (1973).



9

Fig. 33. FRP 115 sested 3t 538°C at 0.37% e for
2000 cycles at <172 MPs. (7500X)

Fig- 35. FRP 110 tested 2t 649°C 21 0.375% e (or
1000 cycles at <132 MPy, (20.000x )

Fig- 34. FRP 110 tested 3t 649 C 21 0.375% ac for
1000 cycles at -132 MPa. pncar 334 2 I0* ¢m ¢
near 2.24 pm. (7500 )

Fig. 36. FRP 109 tested at 649 C 2t 0.62% Je for
100 cycles at - 150 MPa. p» near 708 x [0° ¢m ? 2

ncar 1.68 um. 115.000x)




Fig. 37. FRP 111 wsted 31 649 C at 0.89% Ae for Fig. 38. FRP 109 sested 2t 645 C 2t 0.62% ¢ for
100 cycles at =161 MP2. o near 655 X 10° «cm 2. A 100 cycies ot + 150 MPa. (7500x)
wear 1.63 pm. (10.000x)

Fig- 39. FRP 111 tested 21 649°C 2t 0.89% ae for 100 cycles st : 160 MPa, (7500x)

strain range, and in Fig. 37 for the specimen cycled at 0.89% strain range. Both figures reveal the presence
of tangles, dipoles, and loops arranged in a configuration of primitive cells. The subcell sizes and dislocation
densities are similar to those observed at lower temperatures and similar stress ranges. Some regions in the
specimens cycled at 649°C exhibit well-defined cell walls such as those shown in Figs. 38 and 39 for 0.62
and 0.89% strain ranges, respectively. An interesting feature is that some cells contain curved dislocations
which reach almost from one wall to another: these could be gliding dislocations which have broken free of
one cell wall and are moving toward another. Howew.r, the substructure and deformation mechanisms
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assoviated with cvdic deformation in this maierial have been studied by Nahm et al.*? who sugzest that the
cyclic deformation is dominated by dislocation muwement in ifw cell walls. Many moee stundies of behavior
in the early hardening stagrs are necessary betore any of seweral concenable hardening models®® *° for
cyclic behavior can be wdenr.” <4,

DISCUSSION AND ANALYSIS

In describing the substructures develvped by varivus combinations ol temperature. stress. and strain
rite. we have mentioned sone pussible deformation mechamsns which are consistent  with the
substructural obscrvations. We hawe not been very spexific. howewer. and do not teel that owr knowlkedge
has progressed 10 a stage where the operative deformation mechanisms can be confidently identified and
u .d 10 develop constitutive eyuations. One of the problems is that the majpwity of the deformation
mechanisms, such as thuse used by Ashby®® 10 dewciop deformation maps. apply to “steady-state™
conditions. This is an unlikely cvent in a structural compunent vl an LMFBR. which undergoes numerous
transients during its servive life. These transients are what introduce the plastic strains and residual stresses
which relax by creep. Weally. the developer of cunstitutive equations should understand . mechanistically .
the nature of plasticity and crecp defermations and how they inleract. An impuortant question relative to
the current constitutive relations is whether ur not scparation of creep =nd plasticity is really essentiai. It
not. we must decide whether it is proper o separate the plasticity and creep simply Sor computaiional
convenience. The substructure stdy presented here does not provide final answers to these problems. but
when combined with the existing knowlkedge of mechanical behavior. it docs represent a step in the nghe
direction igward reaching 3 proper solution.

Consider the isochronuus stressstsain behasior tor reannealed type 304 stainless steel. Ty pical curves
are shown in Fig. 40 at initial loading (/cto) time and after 3000 hr. This matcrial has a very fow elastic

<+
1 1

limit (point A) and often exhibits an accommodation strain region (A 10 B). Reed-HIl™ ' cites the work of

Zankl.*? who describes large grains favorably orientated for ship which undergo plastic vielding before
general yielding. Dislocations on active ship planes within the “weak ™ ¢rins simpinge on grain boundaries
and trigger accommodation slip in ncighboring grains. Yicld-surface studies emploved 1o develop hardening
rades for multiaxial stress states are generally restricted to small inclastic strains in this accommaodation
range. about 10 X 107 10 50 X 10°* offset strain.** In relation to the creep stiength. the stresses
produced by these surface probes are very low. Reanncaled austenitic steels also exhibit general yiclding at
stresses which are low in relation fo the creep strenath. approximatesy 70 MP2 in the temperature range of
450 10 650°C (point B). This gencral viclding occurs by planar shp, and i small-diameter test bars
deformation is often not homegencous. but sweeps up and down the umitornm test section in a scries of

. ). C Grosskeoutz, " The Mechanims of Metal Fanicoae (0.7 Phys. Stg?. Sol .47 1V o251y

37 C.F. Fchiner. A Debnis Mechanian of Cvie Stran Hardeming for £CC Metal” Pl Mae.. 12 1229 4R 1965,

IRCF Tettoer and C. Darrd. "Cychie Stress-Stram Re-pose of 10,0 Metals and Allos i1 Dinlocation Strscture amd
Mechaniins,” Actg Mergll 15 I633 SI(196T).

39. M. k. Adiby and R. A. Verrall, “Inlfason- Accommadated T low and Superplastacity . Acra Merall . 21 149 163
(197 h.

40, M. . Ashhy. A Fust Report on Deformation-Mechanten Maps.” Acrte Merall | 200 RRT 960197

41, R . Recd-Hill, W, R, Cribb, and S. N, Monteire, “Concerming ibe Aalvaas of Fensls Strese-Siram Data Uvng Loy
do'de NVeras Log a Dagrams,” Metall Trans 4 2665 6741971

41 G 7anki 7 Neturforsch. 184 TS 809 11961

43 K . L, Yield Surfaces amd the Flastic-Plastte Behavior of Tvpe 304 Stainless Steel at Room Temperafi.r.,
ORNI/TM-5421 (100 be published)
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Fig. 40. Substructures developed in different regions of the isochronous stresssirain corves at 593°C for 0 and 5000
hr.

strain bursts.** It is well established by Stiechen and other researchers*®*¢-*? that flow stress is relatively

independent of strain rate, but possibly flow stress for type 304 stainless steel is inversely related to strain
rate due to dynamic strain-aging ph.nomena. In other words, plasti= flow and hardening are essentially
athermal for conditions of interest to most LMFBR plastic-flow problems.!’ Any urified deformation
model must account for this athermal condition. In contrast, many of the glide deformation models
proposed in recent years'®-'' make use of thermal.stress activation-analysis principles’®*' ' such as those
developed from the work of Seeger*” and others.*®**® These models will have to be modified to account
for observed behavior.

The conditions under which planar slip gives way to cross slip (point C) have not been established for
our material, and work on this subject should be initiated soon. We can expect, however, that as flow stress
increases, and the plastic strain accumulates under either monotonic or cyclic-strain modes, significant
dislocation interaction and tangling will develop at intersections of active slip planes. Crossslip processes
will be activated and dynamic-recovery processes will become significant. This change leads 10 cell and
subgrain formation (C to D). It is consistcatly observed that as both stress and strain increase conditions are

44. D. Fahr, Analysis of Stress-Sirain Behavior of Type 316 Stainless Steel, ORNL-TM-4292, Oak Ridge Natimnal
Laboratory (November 1973).

45. ). M. Steichen, “*Mathematicai Description of the Flevated Temperature Flow Behavior of Type 304 Stainless Steel
at High Strain Rates,” J. Test. Eval., 1: 520 (1973).

46. ). P. Hammond and V. K. Sikka, Heat-to-Heat Varigtions of Total Strain (to 5%) at Discrete Stress Levels in Types
316 and 304 Srainless Steel from 24 1o 316°C, ORNL/NURFG/TM-57, Oak Ridge National Laboratory, (November 1976),
p. 30.

47. A. Seeger, "The Mechanism of Glide and Work Hardening ir. FCC and HCP Metals, *” pp. 243 349 in Dislocations
and Mechanical Properties of Crystals, ed., ). . Fisher, Wiley and Sons, New York, 1957.

48. H. Conrad, "Thermally Activated Deformation of Metals,” J. Metals. 16: 582 .88 (1964).

49. R. W. Armstrong. “Thermal Activation Strain Rate Analysis (TASRA) for Polyctystalline M;lals." pp- 306 -13in
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approached where strain- ate behavior under tensile conditions contorms to the expectations based on
thermalstress activation principles. The glide processes tor plasticity and creep become one and the same.
Motelt and coworkers®*-5° have established that the substructures developzd in high-stress tensile and
creep tests are very similar.

Difierent ranges can also be identified in the 5000 hr isochronous curve at 593°C (curve 1-2-3in Fig.
40). In the stress range corresponding to the accommodation strain range. the creep strains are fow: no
significant increase in the dislocation density is observed, and no cells are developed. The major
modification in the substructure duc to crecp expusure is the precipitation of carbides on some
dislocations. This precipitation influences the plastic-flow stress and creep behavior. In the stress range
where planar slip occurs under plastic conditions {segment 2-3 in Fig. 40). the creep strains atter 5000 hr
become equivalent to or larger than the plastic loading strains. p tends to increase with stress. and again no
cells form. Data available at 121 and 172 MPa suggest that the total dislocation density does not change
greatly as a consequence of the accumulated creep strain. If this observation is true. further studies of the
transition of substructure in the early stages of creep could be of benefit in understanding creep-plasticity
interactions. Clearly. cyclic loading must also be included in such an activity. At stresses where cross slip
and dynamic recovery are significant (beyond point 3), plasticity-produced and creep-produced
substructures are indistinguishable. Constitutive equations could be based on a rate type of approach.

Returning to low stresses. we nuow cousider how the substructure developed under plastic strain or creep
influences subsequeat creep behavior. A logical focal puint for such a conside:ation is the olten used
Orowan exp:ession:

€=bp,,v. th

where € is the strain rate. b is the Burgers vector. p,, is the mobile dislocation density . and 1 is the average
dislocation velocity. Clearly. if the introduction of plastic or creep strain increases p,,, . the creep rate will
increase. assuming for the moment that the dislocation velocity is not influenced by the value of p,,.
Unfortunately p,, is not synonomous with ihe dislocation density reported in Table 1. but is probably a

51 and others.*? a mobile dislocation at a

function of the applicd stress level. o,. As pointed out by McLean
high stress might not ¢ mobile at 2 low stress. Oden et al.! * detine a mobile dislocation as one which Las a

length. 1. so that

i1 21,=aGblg. {2

where 1, is a critical length given by the right-hand side of the cquation. G is the shear modulus. o is the
stress on the distocation, b is the Burgers vector. and g is a material constant. It has been shown by Oden ¢t
al.'7 that creep strains produce large increases in the total dislocation density. but significant decreases in
the mobile dislocation density. Plastic strains are also known to increase the total dislocation density. and
by implication the mobile dislocation density as defined by Oden et al.' 7 would decrease.

50. K. . Challenger and J. Motefl, “Ouantitative Charactenization of the Substructure of AISI 36 Stiainless Steel
Resulting from Creep,” Metall. Trans. 4: 749 55 (197 1),

S1. D Mclean, "The Physics of High Temperature Creep in Metals.” Rep. Progress Phvsics. 29: 1 33 (1966).

82 A. S Argon, A Statistical Theory for Fasy Chde 1.7 Phivsics of Strength amd Plasticity, MIT Press, Cambridyr,
Mass., 1969, 217 S,
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Our data suggest a different trend, however. For example, p does not seem to change greatly d::amg
creep, and plasticity does not seem 1o produce much hardening. In fact. some of our unpublished data show
that small plastic strains can actually accelerate creep for a short time.

1t is clear that the mobile dislocation density. p,, . should be greatly influenced by the precipitation of
the M, ,C carbide. The matrix carbide does not precipitate under very short-time plasticity situations:
hence, the strengthening when creep commences is primarily associsted with the changes in the dislocation
configuration. Eventually. when the matrix carbide does dewvelop, the fine precipitates observed at
temperatures in the 538 1o 621°C range immobilize by pinning many of the dislocations having large values
for L Further, the carbides appear to stabilize a fine dislocation network, as discussed by Hopkin and
Taylor®? and thus produce strengthening for both creep and plasticity situations. To make matters more
confusing, however, there seems 10_be some evidence that the large blocky precipitates which form at
650°C and above can act as dislocation sources under thermal cycling conditions.®*

The mobile dislocaticr welocily term, v, in the Orowan equation is thought to depend on temperature,
stress, aciivation volume, and total disdocation density. The specific formulation for v depends on the
details of t~e deformation mechanism.’® however, which we have not identified for our material. Velocity
should incr.ase with temperature and siress and decrease with the activation volume and total dislocation
density. Depending upon the specific model, the substructure studies of the type performed here may be
extended to provide data to estimate v. A closer coupling between experimental and analytical work would
be required to produce anything truly useful, however. Because creep is a slow, more or less continuous
process, il is easy to imagine dislocations moving at some average velocity and contributing to the total
deformation. However, in the recent model developed by Lagneborg,'® dislucations glide “rapidly”™
between arrested positions, and in this sense. deformation by creep and plasticity could be very similar.
Without a2 sound knowledge of the p-:cise mechanism it cannot be shown that the same constitutive
relationships should apply to both loading situations. From an experimental viewpoint, the separation of
creep and plasticity for low stresses seems justified.

Among the most often demonstrated correlations between substructural parameters and mechanical
variables are the relations between stress and dislocation density and stress and subgrain (or cell) size. In
Fig. 41, the square root of the dislocation density, v/p, is plotted against the modulus-compensated true
stress (0/G), using data from Table 1. Also included in the figure is a dashed trend line based on specimens
tested at higher temperatures.*® The line conforms to the observation that +/p is inversely proportional to
the stress under steady-state creep conditions. It is interesting to note that data from Table | generally fall
above the line, meaning that the dislocation densities are too high. The data in Table | have been obtained
from specimens tested into different creep stages but also at temperatures genenally below those used to
develop the line. The reasons for this difference have not been determined, but it does seem possible that
the relation between v and (¢0/G) could be temperature sensitive below 650°C. If so, then there are some
interesting implications. These come about if we accept the concept that an internal stress g;, exists so that

0; = aGBvp 3)

$3. L. M. T. Hopkin and L. H. Taylor, “Creep Properties of Cr-Ni-Mo Austenitic Steel in Rehtion to Structure,” J.
Iron Steel Inst. 265, 17-27 (1967).

54. S. R. Keown, "Microstructural Changs's Occurring During the Creep Deformation of a Simple Austenitic Stecl at
600°C,” pp. 78BS in Creep Strength in Steel and High-Tempersture Alloys, Metals Society. London, 1974,
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where a is 2 mate ial constant whose value lics in the range 0.3 to 0.6. Using internalstress concepts, we
assume that the cifective stress. 6*. which produces deformation. is giwn by

o*=(o, o)) EY)

where o, is the applied stress. By detinition. in Eq. (3). 0, is propurtional 1o the Vp. and by observation. o,
is proportional to vp. Therefore o; is proportional to ¢,. This means 0* is also proportional to ¢, and the
ratio 0%/o, will be 2 constant. However. if the relation between a, and Vp is temperature sensitive. n*lo,
will also be temperature sensitive. which intuitively seems reasonable. We might expect that at low
teinperatures (0*/0,) should be small. and at high temperatures (6%/0 ) should be large. Techniques for
determining this ratio have been developed by Cuddy** Nix and Adquist.* and Wilshirc and
coworkers.® 7-** We have also planucd experimental work in this area.

The steady-state creep rate. €. is thought by sume investigators to depend on 0% according to the
power law. Thus.

€. =K(o*r =Ko, o) ()

where K and n are material constants. If a relationship such as that shown in Eq. (5) really exists for creep.
then an understanding of how o, relates 10 composition and substructure can be of considerable value in

55. 1. 5. Cuddy and §. C. Roky. “The Frfect of Intermal Stress on the Activanion Paramctcrs Tor Creep of Foe-Ni
Alloy.” Acta Metall , 21: 427 33 ¢1973).

6. C. N. Ahlguist and W. D. Niv. A Technigue for Measunng Mean Intermal Siress Duning Migh-Temperature Creep.”
Scripta Met.. 3: 679 82 (1969).

$7. K. R, Williams and B. Wilshire, *On the Stress and Temperature-Dependence of Creep of Nimonie 80 A7 Mer.
Sci ] 7176 794197)3). .

SR, P. W. Davies cf al.. “Stress-Change | ypenments During High-Temperature Cooep of Coppes. lron. and Zme,” Mer.
Sci J 7:87 92(197)).
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understanding ha:dening and recovery concepts. In addition to a simple assessment of the total disiovation
line density, mote detailed characterization of the dislocation network character can be of value. especially
if the study is performed in conjunction with vzriabledoad tests which involve recovery periods.' 7 and re-
versed stresses as examined by Gittus *®

The cther microstructural correlation mentioned earlier involves the dependence of the cell or subgrain
size. A. on stress. According to the data of Challenger and Moteff>**® and Sikka et al *® austenitic
stainless steels follow one of two trends. Under high-stress monotonic and cyclic conditions where cells
form. A is inversely proportional to the square of the stress. At low stresses. A is inversely proportional to
stress. A comparison of dat> reported in Table I to a previvusly determined relationship® ° is shown in Fig.
42. These new data follow the low-stress (linear ) trend. but tend to exhibit smaller cell and subgrain sizes
than expected from carlier work.

Robinson and Sherby®' have suggested that the subgnin siz plays a significant role in the creep
process. They have developed an expression for the steady-state creep rate in which subgnain size is
explicitly included:

7
€. =K 3 1
€, =K(TR (M) (6)

where M is the modulus. and K is a temperature-dependent constant. Since the lowstress data for our
material are inversely proportional to A, the apparent expunent on the stress term should be reduced to 4

59. 1. H. Gitus. "The Mcchanical Equation of States: Didovatnm Cooep Duc 1o Stresses Virying in Mapnitude and
Direction.” Philosophicsl Maxe:ine. 241423 4011971

60. V. K. Sikka. H. Nahm, and J. Motefl. “Somc Aspecic of Subboundary and Mobile Dilicatons Durine
High-Temperature Creep of AISE 316 and MM Siainless Stecl.” Mater. Sci. Eng. . 20: 85 6241975)

61. S. L. Robinwon, C. M. Youny, and 0. [). Sherby, “Constant Structure Croep Tests and the Influemee of Suberain
Size on Creep.” /. Mater. Sci., 9: 341 43 (1974).
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for conditions under which subgrains form. However. at other temperatures. such o 393 ind 338 C the
stress exponent should remain at 7. since A is “onstant and equivalent to the g2rain size.

Tue formation of subgrains is also known to hevr 3 significant influence on the yicld stiength. o, .
espevially at lower temperatures where the Hall-Petch relationichip usually holds. Additional studies by
Youn= and Sherby®* and Miller and Sherby®® show that the lollowing relztion holds:

0; =0, +k> 2 m t7)
where a,. k. and m are matenal constants. The applicability of this relanonship 1o termediate
temperatures should be examined since it could be of value i undersianding the nature of creep-plasticity
interactions.

The M.,C, carbide which precipitates in type 304 stainless steel can aftect mechanic:i behavior and
constitutive equation development in scveral ways. Casbon in solution is known to be a putent strengthener
in regard to plastic flow strength.?>** Hence. depletion of this clement could produce loss n stzenzth. In
fact. the relatively fine dispersion which occurs at temperatures in the range of 300 to 630 °C rosults in
strengthening rather than weakening. Sikka et 2l.** have shown that the time at wh.ch 3znz bemms to
increase the flow stress corresponds to the time required for the precipitation of matnx carbides. btienne et
al.** have made similar vbservations ‘or cyclic flow behavior. On the other hand. it carhon really plays a
role in the strain-aging behavior. then the depletion of carbon could influence the tlow-stress vs strain-rate
response in the temperaturc range of 350 1o 650°C. It must be recognized that the strain-aging behavior
probably involves solute clements as well as interstitials: therefore, stran aging should sull be present after
aging. Sikka et al.?? find that aging produces higher creep rates in type 304 stainkess stecl. = sumlar
response has been observed in other steels.***7-?* This scems to be inconsistent with the Rseruation that
the precipitate stabilizes a finc dislocation substructure i the temperature range o7 300 50 025 C winch
results in an increase in creep strength. The key to the explanauon is probably asseciated with the fact that
the carbide.precipitation characteristics are different under highly stressed conditions than under simple
agng. It is well established that the kinctics of the precipitation process are influenced by the presence of
stress and strain. Etienne ¢t 2l.** have shown this. using a material (heat Ly which s very sinular in
composition and strength to the material we have studied. We have replotted their tune-temperature
transformation diagrams JTor Jow-stress aging in Figs. 43 and 44. Figure 43 shows the precipitation kinetics
of matrix carbides with and without stress. The data confirm that high stresses aceelerate both the start and
the growth rate of the matrix carbides. especially at the higher temiperatures. Our investigations reveal that
the carbides often delineate the planarslip traces produced on plastic loading after the disiocations have
climbed or cross slipped out of the plancs and developed cellular configurations. Figure 44 shows the

62. C. M. Young and O. 1. Sherby. “subgrain {ormation and Suberam Boundary Strengthenine in fron-Based
Matcrals.” J Iron and Steel Insi.. 211 6400 47 (1973,
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Jit 17419760

64. K. Natcsan. T. §. Kawner, and C. Y. *.i. "Fffeet of Sodism on Mechanical Propertics and Fnciion-Wear Behavios
of LMFBR Matcrials.”" Reactor Technol. 15 233 (Winier 197271973,

65. C. F. Fucnnc. W. Duortland, and . B. Zeodiik, “On the Capability of Ausicartie Stamkess Steel 1o Withstand Cyvein
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Temperature Apphications, Philadelphia, September 1973, and United Kingdom ., Sheffickd. Apnl 1974,
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in Creep Strength in Stecl and High-Temperature Allovs. Metils Sociery, fondon, 1974,


http://5i.ii

TMPERATURE °C)

Fig. 43. iafluence of stress on the precipitation kinetics of M. ,C, within the matrix of type 304 stainicss sieel.

Oy, - DWG 7 VY382

© NOT OBSERVED l
& ~Olpm
O wu2pm -WTH STRESS
® ~04-05pm
* OBSERVED M LIGHT MICROSCOPY
~—=wTHOUT STRESS '

o0 ; LB AL e mneatt)
- L J
p w0l
-
2 L
;
l- 300 Swa
o~
eool—L LLLLME 0L UL & 0ol 1 LUl § L

o 2 s © 2 s ! 2 s w2 5 w'2 s o
TIVE ()

Fig. 44. Inflwence of stress on the precipitation kinelics of M, ,C, within the grain boundaries of type 304 stainlcss
seeel,



29

precipitation kinetics of grain boundary carbides. In this case, the stress or strain seems t  accelerate the
start of the precipitation, especially at lower temperatures. The influence of grain boundary precipitates on
the yield and flow behavior of our material has not been emphasized in this report. Actually, grain
boundary carbides could play a significant role. At high temperatures the carbides precipitate quickly . and
under some conditions denuding of carbon and chromium develops in zones on either side of the grain
boundary.?2-*® This relatively weak matenial could exhibit significantly different flow characteristics than
the matrix away from the boundary does, and this possibility complicates efforts to describe hardening
behavior. Under lower stress conditions, Keown®® observed that grniin boundary carbides alter the
dislocation’s emitting or absorbing the characteristics of the boundary.®* Further, the very presence of the
precipitate complicates efforts to estimate the giain boundary diffusion contribution to creep, which has an
impact on the position of the different fields on the Ashby deformation map and thus compromises the
usefulness of the approach.

In ail probability the carbide precipitation, especially on the grain boundaries, has an enormous
influence on the rupture life and ductility. We have accumulated a significant body of data bearing on this
subject for type 304 stainlers steel. These data are currently being evaluated. As an example, in one
study,*® the power law has been used to represent isothermal rupture data in the temperature range of 482
10816°C:

1, = (o/A)r (3)

where A and n, are temperature-dependent constants which are determined by least squares. Plots for 4
and n, against temperature are shown in Fig. 45. and it appears thal », incieases with increasing
temperature 10 nearly 600°C then decreases precipitously. The peak vale of 1, occurs where the
precipitate-dislocation interaction is most prominent.

68. R. Suckler and A. Vinckier. “Morphology of Gram-Boundary Carbades and 1is Influence: on Intergranular
Corrosion of 304 Suainkess Steel,” Trans. Amer. Soc. Metals 54: 362 (1961).

69. R. W. Swindeman. “Creep-Rupture Corrclations for Type 304 Stainkess Stevl theat 9727960, Symp. Siruct.
Mater. Elecated-Temperature in Nucl. Power (reneration Service. ¢d. A. O. Schaclice. MPC-1: 1 30 1975,
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CONCLUSIONS

1. At stresses which produce less than 1% accumulated inelastic strair in 10,000 hr or Jess, the observed
dislocation densities are close to the stasting value (10” am % ). No evicence of cell formation exists. The
major alteration of substructure is the precipitation of M; ,C, on grain toundaries, twin boundaries, and on
some dislocations. This precipitation is observed in the temperature ranye 538 to 649°C.

2. At stresses which produce greater than 1% accumulated inelistic strain in 10000 hr oc less. the
cbserved Jitlocation densities and substructures depend on the temperature and stress lewl.

3. At stresses in the range 69 to 172 MPa, and for temperatures in the range 482 to 593°C, the
observed dislocation density tends to increase with increasing stresw:s. To a first approxsmation the density
increases with the square of the stress. Dislocation densities are gr:ater than expected based on studies at
comparable stresses and higher temperatures, however. No evidence of cell formation exists: rather,
dislocations are arranged in fairly fine networks and sometime:s in dense tangles, which appear to be
stabilized by fine precipitates.

4. At stresses in the range of 69 to 172 MPA, and for temperatures above 593°C, the observed
dislocation densities increase, approximately with the square of the stress. The cell size is inversely
proportional 10 the stress. The cells are well developed and could be classified as 2 inixed configuration or
even a8 subgrains in some cases.

5. A stresses above 172 MP3. and for temperatures in the range 482 10 649°C, dislocation densities are
very high and difTicult to evaluate. Cells develop whose walls consist of dislocation tangles. The cell size is
inversely proportional to the stress. but tends 1o be finer than th.: cell size determined at similar stresses but
at higher temperatures.

6. Substructures developed under cyclic plasticity condit ons vary in character with the temperature.
At 427 and 482°C, dislocations are often arranged in primitive cells or bundles. The dislocation densities
fall within the scatter band exhibited by monotonic data. Similarly, the cell sizes fall within the scatter
band for monotonic data. At 649°C, the substructure is somewhat variable, exhibiting some regions of
primitive cells and other regions of faidy well-defined cells. The dislocation densities and cell sizes are in
agreement with the trends established from high-temperature data.

7. Exposuse to creep conditions accelerates the growth of M ;C, carbides in the matrix, especially at
higher temperatures. It also accelerates the start of precipitation of grain bourdary carbides at all
temperatures.

8. The substructural data developed here do not refute the current constitutive equations which treat
plasticity and creep strain separately with respect to yield, . 5w, and hardening behavior. There is an urgent
need, however, to perform more studies on tensile and creep tested specimens in the early stages of
hardening. More study of substructures produced under cyclic-plasticity and cyclic-creep conditinns are also
needed.
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