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SUBSTRUCTURES DEVELOPED DURING CREEP AND 
CYCUC TESTS OF TYPE 304 STAINLESS STEEL 

,HEAT9T2796)* 

R. W. Swindenun V. K. Sikka 
R. K. Bhargav-V J.MotefT 

ABSTRACT 

Substructures developed in tester* specimens of a reference h o i of type 304 stainless steel I heal 
9T2796) a:e examined. Data include dislucal*>n densities, cell and suberain urn. and carbide precipi­
tate size*."[ mine conditions ranee fur temperatures from 412 to 649*(". for stresses from IK to 241 
MPs. I ' l l for times from 4 to 15.000 hr. As expected, it is observed thai temperature, stress, and lime 
have strout influences on substructure. The chanec in the dislocation density is too small to measure 
for conditions which produce less thin I " monotonic strain. No ccBs form, and the major alteration 
of substructure is the precipitation of M. ,<". carbides on train boundaries, on twin boundaries, and 
on some dislocations. At stresses ranging from 69 to 172 Mfa and at temperatures rancine from 4*2 to 
593*t". the dislocation density mcreascs with incrcasine. stress and is eenerally hicber than e\pcctcd 
frons studies made at hirhcr temperatures. Dislocations arc arranged in fir-: networks stabilized by 
carbides. At stresses above 172 MPa and temperatures u> 649*<'. the dislocation density is too treat l>> 
measure. CcBs develop which are fmcr in size than cells developed at similar stresses but at hither 
temperatures. Dislocation densities and cell sizes for cyclic specimens are comparable to data for 
creep-tested specimens. On the bash -.if the observed substructures, recommendations a(v made rctard-
inr further studies which would assist in the development of constitutive CTju3Ut.ni lor hieh-
temperafure inelastic analysis ol reactor component*. 

INTRODUCTION 

Currently recommended constitutive relations lor use in the inelastic analysis of liquid-metal fast 
breeder reactor (LMFBR) components1*2 arc based on 'he assumption that mechanical strain can be 
separated into three components: clastic. timc-iiiJi'pcndcnt plastic, and time-dependent creep. Specific 
'-onstilutivc relations which provide rules for describing the yield, flow, and hardening behavior are formu­
lated separately for plasticity and creep. Ad hoc rules, which arc intended to compensate for creep-
plasticity interactions, arc also provided. The equations arc based primarily on concepts involving principles 
of continuum mechanics, thermodynamics, and rhcology. although results I'r >m exploratory mechanical-
property studies arc also considered.3 Although these constitutive equations have >ecn accepted and are in 
use.4 the Structural Design Methods (SDM) program' at the Oak Ridge National Laboratory (0RNL) is 
organized on the premise that the inelastic design methods should be upgraded periodically through an 

*W..rk performed under I RDA/RDI) IH9a No. 0H04H. Hith-Tcmpcralurc Structure Design 

University of Cincinnati 
1. C. I-. Push cl al.. Currently Kecitmmended Constitutive Equations for Inelastic Design Analysis of h'FTF 

Components, ORNl- IM-3M'2 Oak Rldce National laboratory tScplrmhcr 1972». 
2. C. r. Puch ct al.. Background Information for Interim Methods of Inelastic Analysis for Mich-Temperature Reactor 

Components of 2% Cr I Mo Steel ORNL/TM-5226. Oak Ridcc Nalienal Laboratory (19761. 
3. J. M. Corum r\ al.. Pressure Vessels and Piping Verification and Qualification of Inelastic Analysis Computer 

Programs, pp. 13 25; 47 58; 79 109. ASMI Publication (V-dOOHB. American Society of Mechanical I nrinccrs. New York 
(J-im- I975>. 

4. CS. Atomic f-ncniy Commission. RI)T Standard '-9-5T. (iuidelmes and Procedures for Design of Nuclear System 
Componcntsat rleveled Temperatures. Oak Ridjjc National laboratory (March l n 74>. 

5. W. I., ('rccnstrccl. "OPNI. Iliyh Temperature Structural Design Methods Development Program." Trans. Am. 
Nucl. Soc. 1(2): 4fKt (November I97.H 
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iterative process which requires a dose 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 coworkers4 have initiated work to develop improved constitutive equations for 
use in the LMFBR program. Under consideration are approaches proposed by Hart.7 O u t * Ri-e* 
Lagneborg,1 * and Miller.'' These last three investigators consider the fact that porycrystalline aUoys 
deform principally by the movement of line defects (dislocations). However, in a commercial alloy, such as 
type 304 stainless steel at an elevated temperature, strong interactions occur between dislocations and point 
defects, such as interstitiab and substitutional atoms. These interactions impede dislocation glide and climb. 
Abo. as shown by Crossman and Ashby 1 1 and Mohamed and Langdon,1 3 one can also expect that at low 
creep-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 is known that the presence of 
precipitates, such as M2 jC». has a profound influence on the dislocation substructure14 ••* 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 use such information as a guide in the selection of deformation models. The potential of 
this approach has been demonstrated recently by Lagneborg and coworkers.1 * •' 7 

The work presented here represents an evaluation of disl xation substructures and carbide distributions 
in tensile, creep, and cyclic-tested specimens of type 304 stainless sled. The studies were supported by 
several ERDA programs, including a program at the University of Cincinnati on the Correlation of Strength 
and Microstructurc (CSM) (ERDAcontract no. AT-IOI I);and programs at Oak Ridge National Laboratory 
on the Generation and Correlation of Deformation and Failure Criteria for Structural Materials (DFCSM) 
(ERDA 189a 0H050), and the Development of Improved High-Temperature Inelastic Structural Design 
Method (SDM) for LMFBR Components (ERDA 189a Activity No. 0HO48). 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 Candidate Creep-Recovery Model for 2% Cr-1 Mo Steel ami lit Experimental Implementation. 
ORNI.-1M-5110. Oik Ridge National Laboratory (October 197$). 

7. F.. W. Hart. "A fhenomcnoloirical Theory for Plastic Deformation of Poly crystalline Metals." Acta Mrtall. 18: 
599-610(1970). 

8. F. T. Onal and F. Fardshisheh. Representation of Creep of Metals, ORNL-47H3. Oak Ridri- Na(i»njl Laboratory 
(August 1972). 

9. J. R. Rice, "On the Structure of Stress-Strain Relations for Time-Dependent Plastic Deformation in Metals." 
Trans. ASME. Set. K. J. Appl Meth.il. 7 » 37 (1970). 

10. R. Lagneborg. "A Modified Recovery-Creep Model and Its Evaluation." Mrr. Sit'./. 6: 127 33(1972). 
11. A. K. Milkr. "An Inelastic Constitutive Model (or Monoioi»ic. Cycle and Creep Deformation: Part I. Equation* 

Development and Analytical Procedures; Part II. Application to Type 304 Stainless Steel." Trans. ASME. J. Ent Mater. 
TechnoL. 98: 97-113 (1976). 

12. F. W. Crossman and M. F. Ashby, "The Non-uniform Flow of Polycrystal* by Grain-Boundary Sliding 
Accommodated by Power-Law Creep." Acta mttatt.. 23: 42S -4011975). 

13. F. A. Mohamed and T. G. Langdon, "Deformation Mechanism Maps Based on Grain Sire." Me tall. Trans.. $• 
2339-45 (1974). 

14. J. T. Barnby, "Effect of Strain Aging on (he High-Temperature Tensile Properties of an AISI 316 Auslenitic 
Stainless Steel,"/ Inn Steel Inst. London. 203: 392-65 <196<>. 

15. F. GttoMo. Fundamentals of Creep and Creep Rupture in Metals. MacMillanCo.. New York. 1965. 
16. R. Lagneborg, B-H. EorWn. and J. Wiberg, "A Recovery-Creep Model Based Upon Dislocation Distributions." pp. 

1 - 7 in Orrp Strength in Steel and High Temperature AUoys. The Metals Society. London. 1974. 
17. A. Oden, E. Lind, and R. Lagneborg, "Dislocation Distributions During Creep and Recovery of a lm Cr W~r Nt 

Steel at 700*0," pp. 60-66 in Creep Strength in Steel and Htth Temperature Alloys, The Metal* Society. London. 1974. 
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transmission-electron micrographs reproduced in this report makes the reading somewrc tedious, the 
reader should take comfort in the fact that two hundred other available micrographs were not included. 

MATERIAL AND EXTERIMENTAL TECHNIQUES 

The material examined was taken from a 25-mrn-thick plate of a well-characierized heat of type 304 
stainless steel (heat 9T2796). 1 * Uniaxial test bars having diameters near 6 J5 mm were machined from the 
plate, rearmealed for 0.S hr at I093*C, and tested ist tensile, creep, and strain-.ycline modes. All tensile 
tests were performed in air with techniques described elsewhere.1* Although some tensile tests were 
discontinued at low strain lewis. aB the specimens examined here were tested to complei; failure. 

Creep tests were aho performed in air using techniques described by Swindeman and rugh. 2 0 Speci­
mens wiiich were examined included some on which tests were discontinued in different stages of creep, 
and somt on which tests were continued to failure. When tests were discontinued, the load was maintained 
until the specimen was cool. 

The experimental techniques used for cyclic testing haw not been described previously. The specimen 
design and experimental setup are shown in Fig. 1. The cyclic specimen had a uniform length of 25 mm. 

IS. R. W. Swmdcman. Room-Temperature Otaracleriiattnn Data for Type JlU Sltmtra Steel '.Heal V777VA/ Hete. 
ORNl-TM-4396. Obk Rider National Laboutoo February 19741. 

19. R. W. Swindcman. Aow Strain Tenale Behawior of Type 304 Stainless Steel (Heal 9T279*,). CRN I./7M-5 245. tfcik 
Rid*c National Laboratory It ebruary !97f.l 

bt. R. W. Swrnoenun and <". K Plqrb. Creep Studies on Type 304 Stainless Steel (Heat 20439})) tmler Constant and 
Varying Loads. ORNUTM-4427. Oak Ridrt National Laboratory r June 1974) 

(MNL-DWG 76-197VB 

Fit. I . Schemtuc drawing of letup for strain cycling. 
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about 10 mm of which was actually used foe control of temperature and cyclic-strain range. The experi­
mental setup was similar in many respects to the one used by Jaske et a l . s ' Cyclic specimens were not 
tested to failure, but rather to cyclic lives whkh approached the values necessary to establish saturation 
conditions. Each test was terminated by unloading the specimen when it was halfway through the tensile 
portion of the hysteresis loop and then cooling the specimen to room temperature. 

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 slices were measured asd used to determine the true stresses. The foils for 
TEM were prepared by mechanically thmnmg to for* thicknesses near I mm and by final electropolishing 
using a iviUi-jet pohsher and an electrolyte of 90% acetic acid and 10% perchloric a d d - 1 2 Several foils were 
examined when possible, and several areas of each foil were examined. Typically, 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 fittV .-mores represent creep specimens studied earner.2 2 2 4 

The filled triangles represent tensile-tasted spediiM-ns studied earlier. The open symbols represent test 

21. C. V. Ja*e. H. MmdKn. and J. S. fernn. "Cjrtfc StmvSfnin Behavior of T«» AttVvoi H*h Temperature.''pp. 
13-27 m CftUc Strea-Stram Btkawim - Atttym. Exptrimtrnmiim, ami Fmhmr FmHctkm. Spec. Tech. AnY 519. 
American Society lor TcMmr and Materials. 1973. 

22. Personal comnHMicaliiin, R. K. Bhaqpva. lir»-/tr»ly ..f Cincinnati, to R. W. Swtndcnun, Oak Ridrc National 
Laboratory. 1975. 

23. V. K. Srkka. ('. R. Brmknun. and il. K. McCoy. "KPcct of Thermal Acme «n Tcmue and Creep Properties of 
Types 304 and 316 Suinlen Steel." pp. 316 50 in Proc. 1974. Srmp. Struct. Mater. NewattdTempcraturr Nad. Power 
(kmrmtitm Sermr. ed„ A. O. Schaeflei. MK'-i. 197$. 

24. R. Bharrava. R. W. Swmdcman. and J. Molcff. "Correlation nf rhc MkriMiruclurc *Uh the Creep and Tensik? 
Properties AISI Vt* Stainkn Sled." pp. 31 54 in Symp. Struct. Mater. hkraled-Tcmpmtwc .Vnr/. Ptmer (ienemkm 
Service, cd.. A. O. Schaeffer. MFC-1.1975. 

0MN.-0IK 7« - t»7 t * 
TCHSnE CRCCP 

Ph> 2. Comparison of testing condition! for specimen examined in iraiMmisrion-cleclron microscopy with the data 
but tvalaWi for type 304 stainless steel (heal 9T2796). 
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specimens which were not examineii. Superimposed on the matrix are curves which represent the cre-sp 
strength vs temperature tor secondary creep rates ranging from 10 * to I 0 3 percent per hr. Figure 2 shows 
that specimens were selected for the examination of temperature effects at constant stress (for example, at 
241. 172. and 103 MPa): sires: effects at constant temperature iter example, at 5 3 8 . 5 U 3 . and 6 4 9 * 0 : and 
stress-temperature effects at constant creep rate (for example, at I 0 ' : . I0~ J . and I0~ 4 percent per hr). 
The specimens included in this work (tilled 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 liAe I. Included are data relating to the average ceil or subgrain size (X >. the average dislocation density 
(p). and the sue of the grain boundary and of the matrix carbides- In expanding the information contained 
in Table I. we make use of data for the same material generated in the other programs 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 each temperature we staff with the lowest stress, considering 
at each stress level the shortest time first, then the longer times. Thus, we are examining the influence of 
increasing temperatures, increasing stresses (or plastic strains). auJ :icreasing times (or creep strains}. 

The initial microstructurc is shown in Fig. 3. This consists of a low density of dislocations (approxi­
mately 10* c m - 2 ) more or less randomly distributed throughout the grains. The grain size is approximately 
180 urn. and the grain boundaries are free of precipitates.'* There is some evidence of dislocations piled 
against or emulating from the boundaries in a few cases. Most dislocations arc fairly straight.and there are 
few tangles, loops, or dipoles 

The first data listed in Table I arc from a specimen (RP 125) tested at 172 MPa for I5S0 hr. The test 
was discontinued after the specimen experienced about 5^ loading strain and 0.03^ creep strain. A typical 
TKM is shown in Fig. 4. and as can be seen, the dislocations (7_S5 X 10" cm" 2 ) lie primarily on slip traces 
(III planes). There arc quite a few curved dislocations and some tanefcs. loops, and dipoks. No clear 
evidence of dislocation cells or subgrains exists. Possibly this structure has been produced by planar slip 
during plastic loading, followed by cross slip and glide of dislocations out of the slip plane during the period 
of creep. There is no evidence of precipitation in either the grain boundaries or the matrix at the nagnifica-
lions which were employed (20.000 X). This is consistent with the finding of Sikka ct a l . : ' on material 
agedat4X2°C(9O0°F). 

The second data listed in Table I comes from a specimen (KP 267) tested at 4H2°C and 241 MPa. This 
specimen experienced about H^ loading strain and about 0.06'S creep strain. The specimen did not rupture. 
The substructure shown in Fig. 5 differs markedly from the substructure developed at lower stress (Fig. 4) 
and consists of a high density of dislocations which arc tangled in a configuration of poorly defined cell 
walls. The average cell dimension is estimated at 0.72 pm. The cellular structure seen in Fig. 5 is a result of 
the large plastic loading strain and is more ;i manifestation of dislocation glide and dynamic recovery 
processes which involve cross slip than a manifestation of dislocation climb and thermal recovery. Although 
no grain boundary precipitates arc observed, a few localized needles which could be MuC* carbides arc 
present. The major dimension of the needles is near 0.5 //m. 

Data for one specimen (RP 324). tested at 5I0°C !«><0"F)and 241 MPa.arc reported in Tabic I. This 
specimen experienced about I0.4 r; loading strain and failed in 3511 hr. The substructure which developed 
ir? this specimen (rig. 6) consists of poorly defined cells, having an intercept dimension near 0.°2 j/in.and 
being aligned more or less along cysiallographic planes. The dislocation density is not reported but appears 
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qualitatrely to be similar to the density observed in the high-stress specimen (RP 267) tested at 482°C and 
shown in fig. S. 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 um. There is also 
some evidence of matrix carbides. These are few, localized, and near 0.1 um in size. 

At S3K°C (1000°F), the substructures developed at eight stress levels 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 Pig. 7 and 
exhibits the same dislocation density as the untested specimen. The dislocations are straight, exhibit 
attractive junctions, and are deconted by precipitates approximately 0.03 to 0.06 um m 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 3C ( I000°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 5000 hr. There is no evidence in Fig. 8 of subgrains. and the dislocation density (1.09 X 10' 
cm' 2 ) is close to the starting value. The dislocations arc arranged in networks having both attractive and 
repulsive junct ions. ' 7 - 2 5 Curved dislocation segments appear So be free ot 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 interccll regions, however. The 
dislocation density is about one order of magnitude above the initial value, and tne substructure does not 
suggest that thermal recovery processes arc 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 I 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 lower temperatures. The dislocation density is too high to conveniently 
measure. This substructure is consistent with the dislocation 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 Brmgava and coworkers 2 6 , 2 1 include three creep specimens (RP 8 at 
276 MPa, RP 9 tested at 241 MPa, and RP 26 tested at 138 MPa) and two tensile specimens (RP 14, with an 
ultimate strength near 385 MPa; and RP 201, with an ultimate strength near 362 MPa). Specimens RP 201, 
RP 14, and RP 8, which were tested at high sttestes, exhibit cell-type substructures, while the specimens at 
the two lower stresses exhibit what Bhargava et a l . 1 6 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 subgrai.i 
character. 

25. R. Lagneborg, "Dislocation Mechanisms in Ctccp." Int. Metatt. Rev.. I I 1.10 46(1972) 
26. R. K. Bhargava. J. Motcff, and R. W. Swindcman. "The Dislocation Substructure. Carbides, and the Deformation 

Map for AISI 304 Stainless Steel," Me tall. Trent., 7A: 179 84 (1976). 
27. T. Ken field. University of Cincinnati, to R. W. Swindenwn, Oak Ridge National Laboratory. 1975. 



R f . 7. RP 7% m u d al 5 3 T C ai 41 
11340br. Nostrain. < IS.'NMy » 

fur 

ft ' *' 1 

> 

,, N..., 

Fig. H. RP 264 tested at 538 I ai 86 MPa l.w 5000 
br. 0.0r-'.» M n w . , . ne.ii 1 iW • | n * v in : I ' I I . I I M I - I 

Fig. 9. RP 78 letted al 538 (' al 172 MPa fi»r 
11540 hr. 7.4V strain, p m-.ir !0.5 • i n * m i ' . 
H5.W0/ I 

Kin. 10. RP 78 lesicd al 5 3 r t al 172 MPa for 
11540 hi . 7.4r/f strain. M. ,< „ precipitin**. (20.0O0X) 
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Fa> I I . RT 2SI tested at 53TC al 241 MTa for 
350 kr. 187 urate. A new 0.76 *.m.«15.000X) 

tig. 12. Rr 320 tested al 5€*'C al 172 MPa for 
2054 hi. 133 strain, t, ,.at H.I / 10' tm : . U<>.00«» i 

>!i.V 

-v^iWFjrf''. 

Faj. 13. Rf 270 tested at 566° C at 241 MTa for 
114 hr. 20% strata. > near 0.83 »iin.(l5.000x> 

Fig, 14. Rr 215 tested at 593" C u 69 MTa for 
5008 hr with 0.477 M m . (20.000* i 
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Two specimens rested at 5o6* C (1030° FI have been examined, and the data hav<- been reported in Table 
I. The low-stress ten specimen (RP 320)at 172 MPa experienced 5 2 ^ plastic loading stral:. and 7.8% creep 
strain before rupturing after 2054 hr. The substructure, shown in Fig. 12. consists of curved dislocation 
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 loading strain is absent. The 
substructure is similar to that developed '. 538*C (RP 78). Large carbides are also present on ihe grain 
boundaries. The high-stress test specimen (RP 270) at 241 MPa experienced 10.5% loading strain and 93% 
creep strain. Cells are present as shown in Fig. 13. but a rather high dislocation density exists within the 
ceils. The structure is a«5»ir. indicative of glide processes, and there is no evidence that thermal recovery 
plays a significant role in the deformation process. 

A substantia! amount of data are available at 593*0 (1100*F). Substructures developed after aging for 
times up to 10,000 hr have been examined by Sikka et a l . 2 3 ' 1 * ».;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 eleven specimens arc provided in Table 1. Results from a study 
on an additional six specimens, including two tensile tests, arc reported by Bhargava et al. 2* The lowest 
stress reported in Table I is near 28 MPa. which corresponds to the sires* in the shoulder region of 
specimen RP 213 which ruptured in I53C0 hr. The micrestructure 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 arc 
summarized in Table I. Both specimens RP 28 and RP 215 experienced small plastic loading strains.0.16 
and 0.18% respectively, and accumulated creep strain less than OJTr. Substructures of the specimens, which 
are very similar, are shown in Fig. 14. The dislocation densities arc near the starting ~ due. and no subgrains 
are present. Dislocation networks with attractive junctions arc decorated with precipitates of a si/c near 
0.08 um. Witliin these networks curved dislocations without 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 . . 1 ' 
however, implying that the precipitate is hardening with resoect to plastic flow. 

Very similar substructures are developed after creep tes'ing at stress levels ranging from 86 to 138 MPa. 
The plastic leading strains range from 0.H8',7 for specimen RP 216 at 86 MPa. to 2.8''; for specimen RP 58 
at 138 MPa. Creep strains, reported in Table I. range from 0.48 to 5.8 r; for specimens RP 216 to RP58. 
respectively. Typical substructures developed in (he six specimens arc shown in Figs. 15 through 20. 
Neither cells nor subgrains have developed in any of the specimens, but the dislocation density in the 
specimens discontinued after approximately 5000 hr increases by about 40% when there is a 60% increase 
in stress. Three specimens tested at 121 MPa for different times (creep strain) exhibit nearly the same 
dislocation density at 1027 and 5131 hr. but show a higher value at 15.500 hr. Substructures consist of 
short and curved dislocation segments joined in a network of small (angles 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 arc relatively independent of stress, but range with time from 
0.035 fim at 1027 hr to 0.09 pm at 15.500 hr. Typical substructures for specimens RP43 and KK 166 are 
shown in Figs. 21 and 22. Figure 21 represents (he substructure developed after 619 hr at 172 MPa. and 
Fig. 22 shows substructure development after 98.5 In at 207 MPa. The dislocation densities are greater than 
(hose observed at lower stresses, and (he substructures arc quite variable. Some foils exhibit intense tangles, 
perhaps stabilized by the precipitation of fine carbides, while in other areas discernible cells arc present. 
Often the precipitates arc aligned on what were once slip bands. Because of the shorter times involved, the 
matrix precipitates tend to be smaller at these high stresses. SubstructuraJ features for high-stress tests al 

2B. V. K. Sikka and ('. R. Rrinkman. Uniaxial Ttnsilt Properties of Auumilic Stainless Steels Followinx Prior Creep 
Deformation An Interim Report. ORNI./TM-5I9.1, Oak Ridjrc National Laboratory (April 1976). 
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Faj. 19. Kr 213 tested al 593 C al l?l *Wa tor 
15.500 hr with 5A"* straw. » rrjr S.XJ - |M* cm : . 
HS.INHM) 

Fig. 20. RP 58 tested at 593 C al 138 MPa for 
SOM hr with 8.63 strata. >. rtcir 4SJ . In* cm J . 
i2i».mniy i 

Fig. 21. RP43 icsied al 593 Cat 172 MPs for 619 
hr wilh 163 strain. * ncir M I / In* »m ' . i.'n.nwiv i 

Fig. 22. RP 166 rested al 593 C at 241 MPs for 
98.5 hr wilh 213 strain. ,. ncir In I / in' cm V 
i Jii.miii/ > 
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593*C are also suvnmarued by Bbtrgava et a l . * * Dislocations tend to exhibit "mired" 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 I . 
The low-stress test specimen (RP 266) ruptured in 4S9S hr at 103 MPa. The plastic loading strain is 13%. 
and the creep strain is 16.75? The substructure (Fig. 23) differs markedly from substructures produced by 
the same stress at lower temperatures. (See Fig. IS. for example). At 62 I *C < I I50*F ) . well-detlned 
subgrains develop. Within the subgrains. dislocation pctworks exist which often exhibit attractive junctions. 
This type of substructure is typical of high-temperature deformation where thermal-recovery processes, 
especially dislocation d i n * , are very active. The dislocation density of 2.64 X 10* c m ' 1 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 tested at 649°C (1200°F) are consistent with data widely 
available in the literature for austenitic stainless steels.1* ~ 1 ] Our 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 3 3 J * for stresses in the range of 103 to 321 MPa. including four tensile tests at 
different strain rates. 

With respect to aging nlone, Sikka et a l 2 ' 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 IS8) for a test at 35 MPa and 10.000 hr is shown in Fig. 25. The 
specimen experienced no plastic loading strain ar<d only 0.238% creep strain. The dislocation density for 
this specimen and for one tested for 10,000 hr M 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 1S8). 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 (he subgrains has 
segments which are sometimes straight and sometimes curved; a fairiy high density of attractive junctions is 
present. The large matrix carbides usually have dislocations associated wi'h 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 86 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 el al., "Strain-Time. Rate-Stress, and Rate-Temperature Relations during Ittpc Deformations in 
Creep." pp- 1-31 in Joint Int. Conf. Creep. Inst. Mech. F.ne., London, 1963. 

30. L i. Cuddy, "Internal Stresses and Structures Developed During rreep." Mettll Tram., 1: 395 40111970). 
31. S. N. Monteiro and H. J. Kestcnbach, "Influence of Grain Orientation on the Dislocation Substruciurc in 

Austenitic Stainless Steel," Meutt. Trrnu., 6A: 938 40 (1975). 
32. T. L da Silvern and S. N. Monteiro, "Strengthened Creep Substructures in 316 Stainless Steel." pp. 334 38 in 

2nd Int. Conf. Mech. Bthnior of Metdt, American Society of Metals, 1976. 
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Kf. 23. RP 266 tested ai 621 C at 103 MPa few 
4595 hi * i * 18? Wain. i> near 1M ' 10* err. '. A 
near 2 2\ un* 115.mm/> 

F%. 24. RP 263 teftei at 621 C af 172 MPa Cm 
119 hr witfi 227 Maim. „ near ll.f • I"* cm 3 . 
|2<I.<HH»' 1 

Kg. 25. RP 1.58 tested at 649"t ai 35 MPa for 
10.000 hr with 0.2.87 creep strain, p nor ».Rq / in* 
cm !.(I.VCHH>/0 
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t.^? 
Fig. 26. RP 126 tested al 649C at 51 MPa for 

10.000 hr *jlh 0.66* creep strata, p near 0.83 < in* 
cm '. «l5.f(f»0/> 
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fig. 27. RF 144 
8292 br w i * 5.75* 

ai « 4 r c M W MFa for 
A near 2.57 urn. 115.000x > 

l%.2*. RFS7|r j t r4 j | t49*Cst*Mrsfbr 3W0 
hi wilh 227 cicep straia. » near 2.6* < 10* en ' A 
near 1.99 „m. 12«».000x > 

fig. 29. FRF 107 letted at 427*C al 0.37% Ac for 
1000 cycle* at 140 MFa. p new 7.66 x 10* cm ' . A 
near 1.46 urn (lO.OOOx) 

Fif. 30. FRF 107 lesled al 427T al 0.377 4c for 
1000 cycles al I4S MFa.f3D.0Ony > 

http://MFa.f3D.0Ony
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and sometimes straight as when tested at 69 MPa Both attractive and repulsive junctions are present, and 
extended dislocation nodes are occasionally observed. Large btocky matrix carbides are present and are 
usually surrounded by dislocation tangles. Substructures developed in creep and tensile tests at stresses of 
•03 and 138 MPa consist of subgrains. with walb sometimes decorated by precipitates. Dislocations within 
the subgram? are often straight with attractive junctions. Matrix precipitates form rows, suggesting that 
they developed on slip traces produced during loading. The substructures indicate that the creep 
deformation at 649*C ( i 200" F) is controlled by thermal-recovery processes, such as dislocation climb. As 
stresses are increased, however, subgrains give way to cells, and the ma..ix precipitates become smaller as 
testing times become shorter. Additional data pertaining to the development of substructures under creep 
and tensile conditions are available elsewhere 2 4 ' 2* for temperatures of 704.760. and 8 I6*C. Depending on 
the stress, either subgrains or cells are formed and precipitates, when they develop, arc characteristically 
very large. 

Just is mkrostructural data are needed for the early stages of creep at temperatures and stresses of 
concern to the LMFBR program, so also are mkrostructurai data needed which pertain to the early stages 
cf cyclic hardening at similar temperatures. The studies here represent a preliminary scoping. Data from six 
cycik. specimens are summarized in Table 2. which provides cell or subgrain intercept values, dislocation 

TaMc 2. DMa predated by nmjwiiiriun ituruw w»iwuf> c* amimiiim of 
straw eychd sftamtm of type 304 Jtjntivi Hcrt thtal m m > 

Cyclic tnemeerine Modulus- «VB Dislocation (•rain 
Specimen Temperature strain stress compensated 

<">•«; lei 
UK tlensitv boundary 

number • ' O ranpc* amplitude* true stress*" 
<">•«; lei 

A. J» carbide 
r'Tl (MPa) 110 '1 tjun) 110* cm 1 ) (Mm) 

H»l> 107 427 0.37 MR 2 . ; ; l«MN) 1.46 t 0.32 7 .66 : 1.76 N O * 
1 RP l « * 4X2 0.37 154 2.35 IM00O** 1.23 r 0.21 5 39= I 26 NO 
FRP 115 53 * 0.37 172 2.S4 •-.2000 1.13 ! 0.30 NNT* 
I R P I I 0 649 0.375 J 32 234 100(1 2.24 • 0.32 »..« ; I.IMI NM 
1 RP 10° 649 0.62 150 2.65 101) 1 .6* : 0.15 7 .on • i.*» NO 
I R P l l l 649 0.119 161 2H5 ion 1.63 • 0.10 6.55 ; 1.62 NO 

"Strain rate near 8.3 x 10 '/sec. 

"Stress value close to the saturation condition. 
C A X K I I stress amplitude/shear muduius. 

nut observed, NM ~ observed but not -ncasured. 
r Approximately 1000 cycles at 8.3 * 10 ' and 9000 cycles al 4.3 / |() '/see. 

densities and carbide-precipitation behavior. Four specimens (FRP 107. FRP 106. FRP I IS. and FRP 110) 
were cycled at a total strain range near 0.37^ at 427. 4X2. 538. and 649°C. respectively. Two specimens. 
FRP 109 and FRP I I I . were cycled al higher strain levels al 649°C. Test times at the 0.37^ strain range 
were similar, although one test specimen (FRP 106) was carried to 10* cycles by increasing the test 
frequency after 10' cycles. Transmission-electron micrographs for Ihc specimen tested al 427°C arc 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 micrograph d i g . 30) reveals the presence of loops, di poles, and 
multipoles. These features arc typical of the early stages of cyclic hardening observed by Nahm et a l . " 
Although a well-defined cell structure has not developed, there is sufficient delineation to permit an 
estimate of the ccll-si/c limit O ) . which is near 1.46 pm. Misorientation occurs between the cells in some 
cases and a typical angle is near 0.1 degicc. The dislocation density, p. is near 7.7 X 10*cm" 3 , and no 
evidence of a precipitate exist in cither (he grain boundaries or in the matrix. The substructure developed 

33. I I . Nahni. J. Motcff. ami I). R. Dicrcks. "Siibsfriiclur.il Development During l.civ.-4'yclc I alipuc or AlSI 304 
Stainless Slccl a: 64") ( V Ada Mrttll 25: 107 16(1977) 

http://Siibsfriiclur.il
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at 482°C (FRP 106) and shown in Fig. 31 is similar to that developed 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. It is not clear whether this discrepancy reflects the differences in the temperature or the total 
accumulated plastic strain. Also, it is possible that more foils need to be examined. 

Tests conducted at S38*C (FRP 115) show that the cycficstress range is substantially greater than at 
427 and 4tu*C. The substructure shows regions where cell walls arc well-defined, as illustnsted in Fig. 32. 
Other areas are similar in substructure to the lower temperatures as illustrated in Fig. 33. Loops, dipoles. 
and muitipoks are present. The cells are only slightly smaller than cells at 482*C. in spite of the higher 
cyclic stress, but the range of ceil sizes at a single temperature is large relative to the differences in the 
averages at the various temperatures. The substructure is consistent with the observation of Muteff and 
coworkers" , J that the cells tend to develop near the grain boundaries first and then move inward. 
Figure 32 reveals the presence of grain boundary carbides about 0.1 jim in size. 

The specimen (FRP 110) cyded at 64V"C and at the 0375% strain range exhibits a lower saturation 
stress range than at lower temperatures. On a modulus-compensated true-stress basis, however, 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 Fr s. 34 
and 35. These reveal that the cellular structure b 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 bundles and 
tangles, with dipoles and multipoks. 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 cycled at 0.62% 

Hg. 31. FRP 106 Mttd at 482*C at 0.37% Ac for Fit. 32. FRf 115 tested ai 538T at 0.379 Ac for 
104100 eyeta at 152 MP*, P near 5.3V x 10* cm •'. X 2000 cycles al -l72MPa. A near 1.13 pm. (10.nonx) 
near l.23*m. (I0.000X) 

34. K. D. Challenger and J. Moleff, "Characterization of the Deformation Substructure of AISI 316 Stainlcs* Steel 
After High Strain Fatigue at FJcvatet! Temperatures." ArW«r7. Trim., 3: 1675 7* (1972). 

35. K. D. Challenger and J. Moteff. "Correlation of Substructure with I-leva ted Temperature low-Cycle I alijnie of 
MSI 304 and 316 Stainless Steel." Fttipit tl Flrraird Temperatures, ST? 520. American Society tor Tenting Material*. 
Philadelphia. 69-78 (1973). 
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Fij.33. FRP 115 tested at S3TCal 0.37% aelor 
2000 cydct M M 72 MTi. < 75O0x | 

F«. 34. FRP 110 tested al 649" C al 0.375'* A* for 
1000 cycles ai -132 MPa. p near 4.J4 * 1»* mi : . > 
near 2 24jim. (75«Oy) 

Ffc. J$. FRP 110 tested at 649 C al 0.3757 e for 
1000 cycles at • 132 MPa. < 2(l.nnox * 

Vr% 36. FRP 109 tested at 649 C at 0.627 Ac for 
100 cycles at -150 MPa. » near 7 08 y 10* cm '. \ 
near l.68|im. f I5.imnx > 



1%. 37. FKT I I I testeri M M f C ai OI9% £e for fif. » . FRT 109 M M M t49~C at OtAW oc for 
I W c j f d H K : l t l M h . o n o f i . S 5 x lO 'cm'VA 100cycles*-ISOMV<75nOx> 
near 1.63 mm. I W.OOOx > 

Hg.39. FRF I I I M M at M 9 * C « 0.09% Actor lOOcycfcs at H6I MP*.r7Jn»x) 

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 sixes and dislocation 
densities are similar to those observed at lower temperatures and similar stress ranges. Some regions <n 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 brnkcn free of 
one cell wall and are moving toward another. However, the substructure and deformation mechanisms 

http://Mh.onofi.S5
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associated with cyclic del.»rnulion in this male-rial ha«e been studied by Nahin et a L , J who suggest lhai the 
cyclic deformation is dominated by dislocation movement in She cell wails. Many more studies ol behavior 
in the early hardening; sta?r> are necessary before any of several conceivable hardening models 3* '" lor 
cyclic behavior can be tden-.- J. 

DISCUSSION AND ANALYSIS 

In describing the substructures developed by various combinations ot temperature, stress, and strain 
rate, we have mentioned some possible deformation mechanisms which are consistent with the 
subsinictunl observations. We have not been very specific, however, and do not feel that our knowledge 
has progressed to a stage where the operative deformation mechanisms can be confidently identified and 
u d to develop constitutive equations One of the problems is that the majority oi the deformation 
mechanisms, such as those used by Ashby4* to develop deformation maps, apply to "steady-state" 
conditions. This is an unlikely event in a structural component of an LMFBR. which undergoes numerous 
transients during its service life. These transients are what introduce the plastic strains and residual stresses 
which relax by creep. Ideally, the developer of constitutive equations should understand, mechanistically, 
the nature o( plasticity and creep deformations and how they interact. An important question relative to 
the current constitutive relations is whether or not separation of creep =nd plasiicily » really essential. If 
not. we must decide whether it is proper to separate the plasticity and creep simply tor computational 
convenience. The substructure study presented here docs not provide final answers !•» ill. v: problems, but 
when combined with the existing knowledge of mechanical behavior, u does represent a step in (IK rî ht 
direction toward reaching a proper solution. 

Consider the isochronous stress-strain bcliavior for reannealed type 304 stainless sicei. Typical curves 
are shown in Fig. 40 at initial loading (zero) (imr and after 5000 hr. This material has a very !.>u claslic 
limit (point A) and often exhibits an accommodation strain region (A to B). Reed-lull4 1 cites the work of 
Zankl. 4 2 who describes large grains favorably orientated for slip which undergo plastic yielding before 
general yieldinj. Dislocations on active slip planes within I he "weak" crams impinge on grain boundaries 
and trigger accommodation slip in neighboring grains. Yield-surface studies employed lo develop hardening 
rules for multiaxial stress slates are generally restricted !<• small inelastic strains in Shis accommodation 
range, about 10 > 10"* to 50 X 1 0 * offset strain.4* In relation to the wrcep strength, the stresses 
produced by these surface probes arc very low. Rcannr ilcd aiistcnidc steels also exhibit general yielding at 
stresses which arc low in relation lo the creep strength, approximately 70 MPa in the temperature range of 
450 to 650°(' (point B|. This general yielding occurs by plana' slip, and in sm.illdiamcicr test bars 
deformation is often not homogeneous, but sweeps up and down the uniform test section in a scries of 

.'fv J.f. t;r-mkrnil/.'Thr Mechanisms ..| Mrl.il I .ilii-m- ll >.'Ph\ J. Stat. Snl. 47 I I .in ':7lt 
I? f. f. Icliner. "A richri* Mechanism .1 < siti, Strain Hanieniiv.- (..r Iff MeraK." rhil Mag.. 12 lilt 4* i I'JMi. 
3*. f. I\ I eltncr and C. I aird. "Cyclic StresvSlrain Re-pose <>r I .('.('. Mclal* anil Alloy vll l)i>|.>, ition Sinicline ami 

Mechanisms.' Ada Mrlatt IS I6.H 53 M'»n7> 
.V>. M. I-. Ashhv and R. A. Vcmll. •'IMIiisi.in-Acc.'mni.idated I low ami Stipcrpltsl icily." 4rfj Hrltll. 2\ 14,» 1*3 

11973) 
4«l. M. I. Ashhy."A I irsi Rcporl on l*ef.trm ili..nMe.liamvn Maps." Ana Urlall. Zn XH7 I f c i l W i . 
41. K.I. Reed-Mill. W. R. Crihh. and S. N. Moniriro. "C»ncemini: ibe Analsosnf fensi!- Sm-vc-Sirain Data r*inj:! .«•;• 

</•»'«/< Versus I .Hi; o Inacramc." Mrlall Trans 4 ;w.s r,7 11<»7 »i 
Al (;. /anki./Salnrftmrh. IHa 7«»< Kill 11 <l»,«> 
43 K ('. I in. YirM Surfarn anil thr HaxtirPlmtir Brharmr rtf Tvpr ,M4 Slainlrt* Stffl al Rrimi Tfinprratur. 

ORNI /TM-5421 ll.. he published I 

http://Mrl.il


T> 

1 T ~r 

i 

» - • *CCOMM0t]ITlQN STMlM 
I n w M su» w C M I « S nvoaaaLT onomTEO » O » T ICUHI IC . 

SOO I— «-C GCNCftM. TKLOiHC 
H . W M Su» MNOS MW.TWIT AM) iMTCHStCT. MO STatoN 

C-0 CMOSS SU» 
— OTHUUKC •tCOVCVT M O C f t l FOMMTlOH. SIGNIttCMT 

STfUUH »»TC CFFCCTS. 

5 2 . J 

<-2 no mraCASC I N * C » * » o e s ON M»T»m DISLOCATIONS, NO CELLS 
2 -1 f INCNMSES WITH STHSI CMCiOCS ON SLIP M.MCS MO 

THDOUCMOUT M I N I * . NO MILS. 
MOVE I SuaSTNUCTUMCS OCVt lOW UNOCft TCNSW.C M O CMC* « t 

SMILM. C l l l S FONK 

_ L _ _ i L I 1 I 1 -I 1 1 
O I 

MCiasTi 
ft T 

: S T M I * nu 
to 

H f . 40. Sabstractims developed in different rcpow of Ike i»cfcronoas sfiess-stnin curves i l 59 J* C fot 0 »<d 5000 
hi . 

strain bursts. 4 4 It is well established by Sliechen and other researchers 4 5 , 4 6 • ' ' 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, plasttr: flow and hardening are essentially 
athermal for conditions of interest to most LMFBR plastic-flow problems.1* Any unified deformation 
model must account for this athermal condition, (n contrast, many of the glide deformation models 
proposed in recent y e a r s 1 0 ' 1 ' make use of thermai.stress activation-analysis pr inciples ' 0 1 ' such as those 
developed from the work of Seeger41 and others. 4 * ' 4 9 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. Cross-slip processes 
will be activated and dynamic-recovery processes will become significant. This change leads to cell and 
subgrain formation (C to D). It is consistently observed that as both stress and strain increase conditions are 

44. D. Fahr, Analysis of Stress-Strain Behavior of Type 316 S'ainless Steel, ORNl-TM-4292. Oak RMgc National 
Laboratory (November 1973). 

45. J. M. Steichen, "Mathematical Description of the Klevated Temperature Flow Behavior of Type 304 Stainless Steel 
at High Strain Rates,"/ Test. Eval, 1: 520 (1973). 

46. J. P. Hammond and V. K. Sikka. Heat-to-Heat Variations of Total Strain (to 5%) at Discrete Stress Levels in Types 
316 and304 Stainless Steel from 24 to 316* C, ORNL/NURRG/TM-57, Oak Ridge National Laboratory. (November 1976). 
p. 30. 

47. A. Seeger, "The Mechanism of Glide and Work Hardening ». FCC and HCP Metal.*, " pp. 243 349 in Dislocations 
and Mechanical Properties of Crystals, ed., J. C Fisher. Wiley and Sons. New York. 1957. 

48. H. Conrad. "Thermally Activated Deformation of Mr t a b , " / Metals. 16: 582 «8 (1964). 
49. R. W. Armstrong. "Thermal Activation Strain Rate Analysis (TASRA) for Polycrysiallinc Metals." pp. 306 - 13 in 

Defect Interactions in Solids, eds. K. I. Vasu el al., Indian Institute of Science, Bangalore. 1972. 
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approached where strain- ate behavior under tensile conditions conforms to the expectations based on 
thermal-stress activation principles. The glide processes lor iJasticity and cr«.ep become one and the same. 
Moteff and coworkers2 4 •' ° have established that the substructures developed in high-stress tensile and 
creep teMs are very similar. 

Different ranges can also be identified in the 5000 hr isochronous curve at 5l>3°( (curve 1-2-3 in Fig. 
40). In the stress range corresponding to the accommodation strain range, the creep strains are low: no 
significant increase in the dislocation density is observed, and no cells are developed. The major 
modification in the substructure due to creep exposure is the precipitation of carbides on some 
dislocations. This precipitation influences the plastic-flow stress and creep behavior. In th-.- stress range 
where planar slip occurs under plastic conditions (segment 2-5 in Pig. 401, the creep strains after 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 '.his 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. Oearly. cyclic loading must also be included in such an activity. At stresses where cross slip 
and dynamic recovery are significant (beyond point 5). plasticity-produced and creep-produced 
substructures are indistinguishable. Constitutive equations could be based on a rate type of approach. 

Returning to low stresses, we now consider how the substructure developed under plastic strain or creep 
influences subsequent creep behavior. A logical focal point for such a consideration is the often used 
Orowan expression: 

c = b p m v . (I) 

where e is the strain rate, b is the Burgers vector.p m is the mobile dislocation density, and r is the average 
dislocation velocity. Clearly, if the introduction of plastic M creep strain increases plr. the creep rate will 
increase, assuming for the moment that the dislocation velocity is not influenced by the value of p , M . 
Unfortunately pm is not synonomous with the dislocation density reported in Table I. but is probably a 
function of the applied stress level. aa. As pointed out by McLean5' and o t h e r . 5 : a mobile dislocation at a 
high stress might not be mobile at a low stress. Odc'n et al.1" define a mobile dislocation as one which has a 
length. I.so that 

i > l„=flf/-b/a. (2) 

where i„ is a critical length given by the right-hand side of the equation. G is the shear modulus, a is the 
stress on the dislocation, b is (he Burgers vector, and a is a material constant. It has been shown by Oden ct 
a l . 1 7 that creep strains produce large increases in the total dislocation density, hut significant decreases in 
(he mobile dislocation density. Plastic strains arc also known to increase the total dislocation density, and 
by implication the mobile dislocation density as defined by Odc'n ct al . ' 7 would decrease. 

50. K. I). Challcnpcr awl J. Motcli. "Oiuntiijiive MuMtUTi/.itmn el the SuhMniciurr <>l AISI 316 Sl.nnlc« Steel 
RcNultinjr from Creep."/Wr/tftf Trans. 4; 749 55 (1971). 

51. I). MiliMn. "Pic Phytii'Mif l(i>:h Tempcr.iliirc f'rep in Mi-uls." Rep. Progress Physics. 29: I .1.1 (I96M. 
52. A. S. Argon. "A SlatnlK.il Theory for I -m r;iulc II." Physic* of Strength ami Plasticity. MIT Prcw. CimbrHlcr. 

Mass.. 1969.217 5V 
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Our data suggest a different trend, however. For example, p does not seem to change greatly d::nng 
creep, and plasticity does not seem to produce much hardening. In fact, some of our unpublished data show 
that small plastic strains can actually accelerate creep for a short rime. 

It is clear that the mobile dislocation density. pm, should be greatly influenced by the precipitation of 
the M 2 )C« carbide. The matrix carbide does not precipitate under very short-time plasticity situations: 
hence, the strengthening when creep commences is primarily associated with the changes in the dislocation 
configuration. Eventually, when the matrix carbide does develop, die fine precipitates observed at 
temperatures in the 538 to 62l"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, 5 ' and thus produce strengthening for both creep and plasticity situations. To make matters more 
confusing, however, there seems to.be some evidence that the large Mocky precipitates which form at 
650*C and above can act as dislocation sources under thermal cycling conditions.5 * 

The mobile dislocate* velocity term, v, in the Orowai, equation is thought to depend on temperature, 
stress, activation volume, and total dislocation density. The specific formulation for r depends on the 
details of f e deformation mechanism,25 however, which we have not identified for our material. Velocity 
should mcn.3se with temperature and stress 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 r. 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, it is easy to imagine dislocations moving at some average velocity and contributing to the total 
deformation. However, in the recent model developed by Lagneborg,1* dislocations glide "rapidly" 
between arrested positions, and in this sense, deformation by creep and plaMicity ciuld be very similar. 
Without a 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. 4 1 , the square root of the dislocation density, y/p, is plotted against the modulus-compensated true 
stress (o/G), using data from Table 1. Also included in the figure is a dashed trend l>ne based on specimens 
tested at higher temperatures.50 The line conforms to the observation that \fi> is inversely proportional to 
the stress under steady-state creep conditions, ft is interesting to note that data from Table I generally fall 
above the line, meaning that the dislocation densities are too high. The data ; n Table I have been obtained 
from specimens tested into different creep stages but also at temperatures generally 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 3 and (o/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 av exists so that 

0j=erGB\/p (3) 

53. L. M. T. Hopkin and L. H. Taylor, "Creep Properties of Cr-Ni-Mo AuMemlic Steel in Re hi ion to Structure." / 
Iron Steel Inst. 265.17-27 (1967). 

54. S. ft. Keown, "Mkrottnictural Changti Occurring During '»« Creep Deformation of a Simple Amtcniiic Steel at 
60T/C," pp. 78-85 in Creep Strength In Steel in I High-Temperature Alloys, Metal* Society. London. 1974. 
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where a is a mate ial constant whose value lies in the range 0.3 to 0.6. I'sing internal-stress concepts, we 
assume that the effective stress.a*, which produces deformation, is jiiwn by 

a* = (o a o,) <4> 

where o a is the applied stress. By definition, in rriq. (3 ) . o, is proportional lo inc y/p. and by observation. aA 

is proportional to \ /p - Therefore o, is proportional to oA. This means o* is also proportional to o j . and the 
ratio 0 * /o J will be a constant. However, if the relation between nA and \fp is temperature sensitive. n*\oA 

will also be temperature sensitive, which intuitively seems reasonable. We might expect that at low 
temperatures [o'loj should be small, and at high temperatures (a* n ) should be large. Techniques for 
determining this ratio have been developed by Cuddy.'* Nix and Adquisi.'* and Wilshire and 
coworkers.5 7 J * We have also planned experimental work in this area. 

The steady-state creep rate. e v is thought b> some investigators to depend on o* according lo the 
power law. Thus. 

< % =A(o*r =K(o J o,r I*) 

where A' and n arc material constants. If a relationship such as that shown in fcq. (51 really exists for creep, 

then an understanding of how o, relates lo composition and substructure can be of considerable value in 

55. I.. J. Cuildy jnd J. C. Ruky. "The Illecc «f lnccrn.il Screw on chc Ai iiv.iiion Pjurruurv lor Creep of I c-Ni 
Alli.yv'MrW VnMI. 21: 427 .VI (I97.li 

56. ('. N. Ahliiiml jnd W. I). Ni\. "A Teihnniiic Cm Mcjwirmr Mejn lnlrrn.il Screw Ihirinr ilieh-TcmpfMCiirc Creep." 
SrrtpuMti.. .1:679 X2cl969>. 

57. K. R. WtliMim and B. Wildurc. "()n die Screw .UMI Icmper-Mure-iX-pcndenci- of t'reep »l Nimunn HO A." Mel. 
Sri. J 7: 176 79,|971». 

58. P. W. levies el al.. "SlrcsvCrunee I xpenmeem Dunne Hi|:rt-TempcM(ufc Creep ol Copper. Iron. Atui Zine." Mel 
Sci J 7:87 92(1973) 
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understanding hardening and recovery concepts. In addition to a simple assessment of the total dislocation 
line density, more detailed characterization of the dislocation network character can be of value, especially 
if the study is performed in conjunction with variable -load tests which involve recovery periods.'7 and re­
versed stresses as evanuned by Gittus.5 * 

The other mkrostmctural correlation mentioned earlier involves the dependence of the cell or subgrain 
size. X. on stress. According to the data of Challenger and Moteff , 4-*° and Sikka et al..** austenitic 
stainless steeb follow one of two trends. Under high-stress monotonic and cyclic conditions where celb 
form, X is inversely proportional to the square of the stress. At low stresses. X is inversely proportional to 
stress. A comparison of dat? reported in Table I to a previously determined relationship50 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 earlier work. 

Robinson and Shcrby*' have suggested that the subgrain size plays a significant role in the creep 
process. They have developed an expression for the steady-state creep rate in which subgrain size is 
explicitly included: 

• « " > • $ ' 
<6) 

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

59. J. H. frftfus. "The Mechanical I q i udon o f .Statcv Urtfucalmn Creep Due r<> Strc«c\ Vj ry inc in Marmludr and 
Di rect ion. "Phi lomphkalMmzine. 24. 1423 4 I M | 9 7 I » . 

60. V. K. Sikka. H. Nahm. ami J. Mn le f l . "S<wm- A i w t n <>l Suhb«onujr> and M.-bilc i ln local ion* Dunn? 
llyb-Trmperalbre Creep of AISI 316 and 304 Sfainlevt Sleel." Moter. Sri. f/rjt.2«): 55 62 11975» 

6 1 . S. L. Robinmn. C. M. Youns. and O. I> Sherhy. "C<»nManl Structure Creep Te»t\ and the Inlluenec nf Subcrain 
Snc on Creep." /. Abler. Sci., 9: 341 43 t 1974|. 

* fO 
ui 

55 

I * 
tr o a> 
CO 

It o 

ORNL-OWG 76-19716 

2 -

1 — 

— 1 1 1 1 1 Ml 1 1 1 1 1 1li 
• _ _ TREND DETERMINED Z 
— TEMP CREEP /'FROM HIGH TEMPERA- -
— 482 0 I TURE DATA -

_- 510 • { v — 
538 o \ 
566 
593 

A 
A 'X : 

621 • 'X : 

649 O \ 
— } X = — 

} X = — 1 1 1 1 1 I I I i i i i IY I i 

hi 

ui o 
< 
ft 
hi 
S . o , 
* 0.2 0.5 1 2 5 10 

{v/G), MODULUS COMPENSATED TRUE STRESS (10~ s) 

fif. 42. Avenge cell or Mbgnrin lire rs modiihis-eompeitMted true stress. 



lor conditions under which sub-rains form. However, at other temperatures, such a> 5*».» and 53^ (.'. the 

stress exponent should remain at 7. since X is :onstant and equivalent to the grain si/e. 

Toe formation of subgrains is also known to ruvr a significant influence on the yield strength. o t . 

especially at lower temperatures where the HaB-Petch relatioi^hip usually holds. Additional studies by 

Young and Sherby* 1 and Miller and Sherry** show that the following rek'ion holds: 

where <t0. k. and m are material constants The applicability of this relationship to intermediate 

temperatures should be examined since it could be of value ir. understanding the nature of crcep-plaiiicily 

interactions. 

The M : jC» carbide which precipitates in type 304 stainless steel can affect mechanical behavior and 
constitutive equation development in several ways. Caibon in solution is known to be a potent strcngt hencr 
in regard to plastic flow s t rength . 2 ' * 4 Hence, depletion of this element could produce loss in strength. In 
fact, the relatively Tine dispersion which occurs at temperatures in the ranee <>i 500 to <>50 ( results in 
strengthening rather than weakening. Sikka et a l . 2 * have sliown that the time at wk.ch j r".iv. begins r<-
increase the (Tow stress corresponds to the lime required lor the precipitation of m a i m carbide-. F tiennc et 
al .** have made similar observations 'or cyclic tlow behavior. On the other hand, if carhon really plays a 
role in the strain-aging behavior, then the depletion of carbon could influence the flow-stress vs strain-rate 
response in the temperature range of 350 to 650°C. !t must be recognized that the strain-aging tvhavior 
probably involves solute elements as well as inlerstitials: therefore, stra.n aging should still he present after 
aging. Sikka et a l . 2 * find that aging produces higher creep rates in type 304 stamles? steel, a similar 
response has been observed in other s tee ls . * * * 7 ' 2 * This seems to be inconsistent with the •^>e:.jti ,n that 
the precipitate stabilizes a line dislocation substructure in the temperature ranee • •: 5i.ii : t>l? C which 
results in an increase in creep strength. The key to the explanation is probably assiviaied wi;h :he fact that 
the carbide.precipitation characteristics are different under higfiK stressed conditions than under simplc 
apng. It is well established that the kinetics of the precipitation process are influenced b> the presence of 
stress and strain. I tiennc ct a l . * 5 have shown this, using a material (hear Li winch is very similar in 
composition and strength to the material we have studied. We have rcplottcd their tinie-tciripcraturc 
transformation diagrams for low-stress aging in Fi^s. 43 and 44. Figure 43 shows the precipitation kinetics 
of matrix carbides with and without stress. The data confirm that high stresses accelerate both the start and 
the growth rate of the matrix carbides, especially at the higher temperatures. Our investigations reveal that 
the carbides often delineate the planar-slip traces produced on plastic loading after the dislocations have 
climbed or cross slipped out of the planes and developed cellular configurations. Figure 44 shows the 

62. ('. M. Yiiunjr and O. I>. Sherby. "aulhrum formation and .Suzerain Boundary Strcngtheninc in tron-Batcd 
Materials.' J. Imn nnJ Strrl Inst. 211 f>4n 47 11973I 

63. A. K. Miller and O. I). Shcrhy. "On Subpiain Strcnethcninf at llirh and l.ou Tcmprr.''nrev" Si rip la Mel.. 10 
311 I7rl97A». 

64. K. Njtesjn. T. I-'. Kassner. and C. Y. \ i . "I-fleet of Sodium on Meihaniial Properties ami l-nclion-Wear Behavior 
or I Ml BR Materials." Reactor Trrhutl. I V 244 (Winter 1972/1973). 

65. C. I . Iricnnc. Vi. Dorllanrf. and H. B. /.caU\k. "On (he Capability of Austenifn Stainless Steel to Withstand Cyehv 
Deformation Oiirin^ Service .it Flouted Temperature." paper presented at Int. Conf. Creep jnd I adene in I leva led 
Temperature Appbeations. Philadelphia. September 1973. and I'mled Kingdom. Sheffield. April 1974. 

66. J. T. Barnby. "Iffeet of Strain Aem* on Creep or an AISI 316 Atisfcnific Stainless Steel ." / frnn ami Steel Inu.. 
im. 23 27 119661. 

67. I . I-. Ashury and CrWillnu|!hhy."Aj:ine and Crt-ep Behavior of j O-Ni-Mn Austemtk Stainless Steel." pp 144 51 
in Creep Strength in Steel and High Temperature Allms. Mel.iK Souetv. London. 1974. 
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prectpiution Idnetics of grain boundary carbides. In this case, the stress or strain seems t accelerate the 
start of the preapiution, especially at lower temperatures. The influence of grain boundary precipiutes on 
the yield and flow behavior of our material has not been emp!iasizcd in this report. Actually, grain 
boundary carbides could play a significant role. At high temperatures the carbides predpiute quickly, and 
under some conditions denuding of carbon and chromium develops in zones on either side of the grain 
boundary." •** This relatively weak material 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*4 observed that grain boundary carbides alter the 
dislocation's emitting or absorbing the characteristics of the boundary. 1 4 Further, the very presence of the 
precipiUte complicates efforts to estimate the grain 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 predpiution, 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 stainkn 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 
to8!6"C: 

I/l r*(07i0F*r (8) 

where A and nr are temperature-dependent constants which are determined by least squares. Plots fur A 
and nr against temperature are shown in Fig. 45. and it appears that nr metcasts with increasing 
temperature to nearly 600°C then decreases precipitously. The peak valm uf nr occurs where the 
precipitate-dislocation interaction is most prominent. 

6*. R. Stickler and A. Vmckicr. "'MorphoJor.y <»l (,rjin-Boundjr> (.irbnlo jml ll> Influent'- on Inicr^ranukir 
('(motion of 304 Sbinicts Steel." Trans Amtr. Sot. Metals 54: 362 I 1961». 

69. R. W. Swmdcman. "Creep-Ruplure ( orrcUtiinu for Type 3«»4 Suinlen Siecl Ihcal 9T279M." Symp. Struct. 
Miter. titrated Temperature in Vud. r\mer feneration Sen ice. ed. A. O. Sirucflcr. MPC -I: I .*>. 1975. 
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CONCLUSIONS 

1. At stresses which produce less than 1 * accumulated inelastic strair in 10JD00 hr or less, the observed 
dislocation densities are dose to the starting value (10' cm' 2 >. No of cell formation exists. The 
major titration of substructure is the precipitation of M2 jC* on grain toundaries. twin boundaries, and on 
some dislocations. This precipitation is observed in the temperature range 538 to 649*C. 

2. At stresses which produce greater than I* accumulated inekstk strain in I0JQ00 hr or less, the 
observed desiccation densities and substructures depend on the temperature and stress fort. 

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 stresses. To a first approximation die density 
increases with the square of the stress. Dislocation densities are grater than expected based on studies at 
comparable stresses and higher temperatures, however. No eviJence of cell formation exists: rather, 
dislocations arc arranged in fairly fine networks and sometinv $ 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 to the stress. The cells are well developed and could be classified as a mixed configuration or 
even as subgrams in some cases. 

5. At stresses above 172 MPa. and for temperatures in Ihe range 4*2 to 649*C. dislocation densities are 
very high and difficult to evaluate. Cells develop whose walls cmsist of dislocation tangles. The cell size is 
inversely proportional to the stress, but tends to be finer than the 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 ceil 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 fairly well-defined cells. The dislocation densities and cell sizes are in 
agreement with the trends established from high-temperature data. 

7. Exposure 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 boundary carbides at all 
temperatures. 

8. The substructure data developed here do not refute the current constitutive equations which treat 
plasticity and creep strain separately with respect to yield. f.>w. 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 cydic-creep conditions are also 
needed. 
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