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COVER PAGE PHOTOGRAPH

The series of transmission electron micrographs
on the cover of this report. shows the substructural
development of AISI 304 stainless steel.  Hour glass
specimens were fatigued to different fractions of
fatigue life at 649°C· under a total strain range of
2%.  Each column of micrographs shows the variation
in substructure that can occur within a given specimen
after the indicated number of cycles. It is apparent
that the cell intercept size decreases until the
saturation state is reached and that the misorientation
angle between adjacentcells ahd the volume fraction
occupied by cells increase throughout the fatigue life.
The saturation state was reached at about thirty cycles.
The magnification of this cover picture is 'u 7,000 X.
Further details are described in section B.1. of this
report.
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SUMMARY

The interactiohs between the dislocations which form the

subgrain boundaries and those which are sufficiently mobile to

contribute to creep deformation are evaluated. The ratio of

the dislocations in the sub-boundaries, n to. those dislocations,"SB'

p , within the subgrains.is found to be independent of the applied

stress and the creep strain once the steady-state creep stage

has been reached.

Characterization of creep and tensile substructure of type

304 stainless steel (Reference Heat 9T2796) specimens shows a

strong correlation.of the observed cell or subgrain sizes with

the flow stress of the alloy.  At modulus compensated stress

levels below 4 2 x 10-3, the substructure takes the form of well

defined.subgrains with the size, 1, in microns, varying as

X = 6.6b(aT/E)-1

where aT.is the effective true stress, E is Young's Modulus and

b the Burgers vector. For stresses above this critical value,

cells are formed the size-stress relationship being given by

X = 1.4 x 10-2b(a,r/E)-2.

The deformation rate-stress relation for the 304 stainless

steel is shown to follow a power law of the form

t = B 13(aT/E)n exp (-Qc/RT)
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where X is the subgrain or cell intercept size, Qc an activation

energy. with a value   of  # 85 kcal/mole,   B   is a constant.      It   is
-3found that n takes the value of 7 at arT/E lower than % 2 x 10

and of.10.5 for (T/E higher than 0 2 x 10-3.

Evaluation of activation energy·for creep from hot hardness

measurements shows a value of 87 kcal/mole, which is in reasonable

agreement with the value of 85 kcal/mole obtained from tensile and

creep data.

TEM evaluations of the substructure were performed on a set

of specimens of 304 stainless steel tested in creep at 704°C to

study the development of the substructure as a function of creep

strain.  Well developed subgrains were observed for specimens

tested till rupture and the subgrain .size-stress relationship

determined for the reference heat adequately describes the results

from this heat.

The  role  of twin. boundary-grain boundary intersections   (TGI)

on microcracking behavior of type 304 stainless steel deformed
--6-

in slowtension--6Frd- creep  at  650°C has been investigated.    The

number 'b.f» cracks associated with TGI are shown to increase with

decreasing strain rate. It is concluded that TGI may behave in

a similar manner to grain boundary triple junctions in the

cracking process in the sense that TGI provide the barrier to

crack propagation as·well as the convenient crack nucleation sites.

Grain shape analysis was employed to study how the individual

grains behave and contribute to tensile and creep strain of 304
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stainless steel at 650°C. Preliminary results indicate that

the intragranular deformation becomes more predominant in the

grains with the larger intercept distances. It is also shown

that «the grain boundary sliding becomes important as the strain

rate decreases, consistent'with the previous study on micro-

cracking process in this alloy.

The room temperature mechanical properties of austenitic

stainless ,steels were found to be enhanced by the introduction

of cells or subgrains formed during high temperature deformation

with a following relationship:

H·= Ho + k A-1

where H is the room temperature microhardhess, H6 is the fric-

tional hardness, A is the subboundary intercept distance and

k is a constant.

The substructural development during·high temperature low

cycle fatigue of type 304 stainless steel has been investigated

by transmission electron microscopy.  Hour glass type specimens

-        have been tested to different fractions of fatigue life under

a total strain range of 2% with a cyclic strain rate of 4 x 10-3
61

-1sec at 649°C. Cells were observed to,form within 0.4% of the

fatigue life well before the onset of the saturation state which

was reached after 0 4% of the fati5ue life.  It was also found
that the cell intercept size decreases until the saturation state·

is reached and that the misorientation angle between adjacent
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cells and the volume fraction occupied by cells increase

throughout .the fatigue life.  The observations are discussed

in terms of the recent theoretical predictions and it is suggested

that the subboundary movement might account for the cyclic strain.

A study on the comparison of the fatigue properties and sub-

structure when tested in the bend and push-pull mode of Incoloy

800_ is nearing completion. A concept based on crack nucleation
=-
and growth is used to explain the differences in fatigue lives

when comparisons are made between the bend and push-pull fatigue

tests at low strain ranges. Significant substructural variation

is found to exist in accordance with the stress or straih dis-

tribution in the bend fatigue specimen. Consequently, it is

suggested that special care should be exercised in evaluating

the fatigue substructure of bend fatigue specimens.

A study to investigate the effect of hold time on the fatigue

substructure and fracture characteristics in 304 stainless steel

is nearing completion.  Preliminary results show that quantifiable

interrelations might exist between the fatigue properties, sub-

structural observations. and failure behavior.

Ii'
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I.  OBJECTIVE

The objective of this program is to (a) evaluate the time,

temperature ·and stress-dependent mechanical properties of

reactor structural materials, (b) determine the relationship

of these properties to the microstructure, (c) show the contri-

bution of the microstructure to the internal stress fields and

the subsequent.influence on microcracking and the grain boundary

sliding behavior during the normal, plastic deformation at elevated

temperatures and (d) demonstrate the relationship of the hot

micro-hardness properties with the hot-tensile properties of a

class of commercial and advanced alloys presently under investi-

gation at other laboratories.  Special consideration is being

given to operating conditions typical of nuclear reactor appli-

cations, including the knowledge that radiation environment can

influence the substructure of these metals, a circumstance which

can lead to significant changes in the conventional mechanical

property behavior.

II. INTRODUCTION

Transmission electron microscopy has been used as the primary
1.

tool to study the deformation substructure of reactor structural

materials resulting from creep, fatigue and tensile testing at

elevated temperatures. Complementary work using optical microscopy,

scanning electron microscopy and hot-hardness testing has been

performed to characterize the deformation and failure behavior.
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New work being initiated will also include similar studies on

the Commercial, the Developmental and. the Fundamental alloys

being evaluated in the National Alloy Developmental Program

with particular attention on the application of hot-hardness

measurement as a strength microprobe.

III. EXPERIMENTAL PROGRAM

Since the work at the Oniversity of Cincinnati has been

contributed to "Mechanical Properties Test Data for Structural

Materials Quarterly Progress Reports"  of Oak Ridge National

Laboratory , a condensed description of research activities
(1-9)

over the two year period from January 1, 1974 to December 31,

1975 is presented here in this biannual report.

The experimental program is divided into parts using A)

monotonic deformation mode and B) cyclic deformation mode cate-

gories.     Each  part is subdivided into various· mini-research

programs for convenience.

A.  Monotonic Deformation Mode (Tensile, Creep)

A. 1. Some Aspects of Dislocation Mechanisms During Creep of
1,5

AISI 316 and 304 Stainless Steel  (H. Nahm and V. K. Sikka*)

It is well known that some metals and alloys exhibit subgrain

formation during creep process. However, the interaction between

those dislocations going into the subgrain boundary and those

presently in the subgrain boundary is not well known because of

*Now with the Metals and.Ceramics Division of Oak Ridge·National
Laboratory.
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its complexity.

As a start, the creep rate can be presented by:

t.= apbv [1]

where a is a geometrical factor, p the mobile dislocation

density, b the Burgers vector, and v is the average dislocation

velocity. The total dislocation density  can be written  as:

pt = psb + pm                            [2]

where Pt is the total dislocation density. .Psb is the dislo-

cation density forming the subgrain boundary and Bm is the

dislocation in the subgrain. The average dislocation velocity,

as well as, the dislocation density tends to change during

deformation, especially in the transient stage of deformation.

At this time, the internal stress increases  due  to the forma-

tion of subgrains, increase in the number of forest dislocations,

etc.

In order to develop a better understanding of the disloca-

tion interactions.during creep, a preliminary analysis based

on the theoretical approach taken by Orlova and Cadek was(10)
9

made. This study deals with the dislocations which form the

subgrain boundaries in AISI 316 staihless steel and also(Il)

compares with other parameters, including the dislocation

substructure of AISI 304 'stainless steel as a function of creep

strain.
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The dislocation density forming the subgrain boundary,
Psb'

is assumed to be follbwing the relationship.:

30
Psb = EX"-

[3]

where 0 is the misorientation angle between the subgrains, b

is the Burger's vector and X ' is the mean subgrain diameter.

It was found that the dislocation density within the

subgrain, Bm' and that in the boundaries, Psb can be :expressed
as a power function of the parameter consisting of the true shear

stress, divided by the Burger's:vector, T/Gb with an exponent

value of 2.

The dislcoation density ratio Psb/Bm for steady-state creep

of 316 stainless steel has been observed to be independent of

both the parameter T/Gb and·the.creep strain.  This tendency

is shown in Figure.1 and 2.  The dislocation density: ratio

Psb/pm has a value of 4.2 for stainless steel, similar to that

observed for pure metals Based on the present analysis,
(12)

the recovery in steady-state for 316 stainless steel is suggested

to take place by mutual annihilation of free dislocations and

not by entry of these dislocations into sub-boundaries.

Figure 3 shows the relationship between the mobile dislocation

density and creep strain for AISI 304 stainless steel at 593°C with
3

an applied stress of 30 ksi.  A factor of 10  decrease in the

creep strain  rate   (i.e. the product  of the mobile dislocation

density and the dislocation velocity) observed for the case of 304
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stainless steel during the period of time immediately following

the application of the load to the onset of steady-state is

accounted for by a fadtor of 'u 5 due to a decrease in .the dislo-
cation density needed to form the subboundaries and a factor of

0 200 due to the decrease in the average dislocation velocity

caused by the increase in the internal stress as a result of the

presence of the sub-boundaries and forest dislocations.

Details of this work are available elsewhere and work(13)

is still·progressing in this area.

A. 2.   Characterization  o f the ·Creep and Tensile Substructure  of

304 Stainless Steel, Reference Heat 9T2796 (R. K. Bhargava)

The dislocation substructure of the tensile and creep tested

specimens of AISI 304 stainless steel (Reference Heat 9T2796) was

evaluated by transmission electron microscopy.  The test conditions

of these specimens involved a temperature range of 538°C to 816°C

and the strain rates varied  from ·9.7  x  10-   sec-1  to  8.3  x  10-2
sec-1.  The stress levels of these specimens varied from 34.5 MPa

(5,000 psi) to 385 MPa (55,800 psi).

The detailed descriptions of TEM dislocation substructure and

its quantitative data have been reported in the ORNL Quarterly
(3,4,6,7)Progress Reports .  Therefore only .a brief summary is

presented in this report.

Typical substructures developed in tensile and creep mode at

elevated temperatures are shown in Figures 4 thru 7.  Figure 4
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shows that well defined subgrains are developed in specimens

tested at low stresses and relatively high temperatures in the

creep mode.  The substructure that is developed in creep at

highar stresses and low temperatures and in slow tension at

relatively higher temperatures consists of elongated subgrains

and elongated cells respectively (Figure 5).  The substructure

consisted of irregular patches of cell walls and cells were

observed to form in the tensile specimens tested at high

strain rates as. shown in Figures 6 and 7.

Figure 8 shows a plot of the cell or subgrain intercept

size, 1, versus the modulus compensated true stress, aT/G on

a log-log scale.  For comparison with the present results, the

data obtained by Cuddy for creep substructure in a type(14)

304 stainless steel have also been plotted in the same figure.

The cell or subgrain size - stress relationships determined.for

the. reference heat 9T2796 seem to provide a very good fit to

Cuddy's data. In Figure 9 the modulus compensated true stress,

aT/G is plotted versus the square root of the dislocation.density,
0.5
p   , on a linear scale.  The data can be represented by a

straight line confirming the various work hardening theories.
a

The stress - ·dislocation density relation is given by

05
aT/G = - 6.67 .x.10-4 + 1.97 b p' [4]

The constant and the slope were determined by a least square

analysis of the data.  The misorientation angle across the subgrain
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boundaries,.  0, is plotted versus  the  cell or subgrain intercept

size,  X, in Figure 10. The misorientation angle seems to be

independent of the subgrain size.

A.3. Analysis of Relationships of Deformation Rate, Stress and

Temperature for 304 Stainless Steel (R.    K.    Bhargava )

In order to understand the deformation behavior of 304

stainless steel at elevated temperatures in the light of the

substructure the tensile and creep test data  (ORNL data as

reported.by R. W. Swindeman, ORNL Metals and Ceramics Division)

have been analyzed. The dislocation substructure that is

developed in the tensile and creep tested specimens has been

evaluated by  TEM and the results have been presented in  the

preceding section, A.2.

In Figure 11-A the deformation rate, E (minimum creep rate

for creep tests and the nominal strain rates in the tensile

tests), at various temperatures has been plotted versus the

modulus compensated true stress· parameter, aT/E on a En-En scale.

Figure 11-B shows a plot of the temperature compensated deformation

rate, Z and the modulus compensated true stress parameter, cT/E

on a En-En scale. The power law

f = .A(aT/E)n exp (-Qc/RT) [5]

with n=7 and Qc = 85,000 cals/mole describes the rate-stress

relationship at lower stress values for all temperatures. The
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value of n starts to increase from 7 at aT/E values in the
range of 1.5 x 10-3 to 2.0 x 10-3 for different. temperatures.

The behavior at very high strain rates and lower temperatures

has been discussed before in the light of the dislocation(5,15)

substructure.  For most of the data., if the power law is assumed

to be followed at higher stresses (cT/E > 1.9 x 10-3), the value

of.n lies· between 10 and 11 (Figure 11-B) .

Cuddy and Yu have reported that for type 304 stainless
( 14·) (16)

steel the value of.the stress exponent, n, ranges between 5 and 13.

For pure metals and solid solution alloys where subgrains form

during creep, the value of n usually lies between 4 and 5.  Higher
(17) (18,19)values of. n have also been observed for tungsten and aluminum

Sherby and co-workers have suggested an explanation for the
(17,19)

high value of n by explicitly incorporating the influence of subgrains

in the creep deformatioh equatiohs.  A similar approach is utilized

in the following explanation of the results of the present study.

Creep rate at a constant temperature is given by

ts  =  Constant  X P aN [6]

where X is the subgrain size, N is the stress exponent determined

from differential tests where.X and T are.kept constant and p is

usually"2 or.3.  According to a model of subgrain creep wherein

pile ups of dislocations were considered to interact with subgrain

boundaries, Weertman arrived at the equation
'

(20)
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i =.Constant · A . (a/G) [7]
3            6

S

where G is the. shear.modulus.

In the light of the substructure that is developed, the

deformation rate - stress relationship for the present result

is adequately described by

n     85.000ts  =  Constant X 3  .   (aT/E)  · exp irT [8]

where n=7 at aT/E values lower than about 1.9 x 1 0 and-3

-3
n = 10.5 for. aT/E > 1.9 *10  . At lower stress levels where

the.subgrain size, X, is given by

X 6.6b CaT/E) [9]
-1

the value of n becomes 4 and at higher stress levels where

the A - aT/E relation is given by

-2 -2X  = 1.4 x 10 b (a T/E) [10]

n in Eq. [8] reduces to 4.5.

The· value of a after considering the influence of subgrain

-       or cells reduces from 7 or 11 to 4 or 4.5 and agrees very well

with the usually observed values for the stress exponent during
(21)

power law creep

A. 4.   Estimation of ActiVation Energy ·for Creep  from Hot Hardness

Measurements of 304.Stainless Steel (R. K. Bhargava)

The room temperature and elevated temperature mechanical
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properties of AISI 304 stainless steel are being studied very

extensively, especially on the reference heat 9T2796.

A small sample of this reference heat was given an anneal

at 1093°C for one-half hour and then electropolished in preparation

for the measurement of hot hardness. The hardness in terms of DPH

units were measured from RT to 1300°C.  The details of the hot

hardness apparatus are given elsewhere The specimen was held(22)

at the test temperature for 15 minutes before the indents were

made.

The temperature variation of hardness may be given by a

relation of the type:

H = A exp(Q'/T) [11]

In order to obtain Q', the apparent activation energy in units

of calories per mole, Larsen-Badse used the equivalent
(23)

relationship:

H= A exp(2Q'/RT) [12]

-       where R is the gas constant.  The apparent activation energy

Q' has been correlated to the activation energy for creep or self

'        diffusion.

(24)
Sherby and Armstrong suggested the relation:

H/E = B exp(QL/nRT) .[13]
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where QL is lattice self diffusion activation energy, E is the

Young's modulus, n is the stress exponent for creep (usually

n = 5) and B is a material constant.  H ·in Eq. [13] is the hot

hardness above 0.75 T .m
3The H/E values are plotted versus 10 /T in Figure 12. As

can be seen clearly, the data below and above 0 0.75 T  can be
m

fit by two straight lines. The break in the curve around 0.75 T
m

signifies a change in mechanism of deformation and .is probably

associated with the power law breakdown as suggested by Sherby

and Armstrong.

The activation energy, Q, is calculated utilizing Eq. [13]

and n = 5.  The value of Q = 87 kcals/mole is in reasonable

agreement with the 84 kcal/mole used in the creep analysis.  This

,value of Q is in reasonable agreement with the published values

in the literature. Garofalo et. al. determined an activation(25)

energy for creep and reported 75 kcals/mole wliereas Cuddy (14)

reported a value of.91t 9 kcals/mole for the creep activation energy.

Work is continuing in the correlation of hot hardness data with

macroscopic mechanical properties at elevated temperatures.

A.5. Characterization of the Substructure During Early Stages

of Creep of 304 Stainless Steel (R. K. Bhargava)

To characterize the substructural development during creep,

304 stainless steel specimens were terminated at different creep

strains under identical test conditions and subsequently, the
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developed substructure was examined by transmission electron

microscopy.  Details of this study are available elsewhere (5,6)

therefore.,  .some  of the' results  will be presented  here.

Figure 13 shows the typical micrographs of the substructure

developed during the various stages of creep deformation.  Also

included is the substructure before testing for comparison.  The

dislocation density before testing was estimated at (7.4 1 0.4) x

108 cm-2.  .On loading, the dislocation density increases to a

9   -2
value of (7.14 i 0.84) x. 10 cm The photo micrograph (RUC-6)

shows some loops, stacking faults and some tangled and free dis-

locations.  In the early primary stage (RUC-3), the dislocation

density increases to (9.94 i 0.86) x 10 cm The typical9   -2

substructure cohsists of more tangles with some localized tendency

to form cells. In the late primary stage (RUC-4), the tendency

to form cells became more prevalent.  The total dislocation

density remained more or less the same. During steady state creep

(RUC-5) , the substructure started to take on' the shape of subgrains

with definite subgrain boundaries.. Again the dislocation density

remained the same. Finally at rupture (RUC-10) a well developed

subgrain substructure was formed. There was some variation in the

subgrain size, the size being smaller near grain boundaries.

The misorientation between the adjacent subgrains or cells

was also measured and are presented in Figure 14.  This shows a

plot of the average misorientation versus the total strain.  This

value of strain is determined from the section used for the TEM
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study.  The data from this study indicates an increase in the

misorientation as the strain increases. After the secondary

stage has developeq the increase in- misorientation angle is less

apparent and it tends to reach.a saturation value.  The average

subgrain intercept, 1, is plotted versus the modulus compensated

true· stress,  aT/G in Figure  15. For comparison the relationship

determined for the reference heat 9T2796 is also shown. Work is

continuing in this area for the other alloy systems.

A.6. The Role of Twin Boundary - Grain Boundary Intersections

on Microcracking Behavior of AISI 304 Stainless Steel

Deformed in Slow Tension and Creep at 650°C, Reference

Heat 9T2796 (H. Nahm)

Studies of intergranular crack formation in metals at

elevated temperatures have shown that triple points may provide

both preferential sites  for the nucleation of cracks and ·barriers
(26-30)to their propagation .  Although it has been shown that the

growth of cracks originating at grain boundary.triple junctions

may be arrested or interrupted at twin boundary - grain boundary

(31,32)intersections , relatively little is known concerning the

influence of these intersections on the crack propagation process

in austenitic stainless steel.

Recent work has shown evidence for the formation of cracks

and cavities along twin boundaries in 304 stainless steel (33)

These results suggest that the twin boundaries may behave in a
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manner similar to grain
 

boundaries under the proper conditions.

The purpose of this study is to report quantitative ob-

servations concerning theinfluence of twin boundary - grain

boundary intersections (hereafter referred to as TGI) on the

intergranular cracking behavior in AISI 304 stainless steel

deformed in the slow tension and creep rupture modes at 650°C.

Figure 16 describes the crack morphology that will be used

in this analysis.

The distribution of cracks terminated at TGI's and secondary

cracks associated with TGI's are plotted in Figure 17 as a function

of  deformation  rate.    It is apparent  that  both the intergranular

cracks related to TGI's and the secondary cracks increase with

decreasing deformation rate (i.e. decreasing stress levels).

This is consistent with the overall intergranular crack results

for these specimens where triple junctions are involved (30)

There is a strong indication that the propagation of triple

point cracks may be interrupted at TGI's.  This is mainly based

on the observation that there are non-negligible number of triple

point cracks. which occupy sites between triple points and TGI

(as shown in Figure 16-c, e, and Figure 17).  Although it is dif-

ficult to visualize the actual. cracking process, it can be safely

assumed that the intergranular cracks have a greater tendency to

nucleate at or near the triple point and then proceed toward the

TGI ahd the next triple point.  This circumstance may be explained

from the fact that the surface energy , and stress concentration(34)



15

due to the ,applied stress at triple junctions are higher than

those at TGI's.  The majority of cracks observed are triple point

cracks which again supports this idea.  Figure 18-A shows the

angular incidence with respect.to the applied stress of.triple

point cracks which are filled between the triple junction and TGI

(Figure 16-c).  Cracks with a length of less than one boundary

facet are plotted in this Figure.  The angular orientation of these

cracks is consistent with those triple poin.t cracks which are not

(30)associated with TGI

There is a further experimental result indicating that the

secondary cracks appear, at times, to originate   from TGI. Approxi-

mately 1-3 percent of the total po ulation of cracks observed

in each specimen are found to be secondary cracks .which occupy

sites between TGI. And the 1-4 percent are found to be those

lying between TGI and boundaries not associated with TGI (Figure

16-i, k).  From the above observations, it is concluded that the

role of the TGI appears to be similar to that of the triple joint

junction in the normal cracking process.

In one study of secondary cracks which were formed in dopper,

Gittins and Williams suggested that the secondary cracking
(35)

may be affected by the triple point cracking because of the plastic

strain field ahead of the triple point cracks.  However, in this

study  of 304 stainless steel, careful examination shows that there

is a predominance of secondary. cracks formed along the boundary

facet where no triple point cracks were observed to occur. Further-
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more, as shown in Figure 18-b and c, the angular orientation of

secondary cracks shows the same behavior·as that of triple point

cracks From the preceding observations together with the
(30)

result that the considerable number of secondary cracks are

related to TGI, it appears that the secondary cracking mode is

essentially  the  same  as the triple .point cracking  mode.    It  is

a reasonable conclusion since the role of TGI is quite similar

to that of triple junction in the cracking behavior. It would

be especially true in the case of coarse grain size materials

such.as  the   210  pm size employed  in this study. This dracking

behavior could be different in fine grain size materials because

there are more triple points available sites for cracking.

(3)Details of the present study were provided previously

and a further study of this area is underway with particular

attention to the fracture mechanisms at elevated temperatures.

A.7. Intragranular Deformation Behavior of AISI 304 Stainless Steel

At Elevated Temperature, Reference Heat 9T2796 (H. Nahm)

The effect of grain size on creep properties of metals and

alloys has been studied by many investigators.  Theoretical and

empirical relationships have been proposed to attempt to explain

the role of grain size on the complex high temperature deformation

process. For example, based on the concept of different mobile

dislocation densities which may be present in the various grains
(36)of different sizes, Garofalo proposed the equation:
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'

ts = al + A2d2                           [14]

where i  is the secondary creep rate, d is the grain size andS

(37)A  and A  are constants.  Barrett, Lytton and Sherby suggested.1      '2

an equation of the type:,

ds = k(X/d) agb + [l-k(A/d)] ti [15]

where i · is the secondary creep rate, k is a constant, X is theS

subgrain size, d is the grain size, *gb is the grain boundary

sliding rate and t. is the intragranular deformation rate.  Eq.1

[15] was obtained from the considerations that the deformation

is more significant near the grain boundary than inside the grain,

and the total grain boundary area per unit volume of the specimen

becomes larger as the grain size becomes smaller.

Recently Gifkins developed.a theoretical expression for
(38)

the creep rate,
Es' given as follows:

 s = ii + di (2Kw X/d2) [16]

where 2i is the intragranular deformation rate, K and w are

the stress concentration factor and the width of the fold at

the triple point respectively, A is the subgrain size and d is

the grain size.  This.was derived by considering the climb -

controlled accommodation of grain boundary sliding due to the

triple point fold formation, together with the ·climb-controlled

intragranular deformation.
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Most studies on the effect of grain size, including the

preceding three equations, are based on the assumption that

the metals or.alloys considered have a·uniform distribution of

the grains with a constant given diameter. It should be realized,

however, that there will be a distribution in grain sizes and

one usually reports only the average size of the grains.

It is, therefore, quite informative to find how the indi-

vidual grains behave and contribute to the overall deformation

at elevated temperature.  The purpose of this section is to

report the preliminary results from the study on the deformation

behavior of the individual grains by grain shape analysis. The

details of this study were described previously(4).

(40)The modified grain shape analysis by Hensler and Gifkins

was used on the six specimens of 304 stainless steel (9*2796)

which were tested in tension and creep-rupture modes at 650°C.

The deformation rates covered were between 8.33 x 1074 sec-1
-8    -1and·4.16 x 10 sec , which correspond the stress range from

42 ksi to 15 ksi. The chemistry and the testing results are

(30)available elsewhere The grain intercept of six specimens

was     1 8 0      +     511 m. This was·obtained from the measurement of more

than 500 intercepts  of the shoulder portion  of each specimen.

Intragranular elongation, Li' was obtained from the equa-

tiOn:

ti = (L/W) 2/3 - 1 [17]
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where L is the average length of the grain and W is the average

width of the grain, with respect to the stress axis.  More than

800 grains were measured individually in terms of the' length (L)

and the width (W) for each specimen.  The grain intercept.was

determined from

L+Wd= [18]2

and the intragranular elongation was calculated for the grains

with 5 OW m intervals such as d is from 0%50#m, 50%.1001lm, 1001.Im 'U

150#m, etc.

The distribution of grain intercepts with intervals of

5011 m as a function of relative frequencies measured is given

in Figure 19. This was obtained from the underformed section
-4 -1(button-head) of a tensile specimen (t·= 8.33 x 10 sec  )

with more than 1300 grains measured.  As can be shown in Figure

19, even in the same specimen with the average grain intercept

dimension of #.180um, there is a wide range of distribution of

different grain sizes. The distribution shows the positive

skewness, i.e. there are more small grains than large grains.

Figure 20 shows the intragranular elongations as a function

of grain intercept intervals of 50u.m from the deformed regions

of the respective specimens.  Several important observations can

be noted.  The.intragranular deformation is a strong function of

the grain size and it becomes more significant as the strain rate

increases. In other words, the influence of grain size diminishes
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as the deformation rate decreases. For example, no appreciable

change in the intragranular deformation can be noted for the case

where the grain intercept, d, is larger than 100#m at the 4.16 x
-8    - -4 -110   sec 1 deformation rate, while at the.8.33 x 10   sec   the

intragranular deformation increases as the grain size increases

to values up to more than 4 0 011 m.  One. more result can be drawn

from the data presented in this figure and that is that grain

boundary sliding becomes important as the deformation rate de-

creases as noted by comparing the total elongation and the intra-

granular elongation. This observation is. consistent in the ' s.tudies

of McLean, Garofalo, etc., and with the previous results on ·micro-

(30)cracking behavior on these identical specimens in the sense

that microcracking increases as the .deformation rates. is decreased.

The present result as shown in. Figure 20 is undoubtedly

complex and not easily explained.  However, it appears that the

different deformation mechanisms might be operative in this wide

rahge of strain rates, considering the previous microcracking

(30,33,39)behavior on these specimens At higher strain rates

the grain size strengthening appears to be important, similar to

the   case  of the grain size effect  on  the room temperature property.

As the strain rate decreases, the grain boundary sliding becomes

more important and the reasonings contained in Eqs. [15] and [16]
(41)or the interpretation by Matlock and Nix could be applied. This

phenomenon becomes even more important in the evaluation of the

embrittlement observed in irradiated stainless steels, a case where
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the matrix of the grain is hardened and grain boundary sliding

is significantly. reduced.  Detailed analysis comprising the

subgrain dimension on these observations is still.underway at

this laboratory.

A. 8. Substructure Strengthening of Room Temperature Mechanical

Properties in Incoloy 800 and AISI 304 Stainless Steel

(H. Nahm and R. K. Bhargava)

In a recent study , the ambient temperature mechanical(42)

properties have been shown to be enhanced via high temperature

substructure strengthening.  To further study.this behavior,

room temperature hardness measurements were made on the specimens

having different cell or subgrain sizes developed from the pre-

vious high temperature deformation.  The hardness variation is

shown in Figure 21.  From this figure, it is clearly shown that

the relationship holds as

-1H=H +k A [19]0

where· H  corresponds ·to the frictional hardness parameter.  This

is quite consistent.with the relationship

-1a.= a +k X [20]0

where  a    is the.frictional. stress. One point  to  note  here  is
0

that the hardness appears to deviate from its linearity approaching

a  saturation  when  the  X 1 parameter increases as shown in Figure  21.



22

This trehd, withdecreasing cell size, will be confirmed in

future studies.

B.  Cyclic Deformation Mode

B.1. Substructure Development During Low Cycle Fatigue of AISI

304 Stainless Steel at 649°C, Reference Heat 9T2796 (H. Nahm)

In an effort to understand the basic principles underlying

fatigue, substructure development during fatigue has been in-

vestigated·by many researchers.  However, most investigations

have been concerned with fatigue ih single crystals at ambient

temperatures. It appears that no study is availab·le in the

literature on the substructural-changes at different stages.of

fatigue life at elevated temperature where recovery becomes

increasingly important. The purpose of the present study is,

therefore, to examine the ·dislocation substructure development

in low cycle fatigued AISI type 304 stainless steel at 649°C

by. transmission electron microscopy. Details of this study
(7)were reported before

A special set of LCF tests were performed at Argonne

National Laboratory, Materials Science Division, High Tempera-

ture LCF Laboratory under the provisions of a "Thesis Parts

Program". The tested specimens  of AISI 304 stainless steel

(9T2796) were solution treated at 1092°C for half an hour and

aged for 1,000 hours at 593°C.

The hour glass type specimens have been tested to different
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fractions of the fatigue life under the identical testing

conditions of temperature (649°C) , total strain range (2%)
-3 -1

and cyclic strain rate (4 x 10   sec  ).

A plot of stress range, Aa, versus the number of. cycles,

N, for AISI 304 stainless steel is·presented in Figure 22.

Several remarks can be made from this figure.  Excellent re-

producibility of hardening behavior, under identical experimen-

tal conditions, is obtained especially at the saturation stage.

The difference at the initial stages of hardening is.believed

to · be due to the difference in the initial microstructures that

results from.the ageing treatment.  But the difference decreases

as cycling continues so the saturation stresses for each specimen

are almost identical.  The rapid hardening stage is finished in

around 30 cycles followed by the saturation state where the flow

stress remains constant until fatigue failure sets in.

The characteristics of the fatigue substructure development

are summarized with a series of micrographs as shown in Figure

23.  Each column of micrographs show the variation in substructure

that can occur within a given specimen after the indicated number

of cycles. It  is  apparent  that  the cell intercept  size,  A,  de-

creases until the saturation state is reached and the misorientation

angle, 0, between adjacent cells and the volume fraction occupied

by cells in.crease. throughout the fatigue life.

Cell· intercept size, A, asa function of fatigue life, N/Nf

is plotted in Figure 24. The shear modulus compensated cyclic
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stress amplitude, cs/G, is plotted in Figure 25 as a function

of the corrected reciprocal  of cell intercept  size,  b/X , where
-8

b is the Burgers vector taken to be 2.54 x 10 cm. An equation

of the type

n
a/G = A  (b/X) [21]

is obtained, which indicates that the cell size decreases with

increasing stress.

A plot of average misorientation angles between adjacent

cells, 0, against fractions of fatigue life, N/Nf' is provided

in Figure 26 showing that the present result of the misorientation

increases throughout fatigue life.

As shown in Figure ·23 the early hardening stage is attained

through the continuous.accumulation of dislocations in the form

of dipoles, multipoles, and loops  that form· uncondensed  cell    '        :
walls. The decrease in cell size until the saturation state is

another way of dislocation storage contributing to the hardening.

During the saturation state, most of the flow stress is gained

from either the stress for dislocations to move through the long

range stress field set up by subboundaries or the stress needed

to bow out dislocations between the dislocation network of sub-

boundary. It is evident that recovery is occurring during the

entire fatigue process.  This is mahifested by the observation

that the misorientation angles increase and the uncondensed

thick cell walls continuously refine themselves throughout the
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entire fatigue life.

It is in order at this point to discuss what mechanisms

account  for ·the cyclit strain in fatigue, especially in satura-

(43-45)tion state. If we assume that "cell shuttling" model · is

operating, a relationship

y= pbA '                                   [22]

should be true, where y is the shear strain range, b is the

Burgers vector, and X ' is the subgrain diameter. Substitution

of the present results for AISI 304 stainless steel into Eq.

[22] indicates that around 50 shuttling dislocations per cell

are needed to accomodate the strain range for each cycle during

saturation stage.  This is contradictory to the observation that

the region inside the subgrain is almost free· from dislocations.

Therefore, the cell shuttling model does not appear to adequately

(46)explain the straining during saturation stage of fatigue.  Feltner

proposes a similar model in which the "flip-flop" motion of dis-

location loops yield the same result as in the. case of the cell

shuttling model.

Therefore, the preceeding discussions lead to another mechanism-

movement of subboundary walls during deformation.  Cell walls can

bulge out under complex cooperative stress system as suggested by

Li Or cell walls can annihilate each other and/or glide under
(47)

(48)the proper conditions as proposed by Ashby, et. al.

It is also possible that the annihilation of dislocations by
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recovery near or in the subboundary walls may be partly

responsible for the cyclic strain, especially in the early

hardening stage. The· observed transition for cell walls from

the thick, uncondensed to condensed, sharp and narrow walls

along with the continuous increase in the misorientation angles

supports this data.

B.2. Comparison of the Fatigue Properties in Incoloy 800 When

Tested in the Bend and Push-Pull Modes (H. Nahm and A. Ermi)

In order to better interpret and to apply the results. of

experimental data of elevated temperature mechanical properties,

it is important to understand ·the testing technique and the

specimen geometry employed in the various types of deformation

modes. It is also very important to know which microstructural

changes will affect the mechanical properties.

With the above ob jectives   in mind, fatigue properties   and

their correlation with dislocation structures in Incoloy 800

have been studied on the specimens tested in·push-pull and in

bend fatigue modes at elevated temperatures.  Experimental details

and fatigueproperties such as strain ranges and cycles to failure

have been reported before Fatigue lives from bend fatigue
(49)

were found to compare very well with those from push-pull fatigue,

especially at large strain ranges.     It ·was also shown  that  bend-

fatigue test specimens with small strain ranges yield longer fatigue

life than the push-pull fatigue specimens. The bend-fatigue test
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is different from the push-pull in the sense that the former is

cantiliver-loaded. Thus, the bend-fatigue specimens have maximum

strain or stress at the specimen surface which decreases toward'

the center and becomes zero at the neutral axis.

Room temperature microhardness was measured on the polished

and etched surface cut parallel to the fracture surface.  Figures

27 and 28 illustrate the hardness distribution and corresponding

dislocation substructure, from just below the fracture and along

the   diameter   from the center   for the push-pull
 

fatigue specimen,

respectively.  As expected the hardness reveals the characteristics

of each testing condition.  Bend fatigue specimens reveal the

minimum hardness along the neutral axis and the maximum on both

surfaces. In contrast to bend fatigue, no change in hardness can

be observed in these specimens tested in the push-pull mode (Figure

28).

Transmission electron microscopy revealed substructural

characteristics that are consistent with the hardness distribu-

tion. Figure 27 illustrates the structural variation as a function

of the position on a plane parallel to the neutral axis. Dislocation

density increases as one moves from the neutral axis (essentially

zero strain .region) to the specimen surface where the maximum strain·

exists  (8€t 0 2%). A modulated dislocation substructure consisting

of cells is formed near.the surface. The dislocation density,

8   -2
obtained from the unstressed shoulder portion is around 5.5 x 10  cm

In  principle, the dislocation density·  in the neutral axis should
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-C

be the same as that of the unstressed portion, but the observed

difference is apparently due to the fact that neutral axis

continuously shifts during cyclic reverse bending, thereby

inducing a small amount of residual stress in the form of dis-

Iodation. It is also interesting to note that the existence of

a critical dislocation density for cell formation can be seen

from Figure 27.

Compared to the case of bend fatigue, there is little

change in deformation substructure across the guage section

diameter of the hour-glass push-pull fatigue specimen shown in

Figure 28.  Stress and strain distribution on the minimum cross

section seem to have uniform value dUring the push-pull .fatigue

testing.

The fact that bend fatigue test invariably yields a longer

fatigue life than does push-pull fatigue in the small range

could be explained from the differences in crack growth rate

and in time spent for crack nucleation and growth For the(50)

case of the large strain range test, most of the fatigue life

is spent.for crack propagation, i.e., time for crack nucleation

is short and once nucleated, the crack will propagate rapidly,

giving a good correlation between bend and push-pull fatigue.

But for the case of bend fatigue tests with small strain ranges,

most of·the fatigue life is spent in crack nucleation. Because

of the stress gradient along the specimen, the crack growth rate

becomes lower toward the neutral axis of the bend fatigue specimen,
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resulting in a longer fatigue life.

As demonstrated in Figures 27 and 28, there is a significant

difference:in hardness distribution.and dislocation substructure

in bend fatigue specimen. Thus, extreme care should be exercised

when.the fatigue substructure is evaluated in the specimens

tested in bend-fatigue mode.

A new work has been also initiated to study the crack

initiation/propagation in Incoloy 800 at elevated temperature

via scanning electron microscopy on the same specimens discussed

here and the results will be given in the future reports.

B. 3. The Effe·ct of Creep - Fatigue Interaction  on the 'Substructure

and Fracture Characteristics in 304 Stainless Steel (T.

Kenfield*)

A study was initiated to characterize the effect of hold

time on LCF behavior in 304. stainless steel.  Specifically, the

substructure was investigated using transmission electron microscopy

to obtain the correlation of mechanical properties with the sub-

grain intercept size.  In addition to this substructure analysis,

fractography was performed using scanning electron microscopy and

replica microscopy to study the mode of cracking. Specimens were

tested at 649°C at two different strain ranges (0.5%, 2%) with

various tension hold times ranging from one minute up to ten hours.

Details of this'study are available elsewhere (51)

Figure 29 shows the relationship between the subboundary

*Now with General Electric Company, Sunnyvale, California.



30

intercept  size,  X,   and the maximum cyclic tension stress,   a
t,max'

the slope of the plot being -2 which gives a dependency of

-2A a a [23]t,max

This correlation is in general agreement with that found for

cell formation in. tensile as  well  as, the fatigue ·data(15,52)

for 316 stainless steel It is also shown that smaller(53)

subgrains are formed in specimens tested at lower strain ranges

at the same stress levels, shifting the data to the left. This

(53)
is consistent with the previous results

Figure 30 shows the substructural characteristics for the

specimens with various tensile hold times. It is apparent that

the subboundary intercept size increases with longer hold periods,

reflecting the stress relaxation phenomena in the specimens. It

can be also noted that the nature of the subboundary changes

from cells to subgrains as the hold period is increased.  This

indicates that the creep type ·damage becomes predominant, as

evidenced by the fact that cells are often observed in tensile

tested specimens while subgrain structures are found in creep

tested specimens. Carbide formation also appears to become

important in specimens with a very long hold period as shown

in this figure.

In order to get an insight into the possible correlation

between the substructure and the failure mechansims, fracture

sufface was studied by scanning electron microscope.  The number
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of cycles to failure·, Nf ' is plotted in Figure 31 against

the hold times with the corresponding fractographs.  This

shows the transition from transgranular to intergranular

failure mode with the increasing tensile hold time.  This is

consistent with the substructural observation shown in Figure

30. It is also worth noting that the tendency for intergranular

fracture is enhanced with the lowering strain ranges. Further

study is underway to clarify the deformation and failure mechanism

in the area of creep-fatigue interaction.

IV. PLANS FOR FUTURE WORK

A new program has been initiated on the Commercial , the

Developmental and the Fundamental Alloys being evaluated in the

National Alloy Development Program. Particular attention will

be given to the application of hot-hardness measurement as a

strength microprobe, in addition to the studies by combinations

of transmission and scanning electron microscopy and experiments

in which tensile and creep tests are performed.

The scope of the work will include„the following areas:

1. Creep-microstructure evaluation of two (AISI 330, A286)

of the candidate advanced commercial alloys from Activity

B of the National Alloy Developmeht Program (NADP).

2. Hot-hardness measurements on the eight alloys presently

being evaluated in Activity B (Comdercial Alloys) of

the NADP.
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3. Hot-hardness measurements on the eight alloys presently

being evaluated in 'Activity C (Developmental Alloys) of

the NADP.

4. Hot-hardness measurements of a family of alloys to be

identified from Activity D (Fundamental Studies) of the

NADP.

Work will continue on the characterization of the substructure

formed during the strain-controlled push-pull fatigue test of

Incoloy 800. Further ana lyses and discussions    of the substructure

data for·Incoloy 800 will be performed.  Special attention will

be given on the effect of strain range on the subgrain dimension
1

and the dislocation density.

A new study on difference in fatigue-cracking (initiation/

propagation) in Incoloy 800 when tested in bend and push-pull modes

is underway by scanning electron microscopy.
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2.  Characterization of the Deformation Substructure of AISI 316
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3.  Quantitative Characterization of the Substructute of AISI 316
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Cycle Fatigue Properties of AISI 304. and 316 Stainless Steel,
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of the Symposium on Fatigue at Elevated Temperatures - ASTM
STP-520 (1973).

5.  On the Influence of Deformation Rate on Intragranular Crack
Propagation in Type 304 Stainless Steel, H·. Nahm, D. J. Michel
and J. Moteff, J. Mat. Sci. 8, 104 (1973).

6.  Deformation Induced Twin-Boundary Crack Formation in Type 304
Stainless Steel, D. J. Michel, H. Nahm and'J. Moteff, Mat. Sci.
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7.  Substructure of Type 316 Stainless Steel Deformed in Slow
Tension at Temperatures Between 21° and 816°C, D. J. Michel,
J. Moteff and A. J. Lovell, Acta Met. 21, 1269 (1973).

8.  Reply to "Comments on 'On the Influence of Deformation Rate
on Intragranular Crack Propagation in Type 304 Stainless
Steel'", H. Nahm, D. J. Michel, and J. Moteff, J. Mat. Sci.
8, 1828 (1973)..

9. .A Correlation Between the Hot-Hardness and the Hot-Tensile
Properties of AISI 304 Stainless Steel, J. Moteff and P. R.
Sieber', Met. Trans. 5, 315· (1974).

10. Correlation of the Hot-Hardness with the Tensile Strength of
304 Stainless Steel to Temperatures of 1250°C, J. Moteff,
R. K. Bhargava and W. L. McCullough, Met. Trans. 6A., 1101
(1975).

11.  Some Aspects of Sub-Boundary and Mobile Dislocations During
High Temperature Creep of AISI 316 and 304 Stainless Steel,
V. K. Sikka, H. Nahm and J. Moteff, Mat. Sci. Eng. 20, 55
(1975).

..

12.  The Role of Twin Boundary/Grain Boundary Intersections on
Microcracking Behavior of AISI 304 Stainless Steel Deformed

-            in Slow Tension and Creep at 650°C, H. Nahm and J. Moteff,
J. Mat. Sci. 10, 1084 (1975).

13·. Correlation of the Microstructure with the Creep and Tensile
Properties of AISI 304 Stainless Steel, R. K. Bhargava, J.
Moteff and  R. W. Swindeman, in "Symposium on Structural
Materials for Service at Elevated Temperatures in Nuclear
Power Generation", ASME Winter Annual Meeting, Nov. 30 -
Dec. 3, 1975, p. 31, Edited.by A. 0. Schaefer.
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14. Second Phase .Formation and Its Influence on the Fatigue
Properties of Incoloy  800 at Elevated Temperature,  H.   Nahm
and J. Moteff. Accepted for publication in Met. Trans.

15. Substructural Developmeht During Low Cycle.Fatigue of AISI
304 Stainless Steel at 649°C, H. Nahm, J. Moteff and D. R.
Diercks,.Submitted for Publication.

16. The Dislocation Substructure, Carbides and the Deformation
Mechanism Map for AISI 304 Stainless Steel, R. K. Bhargava,
J. Moteff and R. W. Swindeman, Accepted· for Publication in
Met. Trans.

Papers in Preparation

1.  Quantitative Characterization of Substructure of Incoloy 800
Resulting from Low Cycle Fatigue at Elevated Temperatures,
H. Nahm and J. Moteff.

2.  Microcracking Behavior and Fracture of AISI 304 Stainless
Steel at 650°C, H. Nahm and J. Motef·f.

3.  Fatigue Cracking and Striation Spacing in Incoloy 800 when
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5.  Development of the Substructure of AISI 304 Stainless Steel
as a Function of Creep Strain, R. K. Bhargava and J. Moteff.

6.  Development of the Substructure of AISI 304 Stainless Steel
Tested in Fatigue at 650°C with Hold Times, T. A. Kenfield
and.J. Moteff.

.

7.  Substructure Development During Creep on Two Fe-Ni-Cr.Alloys
and a Ni-15Cr Alloy, C. G. Schmidt and J. Moteff.

8.  Estimate of the Tensile Strength and the Activation Energy
for Creep for Three Experimental Fe-Cr-Ni Alloys, C. G.
Schmidt and J. Moteff.

9.  Observation on Microcracking During Low Cycle Fatigue of AISI
304 Stainless Steel at'649°C, J. G. Costa, H. Nahm and J.
Moteff.
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10. Correlation of the Hot-Hardness with the Tensile Strength
of the EBR-II XG05 Shrould Irradiated to 3.5 x.1022 n cm-2,
E > 0.1 MeV, J. Moteff.

11. Intragranular Deformation Behavior of AISI 304 Stainless
Steel at Elevated Temperature, H. Nahm and J. Moteff.

12.  On the Activation Energy for Creep of AISI 304 Stainless
Steel, R. K. Bhargava and J. Moteff.

13. The Influence of Dislocation Cells on the Creep of AISI
304 Stainless Steel, R. K. Bhargava and J. ·Moteff.

14. Substructure Strengthening in Some Austenitic Stainless
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