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INTRODUCTION 

The work undertaken in this project is a part of the 
total effort of this laboratory to develop concepts and methods 
for the characterization of mechanical properties of poly-
crystalline solids at elevated temperatures. Grain boundary 
sliding is emphasized because it is an important deformation 
process in the temperature range of interest. The approach 
based on the concept of plastic equation of state is adopted 
in this work. This approach has been proven to be successful 
even though considerable effect is made for its development. 
The experimental results obtained so far have demonstrated the 
potentials in the application of the approach of plastic equa
tion of state in mechanical testing and in data correlation and 
extrapolation. The plastic equation of state provides also a 
rigorous and precise description of the deformation behavior of 
the grain matrix. Deviations from the grain matrix behavior 
can therefore be measured easily and can be used as a quantita
tive basis for the investigation of the contribution of grain 
boundary sliding and the mechanical properties of the grain 
boundary. 

During the past fiscal year the principal investigator and 
his co-workers have co-authored a review paper with Dr. E. W. 
Hart of G. E. Research and Development Center. The title of 
this paper is "Phenomenological Theory: A Guide to Constitutive 
Relations and Fundamental Deformation Properties", which will 
be a chapter in the forthcoming book "Constitutive Equations 
in Plasticity" (Ed. A. Argon, MIT Press). Much of the theoreti
cal and experimental results on plastic equation of state 
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obtained at G. E. Research and Development Center and in this 
laboratory are included in this paper. The constitutive 
relations for plastic deformation developed are of the analytical 
form such that they can be readily adopted for mechanical analysis. 
Mechanics groups at Cornell University, Ohio State University 
and at G. E. Research and Development Center have in fact shown 
interest in their applications. 

In-reactor creep is a topic which has been given increasing 
attention recently. Since the behavior of plastic equation of 
state has been found to be exhibited by a variety of materials 
covering a wide range of deformation conditions, it is natural 
to suspect that the same concept may be extended to include in-
reactor mechanical behaviors. Some of the current thinking 
of the principal investigator on this subject will be described 
in the renewal proposal for the next fiscal year. Arguments 
will be made to propose that grain boundary sliding and irradia
tion enhanced grain boundary migration could play an important 
role in in-reactor creep. At the present Argonne National Lab
oratory is engaged in post-irradiation and in-reactor load 
relaxation experiments and is also planning load relaxation 
experiments under the influence of cyclotron irradiation. In 
their work the approach of plastic equation of state is also 
adopted. Some of the results obtained in this laboratory especially 
those on austenitic stainless steels will be useful in support
ing the type of activities mentioned above. 

The highlights of the progress made since the last report 
will be described in the following sections. During the past 
fiscal year efforts are made in several areas including work 
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hardening properties, creep analysis and grain boundary sliding 
in type 316 stainless steel. 

WORK HARDENING AND PLASTIC EQUATION OF STATE 

It is reported in the last progress report that the work 
hardening parameter y (—5 1» ) of type 316 stainless steel, 9e

P V T 

niobium and 1100 aluminum alloys is found experimentally to 
depend only on the current values of stress and plastic strain 
rate and is independent of deformation history. a, e , e and 
T are stress, plastic strain, plastic strain rate and temperature 
respectively. For the interest of creep analysis and data 
correlation and extrapolation a new work hardening parameter r 
which measures the change in the value of hardness parameter 
with plastic strain increment is defined. 

r _ 9 In o*I# _ y 
8e 'e ,T y-v Y 
P P 

where o* is the hardness parameter, y is the slope of the trans
lation path for the constant hardness log a - log e curves and 
v is the slope of the constant hardness curves. The constant 
hardness log a - log e curves are measured in the load relaxa-

P 
tion experiments. Since these materials exhibit the behavior 
of plastic equation of state, based,on the results of the load 
relaxation experiments, the parameter r can be specified by any 
two of the three variables, stress, plastic strain rate and the 
hardness parameter. For the convenience of creep and mechancial 
analysis, a and a* are used in correlating the experimental data. 
All the work hardening data obtained show that the work hardening 
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parameter T is a power function of a and a*. The data of 1100 
aluminum alloy are shown in Fig. 1 in the form of constant T 

lines in a plot of log a* vs log a*/a. These data are obtained 
in a temperature range from room temperature to over one-half 
of the absolute melting temperature and at a wide range of 
plastic strain rates. The constant r lines in Fig. 1, suggest 
the following relation, 

V = C oa/o*& (1) 

where C, a, g are constants. The correlation shown above can 
be used as a strong evidence for the applicability of the con
cept of plastic equation of state. The existing theories on 
work hardening which do not include plastic strain rate or 
the hardness parameter as an important variable, are found to 
be inadequate for the present results. Physically the cor
relation for the parameter r can be considered as a law for 
absolute work hardening because r measures the changes in 
hardness with plastic strain. The theoretical significance of 
this work hardening law remains to be examined but its analytical 
form is adequate for creep calculations which will be described 
next. 

CREEP ANALYSIS 

From the viewpoint of plastic equation of state, an arbitrary 
deformation path at a given temperature is represented by 

y d e = d l n o ~ v d l n e (2) 
P P 
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, d In o \ , d In o ] _ , T I - J 

w h e r e Y = -j~e 1- T and v = l n . | and are a work hard-
P P P P 

ening parameter and a strain rate sensitivity parameter respecti
vely. As discussed in the previous section these parameters depend 
only on the current values of stress and the hardness parameter, 
and their functional dependence has simple analytical form. At 
high homologous temperatures the constant hardness log a - log £ 
curves obtained from the load relaxation experiments for grain 
matrix deformation can be represented by 

e* 
£n(^-) = (I^)A (3) 

P 

where A is a materials constant which describes the shape of 
the constant hardness curve and the hardness parameter o* is 
related to e* through the translation path of these curves P 

(In a* = y In e + tn D with D a constant). From Equation (3) 
the strain rate sensitivity parameter v is 

v = A In (^) (4) 

Knowing the parameters y and v, Equation (2) can be integrated 
to describe an arbitrary path of interest. The integration 
has been performed for constant load creep. The results of the 
creep calculation are compared with experimentally determined 
creep data in Fig. 2. In this figure the solid lines are cal
culated curves and the data points are measured values. It is 
seen that the agreement is within experimental scatter of typical 
creep experiments. 

The exercise described here demonstrated the following 
points: 
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1. It shows the capabilities of the approach of plastic 
equation of state in using history independent para
meters to describe plastic deformation which is 
path dependent. 

2. The data and the calculated results of the cold worked 
material suggest strongly the absence of recovery 
during creep and load relaxation at temperatures 
up to one-half of the absolute melting temperature. 
This is a point of controversy in current thinking 
on creep theories. Other experimental evidence 
exists from the viewpoint of plastic equation of 
state suggesting also the absence of recovery in the 
same temperature range. 

3. Since load relaxation and work hardening measurements 
are less time consuming than creep experiments, it 
is felt that the approach of plastic equation of 
state will be potentially useful in mechanical 
testing and in data correlation and extrapolation. 

GRAIN BOUNDARY SLIDING IN TYPE 316 
STAINLESS STEEL 

The principal investigator has been interested in experi
mental and theoretical work for the development of fuel element 
cladding failure criteria for liquid metal cooled fast breeder 
reactor applications since 1969. The importance of grain bound
ary sliding and associated intergranular failure has long been 
recognized. The lack of quantitative information on these 
processes has prevented much of the desired progress in the opinion 
of the principal investigator. This inadequacy has been 

one of the strong motivations for the principal investigator to 
undertake the present project. 
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With the development of high temperature capabilities in 
this laboratory it is possible to obtain load relaxation data 
at temperatures up to 650°C. During the past fiscal year these 
capabilities are ultilized to examine the mechanical behavior 
of type 316 stainless steel. The results obtained are revealing. 
Together with the development in the approach of plastic equa
tion of state, the principal investigator feels that he is in a 
better position to accomplish some of the objectives outlined 
in the original proposal. The data on type 316 stainless steel 
also provides useful insight for in-reactor creep which will be 
discussed in the renewal proposal. 

Good temperature control is essential in load relaxation 
experiments especially in the low strain rate range. At the 
present the capabilities in this laboratory allow measurements 

-9 -1 of plastic strain rate in the 10 sec range in a run typically 
lasting 4-5 days. To obtain similar data in creep experiments 
will be much more time consuming. It will be seen later that 
measurements in the low strain rate range are important also in 
identifying the contribution of grain boundary sliding. 

The phenomenological models for the interplay between grain 
boundary sliding and grain matrix deformation proposed by Hart 
have been useful in providing useful insight for the interpre
tation of creep-rupture and low cycle fatigue data. Hart's idea 
can be summarized as follows. At low homologous temperatures 
and/or high strain rates the deformation of a polycrystalline 
solid is controlled by grain matrix processes. As the tempera
ture increases and/or the strain rate decreases the contribution 
of grain boundary sliding will become important. In this region 
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the log a - log e curves measured in load relaxation experi
ments will deviate from the corresponding grain matrix curve 
in the direction such that the slope of the measured curve will 
be higher. If the temperature increases further and/or the 
strain rate decreases further, the grain boundary will offer 
little resistance to deformation, the deformation of the speci
men will be controlled again by grain matrix processes, in some 
cases resulting in a S-shaped log a - log e curve. From the 
viewpoint of plastic equation of state based on Hart's model, 
the introduction of grain boundary sliding will occur at higher 
strain rates with increasing values of the hardness parameter. 
Since intergranular failure in creep rupture is associated with 
grain boundary sliding, the ideas described above are consistent 
qualitatively with the results of creep-rupture and low cycle 
fatigue tests on stainless steels and other alloys. For example 
as temperature increases the failure mode in creep rupture and 
low cycle fatigue tests changes from transgranular to inter
granular. With increasing amount of cold work, the failure mode 
will also change from transgranular to intergranular at a given 
temperature. It is encouraging that the present results obtained 
from load relaxation experiments on type 316 stainless steel 
show the entire range of behavior described above and can be used 
as a quantitative basis for the evaluation of the contribution 
of grain boundary sliding. 

Figure 3 shows experimental data on type 316 austenitic 
stainless steel as a function of temperature. For the 550°C 
curve the high strain rate region where the slope is very small 
is identified as controlled by grain matrix deformation. As the 
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strain rate is lowered the slope of the curve increases indicat
ing that the contribution of grain boundary sliding becomes in
creasingly important. As the temperature increases the data in 
Fig. 3 show the introduction of grain boundary sliding at higher 
strain rates. The 650°C curve is of particular interest 
because it is S-shaped. This shape results from the fact that 
the grain matrix curve has a rather small slope when the strain 
rate is decreased into the region where grain matrix deformation 
is controlling again, the measured curve will show a decrease 
in slope. This observation would not be possible without the 
present capabilities in this laboratory to measure strain rates 

-9 -1 in the 10 sec range. The temperature dependence of the 
interplay between grain matrix deformation and grain boundary 
sliding shown in Fig. 3 is consistent with that suggested pre
viously. Figure 4 shows experimental data obtained at 650°C on 
type 316 austenitic stainless steel as a function of grain matrix 
hardness. The log a - log e curves in this figure demonstrate 
the introduction of grain boundary sliding at higher strain 
rates as the grain matrix hardness is increased. 

At the present the experimental data on type 316 stainless 
steel are being analyzed in an attempt to obtain quantitative 
information on grain boundary sliding. These data clearly demon
strate that part of the creep data of type 316 stainless steel 
for LMFBR applications are in stress-strain rate regions where 
grain boundary sliding is important. The principal investigator 
is not aware of the consideration of grain boundary sliding 
contribution in creep data analysis by investigators in LMFBR 
program. The present data suggest also that the creep analysis 
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given in the previous section requires further modification to 
include grain boundary sliding. 

SUMMARY 

During the past fiscal year the following accomplishments 
have been made in the present program 

1. A generalized work hardening relation has been 
established.based on the approach of plastic equation of state. 

2. Using the same approach capabilities are developed 
to predict creep behavior of polycrystalline solids. 

3. Experimental data on grain boundary sliding in type 
316 stainless steel are obtained. 
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