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ABSTRACT

A theoretical discussion of grain size dependence of
creep is presented. In this discussion, the various high
temperature creep mechanisms that contribute to the overall
process are described, showing their dependence on grain
size. From this theoretical discussion, it is apparent
that if the grain size is varied over a range of 0.01 mm
to 1 mm, the different mechanisms (i.e., Coble creep,
grain boundary sliding, and grain matrix deformation)
will result in a variation of the stress exponent, n,
as measured for the total process, from 1 at small grain
sizes to 5 at large grain sizes. Thus, the variation 

%

of n with grain size will reflect the change in contribution 
of the individual mechanisms with grain size. A discussion 
of how grain size effects vary with temperature and stress 
is also presented.

Monel with grain sizes ranging from 0.047 mm to 0.33 mm 
was used in the experimental work. The resulting n values 
from this work varied from 22 to 6. These values were 
independent of grain size but were a strong function of 
test temperature. No grain size dependence was observed 
because these samples were tested at a strain rate where



mechanically-produced vacancies controlled the creep rate. 
Therefore, there was no dependence on grain boundaries as 
sources or sinks for vacancies.

Further interpretation of the experimental results 
indicated a strong dependence of material strength on 
subgrain variations. it was shown that the finer the 
subgrains, the stronger the material.

Ductility was dependent on two variables, the grain 
size emd deformation mode. It was shown that as the grain 
size increased from 0.047 mm to 0.33 mm, the ductility 
decreased from 40% to < 1%. Also, the ductility was 
higher in strain rate change tests than in stress-strain 
tests. This resulted from the continuously changing sub
structure in strain rate change tests as opposed to the 
quasi-static structure in the stress-strain tests.
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CHAPTER I 

INTRODUCTION

1-1 EXPERIMENTAL OBSERVATIONS
The presence of grain boundaries in a material may

either strengthen or weaken the material, depending on
the temperature, stress, and strain rate of the specific
application. high temperatures, it has been shown
experimentally Garofalo and others, 1964, p. 1466;
Barrett and others, 1967, p. 174) that the strength of
a material decreases with a decrease in grain size.
This decrease in strength appears as an increase in the 

%

steady state creep rate.
For the sake of discussion, materials can be divided 

into two classes with respect to the effects of grain size 
on their high, temperature strength. Class 1 materials 
are characterized by an increasing strength with an 
increasing grain size followed by a region where the 
strength is independent of grain size, as shown schematically 
in Figure 1-1. Class 2 materials show an optimum grain 
size for strength. Their typical behavior is shown 
schematically in Figure 1-2. They are characterized by
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an increas* in strength with grain size until an optimum 
is reached; then the strength decreases with continued 
increases in grain size.

The importance of grain size studies can be emphasized 
by noting that the high temperature ductility of a material 
decreases with increased grain size. Therefore, when both 
strength and ductility are important, an optimum must be 
determined between increasing grain size for strength and 
decreasing grain size for ductility. These considerations 
result in the interest in grain size effects on high 
temperature properties.
1-2 THEORETICAL CORRELATIONS

* In this section, the effect of grain size on the 
different h *b temperature deformation mechanisms will 
be considered,

Deformation by diffusional creep occurs by the mass 
movement of atoms. In the theories of diffusional creep 
(Sherby and Burke, 1968, p. 342), grain boundaries which 
are perpendicular to the applied tensile stress are assumed 
to be good vacancy sources, while grain boundaries which 
are parallel to the applied stress are assumed to be good 
sinks for vacancies. Therefore, a flux of vacancies will 
occur from the grain boundaries with a high vacancy
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concentration to the grain boundaries with a low vacancy 
concentration, resulting in deformation by mass movement 
of atoms.

There are two possible mechanisms for this mass 
diffusion, depending on the temperature. One mechanism 
is the Nabarro-Herring model (Herring, 1950, p. 437) in 
which the diffusion is lattice diffusion and Qcreep " ^sd 
(i.e., activation energy for creep equals the activation 
energy for self-diffusion). The other mechanism is the 
Coble model (Coble, 1963, p. 1679) where grain boundary 
diffusion occurs. Here Qcreep “ Qgbd activation
energy for grain boundary diffusion). The approximate 
strain rate expressions for each of these models ares

e (Nabarro-Herring) = (1)1 KT

e (Coble) = 50DqbdSa P (2)
13KT

where DS(j = self-diffusion coefficient
Dgbd “ 9rain boundary diffusion coefficient
S = stress
a^ « atomic value
1 = grain size
K as Boltzman's constant
T = absolute temperature
p = grain boundary thickness



T-1596

From these equations, it can be seen that the strain 
contribution of Nabarro-Herring creep is proportional to 
the inverse of the grain diameter squared. In Coble 
creep, the strain contribution is proportional to the 
inverse of the grain diameter cubed. Therefore, both 
of these models predict an incre <e in strain rate with 
a decrease in grain size.

Another deformation process at high temperature is 
climb-controlled rain matrix deformation (Sherby and 
Burke, 1967, p. 325? Weertman, 1968, p. 681). This type 
of deformation is analyzed by the equation usually used 
to determine the effect of stress and temperature on high 
temperature deformation:

®ss = exp (—Qcreep/^1̂

where ess = steady state strain rate
s = true stress
Qcreep = aPParent activation energy for creep
R = gas constant
n = stress exponent
T = absolute temperature
A = constant, dependent on grain size
In grain matrix deformation, it is widely accepted 

(Sherby and Burke, 1967, p. 325? MuKherjee and others, 
1969, p. 155) that Qcreep = QS(j and n ^  4.5 to 5. This 
results in an equation of the following form:
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eg = AS5 exp(-Qs<J/RT) (4)

where eg = grain matrix deformation
In equation (4), there is no term to account for 

grain size dependence. This indicates that grain matrix 
deformation is independent of grain size*

The three processes mentioned to this point are all 
independent processes. There is one other process which 
needs to be considered; it accounts for grain boundary 
sliding during creep. This process is a dependent process 
with the following rate equation:

4 _ 1 Alegbseg <51eacc-gbs ~ * -— : ----:—L + eg
%

where L = grain length
Al' A2 = constant dependent on modeled grain structure
6gbs ” strain rate due to free grain boundary sliding
eg = grain matrix strain rate

This expression was developed by assuming that the
overall rate of accommodated grain boundary sliding is
actually the result of the sequential interaction between
free grain boundary s ding and grain matrix deformation
(Matlock and Nix, 1973).

In equation (5), the term, Cg^g# should be clarified.
It has been determined (written communication, Matlock,
1972) that the activation energy for free grain boundary
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sliding is equal to the activation energy for grain boundary 
diffusion and that the stress exponent, ngbs, for grain 
boundary sliding is about equal to the stress exponent of 
grain matrix deformation minus one, or:

^gbs a 3S exP (~^gbd//RT̂ ^

By substituting equations (6) and (4) into equation 
(5), the following is obtained:

e ^ 1 A1S exp-(Qgbd/RT + Qsd/RT) .eacc-gbs — • -------------- 2-----------------  '''L Ao exp(-Qgbd/RT) + S exp(-Qsd/RT)

Depending on the temperature, one of the processes
(i.e., grain boundary diffusion or bulk diffusion) will 

%
be dominant; and the other process will be negligible so
that = e with Q , = and n  = n ,acc-gbs g acc-gbs sd acc-gbs g'
or e___ _ = e , with Q = Q and n „ = n , .acc-gbs gbs acc-gbs gbd acc-gbs gbs
In either case, this process is inversely dependent on 
grain size.

The total deformation is the result of the contribution 
of all deformation processes that are occurring. This could 
be expressed as:

eb = e^ + *** ©3 + • • • (8)
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where et - total steady state strain rate
®1' ®2' ®3' * * * ~ contrikuti°ns by each individualprocess

By substituting into this equation appropriate rate 
expressions for all the individual processes discussed, 
the resulting equation is:

et = eacc-gbs + eN-H + eCoMe + eg ^

In temperature ranges of 0.5 to 0.7 Tm, ®coble^ ®N-H 
because at these temperatures, grain boundary diffusion is 
much faster than grain matrix diffusion. For this 
temperature range, equation (7), therefore, becomes:

®t = ®acc-gbs + ®Coble + ®g
%

Reviewing the grain size dependence of the terms in
this equation, e _  the strain rate due to accommodatedacc-gbs
grain boundary sliding varies inversely with grain size? 
®Coble' the diffusion strain rate for Coble creep, varies 
inversely with the cube of the grain size; and the free 
grain matrix deformation rate, 4g, is independent of grain 
size. However, the equation used to describe the overall 
process of high temperature deformation (equation 3) has 
no term to account for grain size effects. Since some of 
the processes (equations 1, 2 and 3) that contribute to
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creep are grain size dependent, equation (3) should have a 
term to reflect grain size dependence if it is to accurately 
describe creep processes.

To illustrate the prediction of equation (10), the 
indicated addition will be performed by graphically plotting 
the grain size dependence for each of the three processes 
at a constant stress and temperature. This procedure is 
indicated schematically in Figure 1-3. On this plot, each 
process has a different slope, depending on the grain size 
dependence of that process. If the straight lines for each 
process are added, the curve for e^ is obtained. The 
prediction for et at two stress levels is also indicated 
in this figure. With this type of plot, it is easy to 
determine the deformation processes that control the 
increase in strain rate with decrease in grain size. This 
figure shows that the theories do describe the experimental 
data correctly for Class 1 materials. The increase in 
steady state creep rate for Class 2 materials may not be 
an increase in steady state creep, but may be the minimum 
creep rate obtainable due to low ductility at these large 
grain sizes.
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Also in Figure 3, the convergence of et for the two 
stresses at small grain sizes indicates that equation (8) 
predicts a decrease in stress dependence for creep with a 
decrease in grain size. Recalling in equation (3):

®ss = AS exP(-QCreep/RT> <3>

the stress exponent, n, indicates the stress dependence.
This range is from approximately 5, corresponding to n for 
matrix deformation, to 1, corresponding to n for Coble creep.

Experimentally, by testing various grain size samples 
to determine their stress exponent, it will be possible 
to develop a functional dependence of n on grain size.
Witih this functional dependence, it will be possible to 
more accurately predict creep behavior, if the material 
grain size is known, using equation (3).
1-3 HOW STRESS AND TEMPERATURE AFFECT GRAIN SIZE STUDIES 

The effect of temperature on creep deformation has 
been shown to be nearly equal to the temperature dependence 
of self-diffusion. For example, steady state creep rate 
versus stress data at various temperatures for a given 
metal can be made to virtually coincide if the creep rate 
is divided by the diffusivity coefficient and plotted 
against stress (Sherby and Burke, 1968, p. 331). This
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shows that the creep rate is proportional to the diffusion
coefficient or, more important, that the activation energy
for creep should be about equal to the activation energy
for self-diffusion. Since the activation energy for creep
is about equal to that for self-diffusion, temperature
effects of creep tests can be eliminated by dividing the
strain rate by the diffusivity, e/D, at that temperature.
It will be seen that, in fact, it is this ratio, e/D, not
either factor alone, that is important in discussing stress
or strain rate dependence at temperatures where Qcreep = ^sd*

Figure 1-4, a schematic of typical behavior for creep
above 0.5 shows that there are three regions with
thrfee different relations between the steady state creep
rate and stress. The low stress creep, where e is proportional
to the stress to the first power, usually occurs at stresses
where e/D is less than 10^. At these low stress levels,
Nabarro-Herring creep is the dominant mechanism, which also
agrees with the stress having an exponent of one. The
intermediate stress region, where e is proportional to the
stress raised to the fifth power, occurs at stresses where 
. 2 9e/D is between 10 and 10 . At these intermediate stress 
levels, grain matrix deformation, or Weertman creep, is 
the dominant mechanism. This type of deformation is also
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associated with a stress exponent of five. When e/D is
9greater than 10 , then e is an exponential function, so

that the stress exponent increases very rapidly if written
as e proportional to the stress raised to a power. At
these high stresses, the sharp increase in the creep rate
is believed to occur by the generation of excess vacancies
by mechanical means and is not believed to be dependent
upon grain six.e. Therefore, to see the effect of grain

9size dependence, e/D must be less than 10 .
Since there is a stress and grain size dependence 

that both affect the stress exponent at values between 
1 and 5, the ideal approach to grain size studies would 
be to test an entire grain size range at each of a series 
of stresses. In this manner, the effects of grain size 
could be isolated from the effects of stress.
1-4 SUMMARY

The interest in grain size effects results from the 
variation in ductility and strength with grain size.
There are three theoretical mechanisms that contribute to 
creep with a variation in grain size. Each mechanism has 
a different stress and grain size dependence, so that by 
varying the grain size and monitoring the stress dependence, 
it will be possible to show the stress exponent's dependence
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on grain size. To do this type of test, it is necessary
9to have a low enough stress so e/D is less than 10 to 

insure the occurrence of grain size effects. With data 
for the grain size dependence of n, we will then be able 
to better clarify the effects of the different mechanisms 
on controlling high temperature deformation.
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CHAPTER II 

EQUIPMENT AND EXPERIMENTAL PROCEDURE

II-l INTRODUCTION
In this chapter, the method of material preparation,

the high temperature testing system, and the experimental
techniques used in performing the tests are described.
II-2 MATERIAL

The material used was a commercial monel alloy.
Initially, it was not known which monel alloy it was?
therefore, to determine the specific alloy, the physical
properties of the material were compared to the available 

%
data for commercial monel alloys in the following manner.

This alloy was magnetic at room temperature, thus 
eliminating alloy K-500 because its curie temperature is 
-210 F (139 K) (Huntington Alloys, 1972, p. 32). Also, 
any alloy with more than approximately 30% copper will not 
be magnetic at room temperature (American Society for 
Metals, 1947, p. 1198)? thus, alloys 401 and 404 were 
eliminated (The International Nickel Company, Inc., 1968, 
p. 26). Alloys 410 and 505 were eliminated because they 
are commercially-cast structures, and our material was a 
hot-rolled structure. The alloy had a Rockwell B hardness
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of 100 and a brinell hardness of 187 with a 500-kg load. 
Therefore, alloy 400 could be eliminated because of its 
hardness. This left R-405 as the alloy used.

This is a single-phase FCC alloy at all temperatures 
up to its solidus line [2370 F (1573 K) to 2460 F (1623 K)].
The composition of R-405 is given in Table 1 (The International 
Nickel Company, Inc., 1968, p. 26).

TABLE 1
COMPOSITION OF MONEL ALLOY R-405

Element Ni Cu Fe Mn Si C
% Present 66 31.5 1.35 0.90 0.15 0.18

* The samples used were machined from 3/8-inch 
(9.5 x 10“3 m) diameter rod. The dimensions of the sample 
are shown in Figure 2-1.
II-3 HEAT TREATMENT

All samples were heat treated to obtain the various 
grain sizes required for this investigation. The heat 
treating was done after machining to eliminate any structure 
deformation due to machining. The samples were heat treated 
in a forming gas atmosphere (15% hydrogen, 85% nitrogen) 
in a glo-bar furnace equipped with a vycor tube as a gas 
chamber. Forming gas was used because it provided a
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sufficient reducing atmosphere to prevent oxidation of the 
samples, it was less expensive than hydrogen, and it would 
not burn at the application temperature. The heat treatments 
and the resulting grain sizes are presented in Table 2.

TABLE 2
HEAT TREATMENTS AND RESULTING GRAIN SIZES

Resulting
Temperature Time at Temperature  Grain Size
F K Hours Seconds mm m
1700 1200 0.5 1,800 .047 4.7 X lo-5'
1800 1255 0.5 1,800 .058 5.8 X 10"5
1900 1311 2.0 7,200 .150 1.5 X 10-4
2100 1422 5.0 18,000 .280 2.8 X 10-4
2200 1477 1.0 3,600 .300 3.0 X 10"4
2100 1422 3.0 10,800 .300 3.0 X io~4
2260 1511 1.0 3,600 .330 3.3 X 10-4

II-4 METALLOGRAPHY AND GRAIN SIZE DETERMINATION
With each heat treatment, a piece of monel for grain 

size determination was annealed with the samples. This 
piece was then mounted in bakelight and mechanically 
polished through .05 micron AI2O3. It was then etched 
using Marbles Reagent (20 g CUSO4, 100 ml conc. HC1,
100 ml H2O). This reagent was used because the resulting 
etched grains were well delineated.
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Grain size determinations were made by counting the 
number of intersections, M, of grain boundaries with 
randomly oriented lines of total length, L. The average 
grain size is defined as L/M. In this analysis, tv/in 
boundaries were not included in the determination of grain 
size. Approximately 200 grain boundaries were counted for 
each determination.

During the deformation, the samples with the smallest 
grain size would have the greatest tendency to recrystallize 
due to the relatively small difference in heat treating 
temperature and test temperature. Also, these samples 
tended to have the most deformation, which would also 
enhance recrystallization. Therefore, to check for 
recrystallization during the tests, metallographic specimens 
were taken from these samples; and a piece of the gauge 
length along with a piece of the threaded base were polished 
and etched and their grain size determined. These tests 
revealed no change in grain size, and thus we could assume 
that the structures remained stable during the test.
II-5 INSTRON WITH HIGH TEMPERATURE CAPABILITIES

The purpose of this section is to describe the 
equipment which was used in this investigation.
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A 20,000 lb (89,000 N) Instron Testing Machine with 
high temperature capabilities was used (see Figure 2-2).
It was felt that the Instron would provide a slow enough 
crosshead motion and the accuracy in data recording necessary 
to do the strain rate change tests, as well as the stress- 
strain tests. The Instron was equipped with a strip chart 
recorder which recorded load versus time, with a full scale 
load range of 500 lb (2,200 N) to 20,000 lb (89,000 N) and 
a time scale of 0.2 in./min (8.5 x 10”5 m/s) to 50 in./min 
(2.1 x 10"^ m/s). The crosshead speed could be controlled 
in a range of 0.02 in./min (8.5 x 10“^ m/s) to 20 in./min 
(8.5 x 10”3 m/s).

To provide high temperature capabilities, a Marshall 
Tube Furnace #1144 with a Marshall Controller #4044 was 
used. This furnace had a maximum temperature of 2200 F 
(1477 K), and the controller could maintain this temperature 
to within 1 1 C (1 K). A temperature profile was taken on 
the furnace after the controller had been set at 704 C 
(977 K), and the furnace was given 3 hours (10,800 S) 
to stabilize. In the center 3 inches (0.076 m) of the 
furnace,, the temperature varied by 8 F (4.4 K) along the 
furnace centerline. In the same 3 inches (0.076 m), the 
temperature varied 5 F (2.8 K) along the chamber wall.
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Figure 2-2: Photograph of Instron Testing Machine with
Marshall Furnace for High Temperature Studies
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Therefore, it was felt that this system provided sufficient 
high temperature control for this investigation. The 
dimensions of this furnace were 3 inches (0.076 m) ID,
10 inches (0.25 m) OD, and 16 inches (0.41 m) length.

To run tests above 0.5 Tm (1350 F to 1700 F), a 
protective atmosphere was required to prevent oxidation 
of the samples. To provide atmosphere capabilities with 
the furnace, it was necessary to install a gas chamber.
This chamber was made from 310 stainless steel elded pipe

*
fitted with brass flanges. The pipe was 18 inc es (0.46 m)
long and had an outer diameter of 2.875 inches (0.073 m)
with a 0.203-inch (0.0051 m) wall. This stainless steel 

%alloy was used because of its superior oxidation and 
corrosion resistance at high temperature. Brass was 
selected for the flange material because of its machinability. 
The brass flanges were bolted onto the tube with silicone 
rubber as a gasket, as shown in Figure 2-3. This silicone 
rubber was also used as the gasket material between the 
two brass flanges on each end because of its ability to 
withstand temperatures of 500 F (533 K). The flanges were 
held together with four 1/4-inch (6.3 x 10~3 m) bolts. The 
pull rods were connected to the outer brass flange through
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Figure 2-3: Design of Flanges Used to Seal Gas
Chamber
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flexible rubber to provi; a gas seal. These seals provided 
essentially no resistance to pull rod motion.

Forming gas was used to provide the protective 
atmosphere. The gas flow was into the top flange and out 
of the bottom flange, thus forcing the oxygen out of the 
system.

Both ends of the gas atmosphere chamber were water- 
cooled by flowing water through copper tubing mounted on 
the flanges. In addition, portable laboratory fans were 
attached to each end of the furnace for additional cooling * 

of the rubber seals.
To mount the furnace so it could slide up and down 

easily, a system of counter weights and rollers were 
used. The furnace was held in place by two steel braces 
with rollers on the ends. The rollers fit into slots 
along the back of the Instron, as shown in Figure 2-4.
The rollers were adjustable in the ends of the braces so 
that the furnace could be aligned vertically with its 
centerline coinciding with the centerline of the Instron.

The specimen gripping assembly was designed so the 
furnace could be pushed up above the grips for samples to 
be removed. In designing this, all the space available 
between the crossheads had to be maximized. Therefore,
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Figure 2-4: Photograph of Back Side of Instron Showing
Mounting System for Marshall Furnace
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a spacer ring was made for the load cell so that the entire 
load cell was above the fixed crosshead.

The pull rods were 1/2-inch (0.013 m) rods of 410 
stainless steel. The upper rod was 19 inches (0.48 m) 
long so that the specimen would be below the furnace when 
the furnace was pushed to the top of the Instron. This 
pull rod screwed into a universal joint at the bottom of 
the load cell. The bottom pull rod was 13 inches '(0.33 m) 
long so the sample could be in the center of the furnace and 
the furnace would not be touching the lower crosshead. This 
pull rod was bolted to a steel plate which was bolted to 
the bottom of the lower crosshead.

* Inside the furnace, the pull rods were attached to the 
sample grips. These grips were made from molybdenum alloy 
TZM. This alloy was selected for its high strength and 
creep resistance at temperatures above 600 C (873 K). Each 
grip consisted of two joints, designed to form a universal 
joint, and a threaded end to hold the sample. Due to an 
error in machining, the joints did not form a universal 
joint because both joints swung in the same direction.
Thus, when a sample was put in the grips, care was taken 
to assure that the direction of swing of the two grips was 
at 90 degrees to each other. It was felt that this provided
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sufficient motion to assure that the grips would be lined 
up and that the specimen would be pulled in uniaxial tension 
along the sample axis. This was verified by looking at the 
samples after they were tested and noting that the gauge 
length showed no signs of having been torqued.

It was felt that there was one flaw in this system.
In high temperature applications, it was found that there 
is a strong tendency for threaded samples to stick in the 
threads and be very difficult to remove. Therefore, it 
is recommended that a split grip without threads be used 
in future work.
II-6 EFFECTIVE GAUGE LENGTH AND MACHINE HARDNESS

Sample strain was determined by an indirect method 
utilizing an effective gauge length and the crosshead 
displacement. The techniques used are described in the 
following paragraphs.

To correlate the crosshead displacement to sample 
strain, it was necessary to know the machine hardness.
The machine hardness indicates how much crosshead motion 
is lost due to flexing of the machine and grips at a given 
load. This was determined by connecting the grips directly 
together with a stainless steel plug and heating the system 
to the test temperature. At 1350 F (1005 K) and 1500 F
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(1089 K), the system was loaded to 350 lb (1560 N) at 
strain rates of 0.02 in./min (8.5 x 10“  ̂m/s) and
0.2 in./min (8.5 x 10~5 m/s). At 1700 F (1200 K) , the 
same strain rates were used; however, the load was stopped 
at 250 lb.

These tests resulted in six load versus time plots
which showed the effects of temperature and loading rate
on the machine's stiffness. Figure 2-5 shows the two
curves for 1700 F (1200 K) . With these curves, a correction

*
to eliminate the effects of system flexing could be made in
all test results so the cictual strain at the sample would
be known.

% This strain at the sample, however, was not the strain 
in the actual gauge length. It was the strain between 
the grips, which included the gauge length, and all the 
portions of the sample which were not in the grip threads. 
Therefore, an effective gauge length was needed. This 
effective gauge length would account for the deformation 
which occurred in the gauge length plus the deformation 
which occurred in the remainder of the sample outside the 
grips.

To determine the effective gauge length, aluminum 
(2024) samples were used. Aluminum was chosen so that the
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room temperature strength of the sample would be sufficiently 
below the maximum load the grips could carry. These 
samples were machined identical to the monel samples. A 
sample was placed in the grips with an extensometer 
connected to the gauge length. This test was run with 
the strip chart recording load versus extension in the 
1/2-inch (0.0127 ra) between the extensometer knife edges.
At the same time, a 0.0001 dial gauge was connected between 
the grips (see Figure 2-6). This sample was pulled until 
it had 14% strain. At each 0.2-inch (0.0051 m) mark on the * 
chart paper, the dial gauge reading was recorded.

Since the known strain is the strain between the 
extfensometer knife edges and the purpose is to relate this 
to the strain between the grips, it can be said that

where dl^ = change in length between knife edges
lx = gauge length of extensometer = 0.5
dl2 = change in length between grips = dial gauge
12 = effective gauge length

dll - 312 
ll *2

(11)

or

where 1^ = 0.5 (12)
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Sample
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Dial
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%

Figure 2-6: Mounting System fot Gauges During
Effective Gauge Length Test
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The Instron was geared so that 1 inch (0.0254 m) on 
the chart paper was equal to 0.05 inch (1.28 x 10"* 3 m) 
extensometer extension, so that dl^ = (.05)-(chart inches)

12 = 10 dl2
d chart inches

(13)

This resulted in the data in Table 3 for the two tests
runs

TABLE *3
EFFECTIVE GAUGE LENGTH DATA

Test #1:

Inches
0

0.5
0.7
0.8
0.9
1.0
1.1

Test #2:

Inches
0

0.5
0.6
0.8
0.9
1.0
1.1

Dial Gauge
.5427
.4594
.4282
.4124
.3974
.3823
.3671

Dial Gauge
.5261
.4387
.4225
.3917
.3763
.3611
.3461

Effective 
Gauge Length

1.67
1.56
1.58
1.50
1.51
1.52

Effective 
Gauge Length

1.74
1.62
1.54
1.54
1.52
1.50
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At small strains, the effective gauge length is 
quite large and random. This is caused by the slack 
being taken out of the system at low loads. However, 
the effective gauge length becomes quite constant above 
8% strain. Therefore, all values above 6% strain were 
averaged to get the effective gauge length of 1.52 inches 
(0.0386 m).
II-7 TESTING PROCEDURE

Before each test was started, the joints and threads 
of the grips were lubricated with molybdenum disulfide. 
This was done to decrease the tendency of the sample 
sticking in the threads and to reduce the tendency of 
spalling in the monel, thus keeping the joints swinging 
freely.

When the sample and upper pull rod were in place, the 
strip chart recorder was set to zero load. This way, the 
weights of the pull rod and samples were not included in 
the load reading. The lower pull rod was mounted on the 
crosshead so that its weight rested on this crosshead.
With this procedure, the load reading on the plotter was 
the same as the load on the sample.
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During the heating-up period of each test, a load was 
maintained on the sample using the constant load controls 
on the Instron. This load was on the order of 2 lb (8.88 N) 
to 5 lb (22.24 N). This was to prevent the specimen from 
being put into compression or bending due to the thermal 
expansion of the system during heating.

The sample temperature was monitored by a chrome1-alumel 
thermocouple positioned next to the gauge length. When the 
test temperature was reached, the system was allowed time 
to stabilize at temperature and insure that the sample was ' 
in thermal equilibrium with its surroundings. This time 
period was usually 30 minutes (1800 S) to 45 minutes (2700 S).

* During the running of all tests, the time scale of the 
plotter was calibrated so that one inch (0.0254 m) on the 
graph equaled 0.1 inch (0.00254 m) of crosshead movement.
This 1 inch (0.0254 m) corresponds to 6.6% strain in the sample 

Two types of tests were run; one was a stress-strain 
test with strain rate changes every 3.3% of deformation 
[1/2 inch (0.0127 m) on plotter]. By observing that the 
stress approached a constant value after approximately 2% 
deformation, it appeared that 3.3% deformation was enough 
to allow any changes that would occur in the sample 
structure to have stabilized. Figure 2-7 is
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a duplication of a typical strain rate change test. It 
shows that the strain rate changes are consistent throughout 
the test, with the difference in load at each strain rate 
being approximately equal. It can also be noted that each
change in strain rate was done at a 1/2-inch mark on the
paper corresponding to 3.3% strain.

The purpose of changing the strain rate was to obtain 
data from which a stress exponent could be determined.
Creep deformation can be expressed in an equation of the 
following types

e = As11 (14)

where e = strain rate 
A = constant 
s = stress 
n = stress exponent

Or this equation could be written:

w _ log (e2/ex) (15)
log (s2/

Therefore, if the strain rate could be changed instantly 
and the stress recorded instantly, a value for n could be 
calculated. However, the strain rate could not be changed 
instantly because it took time to stop the test, change 
crosshead and chart speed, and restart the test. This time
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was on the order of 3 seconds to 6 seconds. To account 
for this time interval, all load-time curves at the point 
of strain rate change were extrapolated to zero time for 
the determination of the stress at the instant of strain 
rate change. Figure 2-8 is a schematic drawing showing 
how this was done. In this schematic, there is also a 
decrease in load just prior to the strain rate change.
This is the result of relaxation in the sample while the 
test is stopped to change speeds.

*
The other type of test that was run was a standard 

stress-strain curve. At any given grain size and temperature, 
two of these curves were run, one at each strain rate used 
in the strain rate change tests. These curves were run so 
that a comparison could be made between samples having a 
different loading history.

In the method used to record the strain in the sample, 
that is, relating crosshead movement to strain in the 
sample, it must be assumed that the deformation in the 
sample is uniform. In verification of that assumption,
Figure 2-9 shows a sample that was not tested and a sample 
after testing [this sample was used in a tensile test at 
1500 F (1089 K)]. In this figure, the uniform deformation 
along the gauge length and the lack of a neck where the 
crack is show the validity of assuming uniform strain.
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actual plot 
extrapolation

TIME
Figure 2-8: Example of Strain Rate Change Test

Extrapolation to Instantaneous Time
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STERLING

Figure 2-9: Photograph of Two Specimens, One Before
Testing and One After Testing, Showing 
Uniform Necking Along Gauge Length
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CHAPTER III 

RESULTS AND ANALYSIS

III-l INTRODUCTION
The original goal of this research was to investigate 

in a systematic way the effects' of grain size on high 
temperature creep. This could be done by determining in 
what manner the stress dependence, n, varied with grain size. 
The resulting values of n could then be correlated to the *
theories of how creep occurs to explain the processes 
occurring in these tests. Table 4 is a tabulation of the 
stress exponent values obtained in this investigation.
The following is a brief summary of the trends observed 
in this data:

1. For a given grain size and strain rate
combination, the n values decrease by approximately 
a factor of 2 as the temperature increases from 
1350 F (1005 K) to 1700 F (1200 K) . This implies 
that the temperature, which affects the value of 
the effective diffusivity, is an important factor 
in these results.
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2. The n values are consistently larger when the 
strain rate is increased than when it is decreased. 
This shows that the material is weaker when the 
strain rate is increased than when the strain rate 
is decreased, which is a result of substructure 
changes.

3. For any given set of test conditions, the n 
values decrease at increased values of total 
strain. This results from a decreasing strain 
rate at increasing values of total strain.

4. The values of n obtained ranged from 22 to 6, 
implying that mechanisms other than those

% mentioned previously are occurring.
The remainder of this chapter will systematically 

investigate in detail the observations and implications 
summarized above.
III-2 STRESS DEPENDENCE

It has been shown (Sherby and Burke, 1968, p. 340) 
that creep at temperatures greater than one-half of the 
absolute melting temperature can be divided into three 
regions with respect to stress, as shown in Figure 3-1.
This figure shows that as the stress increases, the stress 
dependence of the strain rate, as exhibited by the slope
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of the graph, also increases from 1 in Region 1 to 5 
in Region 2. Furthermore, in Region 3, the slope of 
this line increases continuously with increasing stress.
It has been shown for many metal systems that Region 3 
occurs when the strain rate divided by the effective

Qdiffusivity is greater than 1CP? thus, this value may be 
a universal constant (Sherby and Burke, 1968, p. 360).

Diffusivity Calculations
In order to make proper comparisons of the data of

*this investigation with the theories presented earlier, it 
is necessary to determine which stress range existed during 
this work. This can be done by calculating the e/D range 
whibh occurred during this work and compare it to Figure 3-1.

The monel alloy used was 66 weight % nickel and 31.5 
weight % copper. If it is assumed that the other elements 
have a negligible effect on the diffusivity so that the 
nickel and copper are the only essential elements in the 
system, then for the purpose of calculations, their 
concentrations can be assumed to be 67.5% nickel and 32.5% 
copper. These weight percents correspond to 0.308 copper 
and 0.692 nickel in atom fractions.
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The value of D for 67,5% nickel in the nickel-copper 
system at 1000 C (1273 K) is 1.1 x 10“^  cm^/sec (Diffusion 
Information Center, 1968, p. 270-276) For 32.5% copper 
at 1000 C (1273 K), the value of D is 3 x 10”^  cm^/sec 
(Diffusion Information Center, 1968, p. 270-276). Further
more, the diffusivity is related to temperature by the 
following equations

D = Dq exp(-Q/RT) (16)

✓where D = diffusivity
D0 « self-diffusion
Q = activation energy for self-d ffusion 
R = gas constant 
T as absolute temperature

%

Since the activation energy for diffusion is usually assumed 
constant regardless of temperature, equation (16) can be 
rewritten ass

£l = Ln P2 (17)
T2 Ln D;l

Using this equation, the diffusivities of the nickel 
and copper can be determined at the test temperatures used 
in this investigation. The results of these calculations 
are summarized in Table 5.
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TABLE 5
DIFFUSIVITIES FOR

NICKED AND COPPER AT TEST TEMPERATURES

Temperature
Diffusivity 
of Nickel

Diffusivity 
of Copper

1350 F (1005 K) 
1500 F (1089 K) 
1700 F (1200 K)

2.40 x 10-13 
2.24 x 10"12 
2.75 x 10-11

To obtain an effective diffusivity at these test 
temperatures from the diffusivities of nickel and copper 
in mom. 1, the Herring-Weertman weighed diffusivity 
(Johnson and others, 1972, p. 963) (Equation 18) was used:

where DA = diffusivity of component A in alloy
Dg = diffusivity of component B in alloy
XA = atom fraction of A
XB « atom fraction of B
The resulting diffusivities are given in Table 6:

Deffective “ dAdB (18)(x a db + x bda)

TABLE 6
EFFECTIVE DIFFUSIVITY AT TEST TEMPERATURES

Temperature Deffective
1350 F (1005 K) 3.09 x 10“13
1500 F (1089 K) 2.84 x 10-12
1700 F (1200 K) 3.45 x 10-11
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Strain Rate and Diffusivity Correlations 
At each temperature for the slowest crosshead speed, 

the minimum strain rate (dl/1) occurs just prior to fracture, 
when 1 is a maximum. The maximum strain rate occurs when 
the test is run at the fastest crosshead speed, with no 
prior deformation (i.e., when 1 is a minimum).

By using the maximum and minimum strain rates from 
each test and the calculated effective diffusivity at each 
test temperature, a maximum and minimum ratio of strain 
rate to diffusivity (e/D) was obtained (see Table 7). *

gThe values in Table 7 are greater than 10 , with one 
exception. This indicates that these tests were run in 
Region 3 of the stress dependence curve. This implies that 
the mechanisms occurring during the tests were not the grain 
size dependent mechanisms described earlier. The trend in 
these values in Table 7 indicates that e/D increases as the 
temperature decreases. This indicates that at the lower 
temperatures, the n values will be larger because at these 
increased valued of e/D, the slope of the stress dependence 
curve (Figure 3-1) will be the greatest.



T-1596 55

TABLE 7
RANGE OF e/D VALUES AT TEST TEMPERATURES

Temperature Maximum e/D Minimum e/D
1350 F (1005 K) 
1500 F (1089 K) 
1700 F (1200 K)

1.06 x 10I2 
1.16 x 10“  
9.54 x 1010

2.90 x 1010 
3.12 x 109 
2.80 x 108

If the maximum and minimum n values for each test
temperature are plotted versus these e/D values (see
Figure 3-2), the resulting curve appears to approach

9an n value of 5 as e/D approaches 10 , which is in 
agreement with the stress dependence of creep as described 
by Sherby and Burke (1968, p. 340) and as shown graphically 
in Figure 3-1.

The explanation for the increase in the stress exponent
• 9when e/D is greater than 10 is the following. At these

high stresses, vacancies in excess of the thermal equilibrium 
number are created mechanically (Sherby and Burke, 1968, 
p. 360). These excess vacancies will enhance dislocation 
climb and, therefore, will increase the rate of climb- 
controlled creep. Furthermore, their rate of increase is 
greater at larger values of stress, resulting in an increase 
in the measured stress exponent.
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The following are more observations of the data which
also indicate that this mechanism is dom nant. As the
strain increases, the strain rate decreases since dl is
constant and 1 is increasing. This results in a decreasing
value of e/D with increasing strain. As e/D decreases, the
n should also decrease if this mechanism is correct.
Figure 3-3 shows that, indeed, n decreases as the strain
increases; The n values shown in Figure 3-3 resulted from
a test at 1500 F (1089 K) with strain rates of 0.02/0.2 in./min

*for a gram size of 0.058 mm. Because such a comparatively 
small range of n values is shown, this small portion of 
the curve appears to be straight instead of curved as in 
Figure 3-2.

Another correlation can be made by noting that as the 
temperature increases, the diffusivity increases. This 
results in a decrease in e/D; therefore, as the temperature 
increases, the n value should decrease toward a value of 5. 
Figure 3-4 shows that for 6.3% strain and a strain rate 
change of 0.02/0.2 in./min, the resulting n values decreased, 
approaching a value of 5, as the test temperature increased.

Figure 3-5 shows the effect of grain size on n for the 
three test temperatures. The value of 6.3% strain was 
selected because the maximum number oi data points could
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be obtained at that value of strain. As Figure 3-5 shows, 
there appears to be essentially no grain size effect on 
n, which means that the mechanically-produced vacancies are 
so plentiful that grain boundaries are of no value as 
sources and sinks for vacancies.

No line could be drawn for 1350 F (1005 K) because the 
ductility was so low at this temperature that only the two 
samples with the smallest grain sizes (0^058 mm, 0.047 mm) 
produced accurate data. Data was obtained for the next 
larger grain size (0.15 mm); however, the sample broke 
immediately after the strain rate changed, so this data is 
of questionable accuracy.

* A final observation of the data is to compare n values 
to strain rates. For a given set of test conditions, if 
two tests were run at different strain rates, the faster 
strain rate would be expected to have larger n values, since 
e/D would be larger. Table 8 is a abulation of n values 
for 1500 F (1089 K) and a grain size of 0.058 mm. This 
table indicates that, in fact, at the higher strain rates, 
the n values are larger.

Summary
The n values obtained were dependent on test 

temperature, strain rate, and total strain in the sample.
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This was because all of these parameters affected the e/D 
value. With the strain rates and tempi itures used, the 
resulting n values and e/D values were in Region 3 of 
Figure 3-1. In this region, creep occurs by mechanically- 
produced vacancies, so that no grain size effects were 
observed.
III-3 REVIEW OF EXPERIMENTAL CURVES

Effect of Substructure
During deformation at high temperatures, many metals 

develop subgrains. It is well documented (Grant and '
Mullendore, 1965, p. 133; Sherby and Burke, 1968, p. 355) 
that the size of the resulting subgrains is independent 
of grain size and test temperature but dependent on the 
applied stress during the test. As the stress is increased, 
the subgrain size decreases.

To determine the effect of subgrain size on the high 
temperature strength, the following test can be performed.
A sample can be tested at one stress, S^, so that a subgrain 
size is developed. Then, the stress can be decreased 
instantaneously to S2, resulting in a different strain rate, 
as shown in Figure 3-6. This new strain rate can be 
compared to the strain rate of a sample tested at this 
second stress, S2, at the same amount of strain. If e
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(after dS) > e (constant S), as shown in Figure 3-6A, 
then this material has no or very little subgrain formation. 
Since no subgrains are formed, dislocation climb is not 
occurring, or at least not in the controlling process.
If dislocation glide is rate controlling, then the creep 
rate would be expected to be proportional to the dislocation 
density. When the strain rates are compared, if e (after dS) 
^ e (constant S), as shown in Figure 3-6B, then there is 

subgrain formation; and dislocation climb is the rate 
controlling process. The observed lower strain rate results 
from the finer subgrain size present in this sample than in 
the sample with constant stress. This indicates that fine 
subgrained material is stronger than coarse subgrained 
material (Sherby and Burke, 1968, p. 360).

In this investigation, the strain rate change tests, 
which result in varying stress levels, show the effects of 
substructure on monel. In Figure 3-7, two stress-strain 
curves are plotted at two different strain rates. Also in 
Figure 3-7, a strain rate change test alternating between 
the strain rates of the two stress-strain curves is plotted. 
It should be noted that immediately after a strain rate 
decrease, the flow stress level exhibited by a sample 
subjected to a strain rate change is higher than the
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corresponding flow stress (i.e., stress at the same strain) 
for a sample deformed orly ,.t the lower strain rate. This 
behavior can be explained by an argument similar to that 
presented with Figure 3-6. When the stress-strain samples 
were tested, different stress levels were developed due to 
the different strain rates.

As described previously, at different stress levels, 
different subgrain sizes develop; therefore, these stress- 
strain samples tested at different strain rates develop 
different subgrain sizes. During the testing of the strain' 
rate change samples, the substructure developed prior to 
any strain rate changes was the same as that developed 
during the slow stress-strain test. Immediately after the 
strain rate was increased, this sample had a coarser 
substructure than that present in the stress-strain sample 
at the high strain rate. This resulted in the sample 
subjected to the strain rate change having a lower flow 
stress than the sample at a constant strain rate. With 
continued strain, the two flow stress levels approached the 
same value. Based on the previous argument on subgrain 
size effects, this implies that the subgrains are approaching 
the same size as the subgrains in the constant strain rate 
sample after the strain rate increase. This same argument
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can be applied to a decrease in strain rate in the 
following manner. The sample subject to strain rate 
changes had a substructure developed at the high strain 
rate. Immediately after the strain rate was decreased, 
this sample had a finer substructure than that present in 
the stress-strain sample at the lower strain rate. This 
resulted in the sample subjected to the strain rate change 
having a higher flow stress than the sample at a constant 
strain rate. Again, with continued strain, the two flow 
stress vels approached the same value. This implies that' 
the* .subgrains after the strain rate decrease are reproaching 
the same size as the subgrains in the constant strain rate 
sample. This results in a continuous, dynamically changing 
substructure in the strain rate change tests. Throughout 
the test, as this substructure change occurs, the flow 
stress levels at each strain rate always approach the same 
level. This implies that the flow stress (i.e., high 
temperature strength) depends on the instantaneous substructure 
and not on any previous variations in that substructure.

Grain Size Effects of Ductility
During this investigation, ductility appeared to be 

directly related to sample grain size. Figure 3-8 shows the 
effect of grain size on ductility for tests at 1500 F
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(1005 K) and strain rates of 0.02/0.2 in./min. As this 
graph indicates, the ductility decreases with an increase 
in grain size.

To understand how grain size affects ductility, it is 
first necessary to understand how failure occurs in the 
sample. Figure 3-9 shows a fracture surface obtained in 
this work. This rough surface shows that the fracture was 
intergranular. Therefore, a review of intergranular crack 
formation will be presented.

Two types of intergranular rupture have bee> observed * 

metallographically. These are wedge-type cracks and 
elliptically-shaped cavities. Wedge-type cracks usually 
originate at triple points, where three grains meet, and 
grow along the boundaries. This type of work is formed 
by grain boundary sliding (Chang and Grant, 1956, p. 544). 
There are three ways cracks can be initiated due to grain 
boundary sliding. Figure 3-10 shows schematic drawings of 
these mechanisms with the direction of sliding indicated by 
arrows. This type of crack continues to grow due to either 
continued grain boundary sliding or high stress concentrations 
at the crack tip.
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Figure 3-9: Macrophotograph of Fracture Surface Showing
Characteristics of Intergranular Fracture



T-1596 72

y

Figure 3-10: Schematic Views of the Ways to Initiate
Intergranular Cracks Due Directly to 
Grain Boundary Sliding
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Elliptical, or R-type, voids are also nucleated by
grain boundary sliding. They nucleate at ledges in the
grain boundary as shown in Figur 3-11. This type of
cavity usually appears elliptical in shape, which indicates
that these cavitie? grow by a mechanism other than continued
grain boundary sliding. It is generally believed that
their growth mechanism is a acancy diffusion process?
therefore, this mechanism is most likely to occur in tests
at high vemperatures and long times.

To detc mine what type of cracks were present in this
investigation, the gauge length of deformed samples was
polished mechanically through .05 micron (5 x 10“' m)

%AI2O3 and observed under a microscope. The observed cracks 
were all of the wedge type, which indicates that crack 
nucleation and growth resulted from grain boundary sliding. 

Since the cracks that were observed in the test samples 
were wedge-type, the following discussion of grain size 
effects on crack initiation and growth will be concerned 
only with wedge-type cracks.

Chang and Grant state, "Intercrystalline cracks, 
which start at triple points, usually also stop on reaching 
other triple poirts or positions where there are large 
changes in grain oundary curvature (Chang and Grant, 1956,
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p. 550). It is generally believed thnt this explains 
the affect grain size has on ductility in the follow ng 
manner, A crack going from one triple point to another 
has moved approximately one grain diameter. In a fine
grained material, this would be a small distance, so many 
cracks would have to be formed before fracture would occur. 
However, in a coarse-grained sample, a crack may go a longer 
distance across the sample, so fewer cracks would be needed
to link up and cause failure. This would imply that failure

*
would occur faster in a coarse-grained material. This 
explanation supports the results obtained in this investigation, 
shown in Figure 3-8, where increasing grain size decreases 
ductility.

Effect of Deformation Mode on Ductility
As discussed earlier, two types of tests were run, 

stress-strain tests and strain rate change tests. Table 9 
shows the strain-to-failure for different grain sizes and 
deformation modes (i.e., strain rate change test, slow 
strain rate change test, fast strain rate test). The data 
in Table 9 shows a definite correlation between deformation 
mode and ductility. It indicates that the strain-to-failure 
was higher in the strain rate change test than in the stress- 
strain tests. This data also shows that the faster the
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strain rates in the stress-strain test, the higher the 
strain at failure.

The follow■ng is a theoretical explanation of why 
the correlations between deformation mode and duct>lity 
occ\. ed. This analysis is based on the concept that 
factors which contribute to blunting of wedge-type cracks 
or isdlation of voids from grain boundaries will increase 
ductility.

There is an increase in dislocation density in regions 
adjoining grain boundaries due to the interaction of slip 
bands with grain boundaries and shear along grain boundaries 
(Grant and Mullendore, 1965, p. 122). This increase in 
dislocation density results in a greater density of subgrains 
near grain boundaries. Since this increase in dislocations 
near grain boundaries does, in fact, form more subgrain 
boundaries, it has been suggested (Grant and Mullendore,
1965, p. 145) that this formation of subgrains must decrease 
the stress concentrations and, therefore, must be a recovery- 
type process. Since this process of forming subgrains 
lowers the stress concentrations, then wedge cracks would 
propagate slower when subgrains are forming due to the 
decreased stress concentration at the crack tip. This 
implies that if the subgrains are continuously changing in
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size, as occurs during the strain rate change test, then 
the ductility will be increased due to the lower stress 
concentration at the crack tip.

Another recovery process that will affect the ductility 
is grain boundary migration. Grain boundary migration has 
been associated with the recovery process involving subgrain 
formation (Garofalo, 1965, p. 148). Here, grain boundary 
migration is caused by the ur alanced pull exerted on the 
grain boundary by the subgrains on one side of a grain 
boundary being different from those on the other. Another * 

possible driving force for grain boundary migration is to 
minimize the departures from equilibrium caused at grain 
boundary junctions by grain boundary sliding.

In either case, since grain-boundary migration is 
related to subgrains, then it is also related to the mode 
of deformation. The faster the strain rate, the larger the 
number of subgrains, which results in a greater possibility 
of unbalanced pull along grain boundaries. As the unbalanced 
pull increases, more grain boundary migration will occur.
With a varying strain rate, the subgrains are continuously 
changing, resulting in an even more unstable balance along 
grain boundaries and in even more grain bounc ry migration. 
Therefore, we see that there was progressively more grain
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boundary migration in the tests with progressively more
ductility. Consideration will now be given to how increased
grain boundary migration increases ductility.

It has been shown (Garofalo, 1965, p. 223; Davies and
Wilshire, 1961, p. 1265; Chen and Machlin, 1960, p. 177)
that intercrystalline fracture .is delayed by gr a in-boundary
migration. This is rationalized as follows:

"If vcidr. are generated by grain boundary sliding, 
then a necessary condition for the development of 
voids is that jogs 'exist' until voids are initiated 
at them. Because grain boundary migration eliminates , 
jogs, extensive void formation is not expected at 
migrating boundaries." (Chen and Machlin, 1960, p. 177)
It has also been observed that voids may not appear

on cfrain boundaries whenever there is excessive grain
boundary migration (Chen and Machlin, 1960, p. 177).
This leads to the conclusion that grain boundaries may
migrate away from voids, leaving the voids on the interior
of the grains. Also, there is a tendency for the tip of
a wedge crack to be blunted when the grain-boundary migrates.
This resulting rounded tip has a lower stress concentration
than a sharp tip. Therefore, grain-boundary migration also
decreases the stress concentration at the crack tip,
resulting in a lower c~.».ck propagation rate.
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As explained in the section on substructure, the 
greater the applied stress, the finer the resulting sub
structure. This may partially explain why the faster 
strain rate had more ductility than the slower strain 
rate since more recovery occurred in t h early stages of 
the test while the substructure formed in the faster test 
than it did in the slower test. In the strain rate change 
test, this would result in a recovery process occurring 
throughout the test everytime the strain rate was increased. 
However, partially countering this would be a release of 
dislocations when the strain rate was decreased resulting 
in larger subgrains. Therefore, from the substructure 
viewpoint, the increased ductility may result from (a) 
intermittent recovery throughout the test that would 
momentarily decrease the rate of crack nucleation and 
propagation and (b) higher stresses needed to propagate 
a crack through this continuously changing type structure.

Subgrain formation has also been shown to be related 
to grain boundary sliding. In grain boundary sliding 
studies, it is found that the grain boundary is roughened 
during creep; and this roughening or serrations is related 
to the subgrain structure (Grant and Mullendore, 1965, p. 191). 
Measurements of the resulting serrations reveal that the
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wavelength of these serrations decrease as the applied 
stress increases. In fact, these serrations represent 
the intersection of subgrain boundaries with the grain 
boundary. Therefore, the higher the applied stress, the 
greater the density of serrations at the grain boundaries.

As the number of serrations increases, the tip of the 
wedge-type crack will be blunted, which will decrease the 
stress concentration, and the rate of crack propagation. 
This will result in a higher ductility in tests where the 
applied stress was high.

In the strain rate change test, the continuous change
in subgrain size will result in a continuous change in 

%grain-boundary roughness. With this continuously changing 
grain boundary ahead of the crack, two possibilities of 
slowing crack propagation could result. One would be a 
dulling of the point of the crack due to the continuous 
motion in front of it; the other would be an increase in 
the effective fracture surface energy resulting from this 
plastic flow, which would result in more energy being 
absorbed per unit length of crack. This would effectively 
reduce the rate of crack propagation in strain rate change 
tests resulting in increased ductility. It is felt that a 
combination of these theoretical possibilities resulted in
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the deformation mode dependence of ductility described 
earlier.

Serrated Yielding
Figure 3-12 is a reproduction of experimental data of 

a strain rate change test. It shows that throughout the 
entire test, there is continuous serrated yielding (i.e., 
continuous slight increases and decreases in load as 
deformation occurs). Comparing two points in Figure 3-12, 
one at the higher strain rate (higher load) and one at the 
lower strain rate (lower load), it is apparent that this * 

serrated yielding is rate-dependent. At the lower strain 
rate (lower load), the serrations occur more frequently 
with lower amplitude than at the higher strain rate.

This type of yielding is the result of strain aging, 
which, in turn, is the result of interstitial atoms located 
preferentially near dislocations due to the more open sites 
near dislocations. These atoms form a cloud around the edge 
of the dislocations, pinning them so they cannot move freely 
through the material. However, once the applied stress is 
sufficient to free the dislocations from these c )uds, then 
they do glide freely until by diffusion, the in .rstitial 
atoms again pin the dislocation. This results in serrated 
yielding with the load increasing to break dislocations
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away, then decreasing as they glide freely.
This type of yielding is dependent on temperature and 

strain rate. As the temperature is increased, the diffusivity 
of the interstitial carbon atoms increases so that they are 
more mobile to catch and pin a dislocation. Therefore, as 
the temperature is increased, the frequency o.l serrations 
increases. In the data obtained in this investigation, 
there is approximately a 20% increase in serrations per 
percent strain at 1700 F (1200 K) compared to 1350 F (1005 K) . 
Also, as the strain rate decreases, the rate of movement 
of the dislocation decreases, resulting in a higher frequency 
of serrations since the interstitial carbon atoms will be 
able to pin a dislocation easier when their diffusion rate 
is increased relative co the rate of dislocation movement. An 
approximate percent increase at the lower load is not stated 
because of the difficulty in counting the actual number of 
serrations per inch at the lower load. However, this trend 
is clearly evident in the data shown in Figure 3-12.
III-4 STRESS DEPENDENT DATA IN LITERATURE

In an effort to compare the analysis of grain size 
effects presented in the Introduction with creep data on 
grain size effects in the literature, the data in the 
literature was re-analyzed to determine grain size dependence
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of n. The following is a review of the results found from 
that analysis.

A study of the effects grain size has on creep of 
monel has been considered previously by Shahinian and Lane 
(Shahinian and Lane, 1953, p. 177). In their work, an 
optimum grain size of 0.11 mm was obtained for tests at 
900 F (755 K) and 1100 F (866 K); however, at 1300 F (977 K), 
the minimum creep rate decreased with increasing grain size 
over the entire grain size range tested (0.024 to 0.78 mm). 
Table 10A, B, and C is a tabulation of the resulting n '
values when their data is analyzed in the same manner as 
the data from this investigation. It can be noted from 
the' table that as the temperature increases, the n values 
decrease. This is in agreement with the earlier discussion 
of the effect of diffusivity on creep.

In the tests at 900 F (755 K) and 1100 F (866 K) where 
an optimum grain size was obtained, there is no systematic 
variation in n values that woulc indicate such a grain 
size dependence. It must be concluded that since these 
tests were at temperatures below 0.5 Tm, that a different 
mechanism than those described in the Introduction was 
controlling.
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TABLE 10A
STRESS EXPONENTS 

OBTAINED FROM WORK BY
SHAHANIAN AND LANE AT 900 F

Grain Size Stress
Stress Levels (mm) Exponent
43,000/40,000 0.03 17.0

0.1 17.7
0.7 2.5

40,000/35,000 0.03 14.4
0.1 17,4
0.7 16.2

35,000/32,000 0.03 14.4
0.1 22.0
0.7 36.0

TABLE 10B
STRESS EXPONENTS

OBTAINED FROM WORK BY
SHAHANIAN AND LANE AT 1100 F

Grain Size Stress
Stress Levels (mm) Exponenl
25,000/20,000 0.03 9.4

0.1 10.6
0.4 11.6

25,000/17,800 0.03 9.2
0.1 9.5
0.4 10.7

20,000/17,800 0.03 8.7
0.1 7.4
0.4 8.8
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TABLE IOC

STRESS EXPONENTS 
OBTAINED FROM WORK BY 

SHAH AN I Ai: AND LANE AT 1300

Grain Size Stress
Stress Levels_____  (mm)___  Exponent

15,000/7,000 0.03 4.7
0.1 4.7
0.8 4.8
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In the test at 1300 F (977 K), 0.54 Tm, the stress 
exponents were in the range predicted by high temperature 
creep theories.

These n values also increase as the grain size 
increases, which is in agreement with the theories.
However, this increase is very slight (4.7 to 4.8) which 
implies that it would be extremely difficult experimentally 
to get a range of n values of the magnitude theoretically 
expected.

Garofalo, Domis, and von Gemmingen (1964, p. 1460) 
also studied the effects of grain size on creep properties. 
Their tests were conducted at 1300 F (755 K) on “an 
austenitic iron-base alloy". The composition given 
indicates that it wi-s a 316 stainless steel. The test 
temperature of 1300 F (755 K) would then be just below 
0.5 Tm . Table 11 is a tabulation of the n values obtained 
in their work.

A grain size dependence of the secondary creep rate 
was found which indicated an optimum grain size of 0.10 mm 
for creep resistance. However, while the n values did 
decrease with grain size, it ranged from 7.4 to 5.0, which 
is not the magnitude expected. This may have resulted from 
not being above 0.5 Tm so that no other mechanisms were
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TABLE 11

STRESS EXPONENTS 
OBTATNED FROM WORK BY 

GAROFALO, DOMIS, AND VON GEHMINGEN 
AT 1300 F

Grain Size Stress
Stress Levels  (mm) Exponent

18,630/15,490 0 01 5.77
C: , 02 5.67
0.1 6.63
0.2 7.4

18,630/9,550 0. L 5.23
0.02 5.11
0.1 5.62
0.2 6.13

15,490/9,55 0.01 5.02
0.02 .9
0.1 5.22
0.2 5.65
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occurring. If the actual values are not considered but 
the differences in values are considered, it can be noted 
that for a grain size range of 0.2 1 to 0.009 mm, there
is a change in n of 1.5 maximum at an, one set of values 
of stress. While this variation of n is much larger than 
that obtained by Shahinian and Lane, it is a much smaller 
range than was anticipated. This indicates that it would 
be extremely difficult, if not impossible, to see a 
variation of the magnitude that theor predicts. The major 
problem seems to be in obtaining a stable structure for 
high temperature and long time tests over a lar u enough 
range of grain size.
III*-5 G!:AIN SIZE LIMITATIONS

To be able to predict the limiting conditions under 
which grain size effect studies on creep can be done, it is 
necessary to determine what conditions are necessary to 
have a stable grain structure.

To obtain a stable structure for high temperature 
tests, the sample must be heat treated ai a temperature 
above the test temperature When a sample is heat 
treated, it will recrystalj a.ze; and grain growth will 
occur until it is removed from the high te; perature 
environment. If this time is long enough, the resulting
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structure will be stable when tested at a lower temperature.
0 e recrystallization temperature depends on the time, 

amount of cold work, and other variables as follows:
1. The re crystallization temperature increases 

as the tame decreases.
2. The rccrystallization temperature decreases 

as the percent strain increases.
3. For a gi en percent deformation, the 

recrystallization temperature increases as
4

the grain size increases in the metal being 
deformed (Shewman, 1969, p. 94).

These general rules affect the stability of the
%

structure being tested in the following ways. The test 
temperature must be sufficiently lower than the heat 
treating temperature because the sample is at test 
temperature longer than t is at heat treating temperature. 
To show how these rules actually affect recrystallization, 
some data is presented in Figure 3-13 showing how the 
percent strain affected the recrystallization temperature 
of pure (nominally 99.98%) copper (Himmel, 1963, p. 74).
This figure shows, for example, that a strain increase from 
10-20% results in a recrystallization temperature drop of 
pproximately 18%.



LD

440

420

400

380

360

340

320

300

280

260

240

220

200

180

X ~ 0.15 mm 
O ~ 0.03 mm

 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90

% STRAIN
3-13: Tic Effects of Strain and Grain Si on

IU rystallization Temperature



T-1596 93

When testing samples at high temperatures, the samples 
heat treated at the lowest temperatures will have the 
smallest grain size. These samples will also have the 
most ductility. This combination of large amounts of 
strains with low heat treating temperatures makes small- 
grained samples most susceptible to recrystallization. 
Because of this, in the tests run, the small-grained 
samples were polished and etched after testing to verify 
that no grain growth had occurred. All of the above can 
be summarized by saying that small-grained samples will 
have the greatest tendency for grain growth when tested 
at elevated temperatures.

' When small-grained samples are used to study Nabarro- 
Herring creep, the grain size is stabilized by putting oxide 
particles along the grain boundaries to restrict grain 
boundary movement. However, this type of material would not 
be able to grow large grains because one of the controlling 
factors in grain growth is the presence of inclusions 
(Reed-Hill, 1964, p. 213). It has been shown that a good 
approximation for the maximum size a grain can obtain with 
inclusions present is given by (Reed-Hill, 1964, p. 213):
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where r = radius of inclusions
v = volume fraction of inclusions 
R = radius of grain

This expression says that if there are small, finely 
dispersed inclusions, a.: would be present in Nabarro- 
Herring work, then the maximum grain size would be decreased.

The other factor affecting the maximum size of grains 
which can be obtained is the sample size itself and the 
resulting distribution of grain sizes across the sample.
The maximum grain size nust be small enough so that nowhere 
in the sample is there a grain that goes across the entire 
sample.

With the above-mentioned limitations, it appears that 
it toould be very difficult to get a wide enough range of 
grain sizes to do the type of analysis that was theoretically 
described in the Introduction. Some data from the literature 
will now be presented to see what type of grain size ranges 
have been used effectively in these types of studies. Table 
12 shows typical grain sizes obtained.
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TABLE 12

GRAIN SIZE RANGE FROM REVIEW OF LITERATURE

Alloy
Minimum 

Grain Size (mm)
Maximum 

Grain Size (mm)
Fe-3% i*1)
Ni-20% Cr (-1) 
Ni-18% Cr-4% N^1) 
Ni-w(2)
316 SS*(3)
Monel*(^)
Cu(99.945%) (ij)

0.035
0.046
0.095
0.063
0.009
0.024
0.03

0.082
0.155
0.165
0.44
0.190
0.78
0.70

*Te.‘ts run below 0.5 Tm
.^Harrigan, 1971, p. 119.
Johnson, 1969, p. 199.
^Garofalo and others, 1964, p. 1460
^Shahinian and Lane, 1953, p. 177.
^Barrett and others, 1967, p. 170.
%

In the introduction, when the theoretically-expected 
results were described, the necessary grain size range was 
shown to be 0.01 mm to 1.0 mm grains. Table 12 shows that 
in studies done on this type work, no one lias obtained this 
great of a grain size distribution. This tends to confirm 
the statement at the end of the preceding section that to 
analyze grain size dependence with the stress exponent, it 
is necessary to have a greater grain size variation than is 
experimentally obtainable.
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CHAPTER IV 

CONCLUSIONS AND SUMMARY

The following is a brief review of the results 
obtained in this investigation.

1. Two types of tests were run, stress-strain 
tests and strain rate change tests. The 
results of the strain rate change tests 
were analyzed using equation (15):

n = log (62/61) (15)
log (Ŝ

% to determine values of n, the stress 
exponent.

2. The n values obtained ranged from 22 to 6. These 
n values obtained were dependent upon test 
temperature, strain rate, and total strain in 
the sample. This was because all of these 
parameters affected the e/D value. With the 
strain rates and temperatures used, the resulting 
n values and e/D values were in the exponential 
region of the stress dependence of creep 
(Figure 3-1). In this region, creep occurs by



mechanically-produced vacancies, so that no 
grain size effects were observed.
Grain size had a strong effect on sample 
ductility. As the grain size increased from 
0.058 mm to 0.34 mm, the corresponding 
ductility decreased linearly from approximately 
40% to less than 1%.
Ductility was also a function of deformation 
mode. Strain-to-failure was higher in the 
strain rate char :e tests than in the stress- 
strain tests. Also, the strain-to-failure was 
higher in fast stress-strain tests than in 
slow stress-strain tests.
The review of the literature indicates that it 
would be extremely hard to get the variations 
in n theoretically expected, due to the limited 
range of grain sizes that are stable at the test 
temperature.
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