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BEHAVIOR OF MATERIALS UNDER CONDITIONS OF THERMAL STRESS'

By S. S. Manson

SUMMARY

A review is presented of available information on the behavior
of brittle and ductile materials under conditions of thermal
stress and thermal shock. For brittle materials, a simple formula
relating physical properties to thermal-shock resistance is
derived and wused to determine the relative significance of {wo
wndices currently in use for rating materials. The importance
of simulating operating conditions in thermal-shock testing is
deduced from the formula and is experimentally illustrated by
showing that BeO could be either inferior or superior to AlO;
i thermal shock, depending on the testing conditions. For
ductile materials, thermal-shock resistance depends wupon the
complex interrelation among several metallurgical variables
which seriously affect strength and ductility. These variables
are briefly discussed and illustrated from literature sources.
The importance of simulating operating conditions in tests for
rating ductile materials is especially to be emphasized because
of the importance of testing conditions in metallurgy. A num-
ber of practical methods that have been used to minimize the
deleterious effects of thermal stress and thermal shock are
outlined.

INTRODUCTION

When a material is subjected to a temperature gradient
or when a composite material consisting of two or more
materials having different coefficients of expansion is heated
either uniformly or nonuniformly, the various fibers tend to
expand different amounts in accord with their individual
temperatures and temperature coefficients of expansion.
To enable the body to remain continuous, rather than allow-
ing each fiber to expand individually, a system of thermal
strain and associated stresses may be introduced depending
upon the shape of the body and the temperature distribution.
If the material cannot withstand the stresses and strains,
rupture may occur.

Brittle and ductile materials react in considerably different
manners to thermal stress. Brittle materials can endure
only a very small amount of strain before rupture; duectile
materials can undergo appreciable strain without rupture.
Since thermal stress behavior depends essentially on the
ability of the material to absorb the induced strains necessary
to maintain a continuous body upon the application of a
thermal gradient, brittle materials cannot readily withstand

these superimposed strains without inducing enough stress
to cause rupture; ductile materials, on the other hand,
can usually withstand these additional strains, but may
ultimately fail if subjected to a number of cycles of imposed
temperature.

The problem of thermal stress is of great importance in
current high-power engines. The present trend toward in-
creasing temperatures has necessitated the use of refractory
materials capable of withstanding much higher tempera-
tures than normal engineering materials. One salient prop-
erty of these materials is lack of ductility. For this reason,
thermal stress is one of the most important design criteria
in the application of these materials. Thermal stress is
also currently receiving considerable attention in connection
with ductile materials since there is considerable evidence
that failure of many ductile engine components can be at-
tributed to thermal cycling. The problem of high-speed
flight, with attendant increases of temperature and temper-
ature gradients in aircraft bodies, has further generated
concern over the significance of thermal stress in ductile
materials.

Thermal stress and thermal shock may be distinguished
by the fact that in thermal shock the thermal stresses are
produced by transient temperature gradients, usually sudden
ones. For example, if a body originally at one uniform tem-
perature is suddenly immersed in a medium of different
temperature, a condition of thermal shock is introduced.
At any instant the stresses are determined by the tempera-
ture distribution and are no different from what they would
be if this temperature distribution could be obtained in the
steady-state condition. But the temperature gradients that
can be established in the transient state are generally much
higher than those that occur in the steady state, and hence
thermal shock is important relative to ordinary thermal
stress because of the higher stress that can be induced.
Another distinction between thermal stress and thermal
shock is that in thermal shock the rate of application of
stress is very rapid, and many materials are affected by the
rate at which load is applied. Some materials are em-
brittled by rapid application of stress and therefore may not
be able to withstand a thermal shock stress which if applied
slowly could readily be absorbed.

! Supersedes NACA TN 2033, “Behavior of Materials Under Conditions of Thermal Stress” by S. S. Manson, 1953. Based on lecture presented at Symposium on Heat Transfer, Univer-

sity of Michigan, June 27-28, 1952.
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Ficure 1.—Nondimensional stress versus nondimensional time for
surface of flat plate.

It is also necessary to distinguish between a single cycle
of thermal stress and thermal fatigue. When failure is
caused by the application of several similar thermal stress
cycles, rather than a single cycle, the process is referred to
as thermal fatigue. The processes that take place in a body
in successive cycles of stress application are extremely com-
plex; the mechanism leading to cyclic failure is as yet in-
completely understood. In most of the basic work, there-
fore, attention is directed at the conditions under which
failure will occur in one cycle merely because this case lends
itself to analysis. The problem of thermal fatigue is, of
course, a most important one in engineering application.

The objectives of this presentation are: First, some of
the information contained in recent publications on the
mathematics of thermal shock will be outlined, and a simple
formula will be derived for correlation of thermal shock be-
havior with material properties. Second, the variables in
the simplified relation will be examined and from it methods
for minimizing thermal stress will be deduced. For brit-
tle materials the single-cyecle criterion of failure will be
considered; for ductile materials the discussion will be
directed at available information on the problem of thermal
fatigue.

THERMAL SHOCK OF BRITTLE MATERIALS AS DEDUCED
FROM STUDY OF FLAT PLATE

General equation for stress.—In order to make the dis-
cussion specific, the case considered is that of a homogeneous
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flat plate initially at uniform temperature and suddenly im-
mersed in a medium of lower temperature. This case is
treated because the temperature problem of the flat plate
is well known, and because most of the recent publications
on the thermal stress problem also consider this case (for
example, refs. 1 and 2). There is, therefore, a considerable
background of information from which to draw results and
with which to make comparisons. Furthermore, most of
the one-dimensional problems can be treated in essentially
the same way as the flat plate problem treated herein, and
therefore any important conclusions that pertain to the flat
plate are probably also valid for other shapes, provided
that the necessary changes are made in the constants. Note
also that in this case the temperature problem is one-dimen-
sional; that is, in the flat plate, temperature variations will
be considered only in the thickness direction. The problem
is treated in this way because there are relatively few two-
dimensional problems solved in the literature and also be-
cause the qualitative conclusions reached in the flat plate
problem are believed to apply to more complicated cases.

The first problem in connection with the flat plate is to
determine the temperature distribution at a time ¢ after the
surrounding temperature has been changed. Once this
temperature has been determined, the stresses can readily
be determined in accordance with very simple formulas
derived from the theory of elasticity. Assuming that the
properties of the material do not vary with temperature and
that the material is elastic, the following equation can be
written for the stress at any point in the thickness of the plate:

« Lop—T

o= (1)

Physically, ¢* can be considered as the ratio of the stress
actually developed to the stress that would be developed if
thermal expansion were completely constrained. The for-
mula for ¢* is

U*z‘{r(lﬁ_}f) (2)
Ea Tn
where
o actual stress
m Poisson’s ratio
[ elastic modulus
a coeflicient of expansion

T, average temperature across thickness of plate

7 temperature at point where stress is considered

7, initial uniform temperature of plate above ambient
temperature (ambient temperature assumed to be
zero for simplicity)

Stress at surface.—In order to obtain the surface stress,
it is therefore necessary first to determine the average tem-
perature and the surface temperature. The temperature

problem has been thoroughly treated in the literature and the
result is usually given in the form of an infinite series. In
figure 1 are shown the results of some computations that have
been made by substituting the exact series solution for
temperature into the stress equations.
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In the exact solution there are three important variables.
First is the reduced stress, already mentioned, and second,
the value 8 which is equal to il]% (where a is the half thickness
of the plate, & is the heat-transfer coefficient, and £ is the
conductivity of the material). The heat-transfer coefficient
is defined as the amount of heat transferred from a unit
area of the surface of the plate per unit temperature differ-
ence between the surface and the surrounding medium. The
variables a, h, and & always occur as a group as a result of the
manner in which they appear in the differential equation;
therefore, in the generalized treatment of the problem it is
not the individual value of a, &, or k that is of importance
but their value as grouped together to form the term 8.  The
term B is generally known as Biot’s modulus, but in the
present discussion it will be called the nondimensional heat-
transfer parameter. The third important variable is 8,
which will be called nondimensional time. As shown,
0:%; where £ is again the conductivity, ¢is the time, @ is the
half thickness, p is the density of the material, and ¢ is the

specific heat. In this figure the nondimensional stress at the
surface has been plotted as a function of nondimensional time
for various examined values of nondimensional heat transfer.
This plot contains the essentials of the entire solution of
surface stress in the flat plate problem; the attainment of
further relations of interest is just a matter of replotting.

Maximum stress at surface.—It is of interest to consider
the maximum surface stress as a function of 8. In references
1 and 2 the maximum stress is analytically determined by
suitable approximations of the series solution. For ex-
ample, Bradshaw (ref. 1) considers only small values of B,
for which all but the first two terms of the series may be
omitted. The maximum stress is then obtained by setting
the derivative of stress with time equal to zero. Accurate
results are thus obtained, but they are valid only for small
values of 8. Since figure 1 gives the complete variation of
stress with time, it is not necessary to differentiate; the
maximum value of stress may be read directly from the curve
for each value of 8, and the results will be correct over the
complete range of 8 rather than only in certain intervals. A
plot of ¢*,,, versus B8 is shown in figure 2. From this curve
it is seen that the variation of nondimensional maximum
stress with 8 is roughly linear for small values of 8 but
becomes asymptotic to a value of unity at very large values
o B:

In order to obtain a simple formula for the curve of figure
2, an approach first used by Buessem (ref. 3) will be used;
but by somewhat more general assumptions, a more accurate
formula will be obtained. This derivation is obtained with
the use of figure 3. In this figure the center line represents
the center of the plate; the two solid vertical lines represent
the surfaces of the plate. Ordinates measure temperatures.
The temperature distributions through the thickness of the
plate at several different times t,, t,, t,, #; after the sudden
application of cold atmosphere are shown by the curves

PQ, P’Q’, etc. These curves must fit two boundary condi-
tions: (1) At the center they must have a horizontal tangent
because the center of the plate is a line of symmetry, and
no heat is transferred across the center line; (2) at the
surface the slope must be in accord with the surface heat-
transfer coefficient, which is equivalent to the condition that
the tangent to the curves at the surface pass through the
fixed point O representing the ambient temperature which
has been taken equal to zero. These temperature distribu-
tions must also satisfy the differential equations of heat
transfer, which is achieved by adjusting certain constants so
that the final result will be consistent with the curve of
figure 2, which of course does satisfy the differential equation.

It is assumed that the temperature curve can be fitted by
an equation of the form

=T, —M (5) (3)

where

T, . temperature at center of plate at time when stress at
surface is a maximum, as yet undetermined

M, n constants to be best determined to fit theoretical
results

/‘
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Ficure 2.—Analytical solution of nondimensional maximum stress
versus nondimensional heat transfer.
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Ficure 3.—Formula for maximum stress at surface of plate (from ref. 3)
As long as n>1, this equation will automatically satisfy
the first boundary condition of horizontal tangency at z=0.
. " a7 T .
If the surface condition—k (%> =hT,, 1s to be satisfied,
Sont a

the condition of equation (4) must be satisfied

7 BT, .
.u~ﬁ+” (4)
From equations (1), (3), and (4),
s Do n B
A Ay R (6
or, if R= iy—vgff—; equation (5) readily reduces to
/ To(n+4+1) ~ = )
1 1 n 1 ;
e ETRB (®)

’ . : 1
Equation (6) suggests thaf a plot of —— against — should be

0 maz B

a straight line. When values of o*,,, and 8 from figure 2
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1 . o o - :
are used, the plot % —against 5 in figure 4 is obtained. It
azr

m B
: A s .
is seen that for E>0.2 or B<5, a very good straight line can

be fitted to the curve; the equation of this line is given by

;%;:16+§§ébrﬁ<5 7)

In the region 1/8<0.2 (i. e., B>>5), the curve deviates
somewhat from the straight line, curving downward and
reaching a Imit ¢*=1.0 at 1/8=0 instead of a value of 1.5
predicted by the straight line. To make the formula accu-
rate over the entire range, it is desirable to add a term that
will be effective only in the very low range of 1/8 and cause
the expression to reach the proper limit at 1/8=0. An
exponential term serves this purpose well over the entire
range of B; therefore, the following equation relates g and o*:

= :15+i§§—05eﬂw )

0 maz

Figure 5 shows the correctness of fit of equation (8) and the
exact results over the range 0<8<20. For values of 8 be-
tween 0 and 5, the exponential term is negligible and the fit
of the exact results with equation (7) is essentially the same
as the fit with equation (8). No refined calculations have
been carried out for values of 8 above 20, but a comparison
of equation (8) with an asymptotic formula given by Cheng
(ref. 2) indicates that equation (8) may be in error by as
much as 5 percent at a value of 8=200. However, since
most practical problems involve values of 8 below 20, equa-
tion (8) is seen to give results of unusually good accuracy
over the practical range of 8. If, however, greater accuracy
is desired in the range of g8 from 5 to 20, the formula

| 3.25

e

2/3
T mar B

(Ra)

30 .

—

25

20 - : B

max

| /0
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Fraure 4.—Relation between 1/8 and 1/6% 2.
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Ficure 5.—Correlation of approximate formulas with exact solution
for maximum stress.

can be used in this range together with equation (7) in the
range 0<<5. Equation (8) has, however, the advantage of
representing the entire range of 8 with a single formula.

In his original paper (ref. 3) Buessem derived a simplified
formula for this case in another manner. It was assumed
that the stress could be approximated by taking the tempera-
ture distribution in the plate at the time of maximum stress
as the straight line PQ in figure 3. Determining first the
surface stress for this temperature distribution and then
adjusting the resultant formula so that it was consistent with
the correct surface stress values at two values of 8 gave the
following equation:

4
=g =1 +E (9)
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Equation (9) is very similar in form to equation (7), but it
does not fit the correct curve of ¢* against g quite so well as
equation (8) over the entire range of 8. Figure 5 shows the
degree of correlation between analytical results of figure 2
and the simple formulas given in equations (7) and (8). Also
shown is the correlation obtained with the Buessem formula,
which, although very good, is not so close as that with the
formulas presented herein.

Thermal shock parameters.—Use can now be made of the
approximate formulas to correlate the maximum stress
developed in a material with the physical properties of ma-
terials. In most cases, the value of 8 for reasonable heat-
transfer coefficients, plate thicknesses, and conduectivities
is relatively low, so that the term 1.5 in equation (7) can be
neglected compared with the value 3.25/8 for practical
purposes. In this case, equation (7) becomes equation (10),
which can be rewritten as equation (11).

= (1 0)

or

= 101
FEa ah iy
When failure occurs, o,,,,=0,=breaking stress; hence,

5 (1 —

ffy e ) (112)
This equation states that for a flat plate of thickness @ and
heat-transfer coefficient %, the maximum shock temperature
that can be withstood by the plate is proportional to the
product ko,/Ea. Since Poisson’s ratio p is very similar for
all materials, it is placed in the group of terms not involving
material properties. This grouping ko,/Ee is identified as
the thermal shock parameter used by Bobrowsky (ref. 4)
and by others. Equation (11) gives a numerical measure of
shock temperature that will cause failure and provides the
basis for an index for listing materials in order of merit.
Table I shows results of tests conducted in reference 4 show-
ing the order of merit of several materials according to the
thermal shock parameter ko,/Ea. These tests consisted of
subjecting a round specimen 2 inches in diameter and ¥ inch
thick to thermal shock cycles until failure occurred. In this
cycle the specimen was first heated to furnace temperature
and then quenched in a stream of cold air directed parallel
to the faces of this specimen. If the specimen survived 25
cycles at one furnace temperature, the furnace temperature
was increased 200° F and the tests were repeated. In this
way the temperature was raised until failure finally occurred.
The table shows that a good correlation was obtained
between the maximum temperature achieved and the thermal
shock parameter ko,/Ea.

When equation (8) is again considered, it is seen that for
very large values of B the value 3.25/8 can be neglected
compared with the other terms and o*,.. becomes equal
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to unity. It is interesting to examine the meaning of
o*, ..=1 and to determine under which conditions ¢*,..=1
is achieved. The condition of o*,.,=1 means that

-
amm=[1‘§T#" (12)
The product a7} is the contraction in the material that
would take place if the temperature were reduced by To
and the material allowed to contract freely. If contraction
is completely prevented by application of stress, then aTy
is the elastic strain that must be induced in the material
to prevent this contraction, and this strain multiplied by the
elastic modulus becomes the stress that must be applied.
The term (1—) results from the fact that the problem is for
an infinite plate in which equal stresses are applied in two
mutually perpendicular directions. In this case FaTo/(1—p)
is the stress that must be applied in two perpendicular direc-
tions to completely prevent any contraction in the material.
Hence, for very large values of ah/k, equation (8) states
that the stress developed is just enough to prevent any ther-
mal expansion. To obtain an index of merit for rating mate-
rials under the conditions of very large 8, equation (12) is
rewritten as equation (13), which suggests that this index
is now o,/Fa; and it is seen that the conductivity factor has
vanished compared with the index kao,/Ea.

To, ma= (1— 1) (13)

The implication is that the value of the conductivity of the
material does not matter; the temperature that can be with-
stood is in proportion to ¢,/Ea. Physically, this vesult can
be understood by examining the meaning of very large B,
which condition can occur either if a is very large, if /i is
very large, or if k is very small. 1f a is very large, it means
that the test body is very large and that the surface layers
can be brought down to the temperature of the surrounding
medium before any temperature change occurs in the bulk
of the body. The surface layers cannot contract because
to do so they would have to deform the remainder of the body,
and this cannot be achieved for a very large body. Hence,
in this case, complete constraint of contraction is imposed,
and the stress developed is EaT,/(1-—) irrespective of the
actual value of conductivity. Similarly, for large heat-
transfer coefficients A, the same result can be expected.
The surface is brought down to the temperature of the sur-
rounding medium before the remainder of the body has had
the time to respond to the imposed temperature difference.
Hence, again complete constraint of contraction 1s imposed,
and the stress developed is independent of conductivity.
Finally, if the conductivity is very small, again only the
surface layers can realize the imposed thermal shock condi-
tions, the remainder of the body remaining essentially at
the initial temperature. Again, complete constraint against
thermal contraction is imposed and the stress is independent
of the precise value of k, provided it is very small.
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IMtaure 6.—Index of merit for different shock conditions.

That there are two thermal shock parameters at the two
extremes of the 8 scale, ko,/Ea and o,/Ea, has recently been
emphasized by Bradshaw (ref. 5). That both thermal
shock parameters are necessary to determine completely
the thermal shock resistance of a material has been empha-
sized by Buessem. The merit of equation (8) is that 1t
provides a simple formula for determining the relative roles
of the two parameters over the complete range of 8.

Significance of test conditions.—The previous result,
namely, that the index of merit is proportional to ko/Eo
for low values of 8 and proportional to ¢,/E« for high values
of B, suggests the importance of the test conditions used to
evaluate materials. In figure 6 there is plotted the temper-
ature that could be withstood in the test specimens described
in reference 4, and shown in table 1, for different values of
ah, that is, if specimen thicknesses or heat-transfer coeffi-
cients had differed from the values actually used. These
curves were obtained from equation (8) in conjunction with
the material properties given in table I. It is seen that at
the low values of ah, the test condition actually used being
represented at a value of ah=approximately 10, the order
of merit of the materials, that is, the temperatures which
could be withstood without failure, is in agreement with
the experimental observations. For higher values of ah
the index of merit can be reversed. For example, at an ak
of 80, zircon becomes better than beryllium oxide, and for
even higher values of @ beryllium oxide, which was quite
good at the low values of ah, becomes the poorest of all the
materials. This reversal is due to the fact that beryllium
oxide has outstandingly good thermal conductivity, and
that at the low values of ak, the index of merit takes advan-
tage of this good conductivity. At the higher values of ah,
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Ficure 7.—Thermal shock tests of BeO and Al,O;.

the effect of the good conductivity gradually diminishes
until at very high values the high thermal conductivity has
no beneficial effect at all.

The importance of the possibility of reversal of merit
index should be emphasized because it strongly suggests
that the test conditions should simulate as closely as pos-
sible the intended use of the material. If, in order to.obtain
more rapid failure and thereby to expedite the testing pro-
cedure, more drastic conditions are imposed than the true
application warrants, the order of merit of materials can be
reversed, and the results rendered meaningless. The results
of simple tests recently conducted at the Lewis laboratory
will serve as experimental verification. The tests were
conducted on specimens of beryllium oxide BeO and alumi-
num oxide Al,O; under two conditions of quench severity.
All specimens were disks 2 inches in diameter and % inch
thick and were quenched on their outer periphery while the
sides were insulated. Air and water sprays were used as
the quenching media. Figure 7 shows the analytical and
experimeutal results. The curves show the variation of
thermal shock resistance with quench severity for the two
materials. These curves were obtained from equation (8)
in conjunction with material properties listed by Bradshaw
(ref. 5). For BeO these properties were appreciably differ-
ent from those given in reference 4; hence, the curves for
BeO in figures 6 and 7 are different. However, Bradshaw
presents data for both BeO and Al,O;, and these data seem
better to illustrate the experimental results. It is seen from
figure 7 that for low values of ah, BeO is superior to Al,Os,
but that for severe quenches BeO becomes distinctly inferior.
This behavior is due, as previously mentioned, to the high
conductivity of BeO, which is of value in improving thermal
shock resistance primarily for mild quenches. At the severe
quenches Al,O; assumes superiority owing primarily to its
better relative breaking strength. The experimental results
are shown in the insert in the upper right section of figure 7.
In the air quench the superiority of BeO is evidenced by
the fact that it withstood any temperature less than 1425°
F, while the Al,O; failed at 1000° F. In the water quench
BeO became inferior to Al,Os, failing when quenched from

293571—54
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800° F, while ALLO; withstood quenching until the tempera-
ture was 950° F. Because the actual air and water temper-
atures just before impingement on the specimens were not
known, the true quench temperatures are not determinable,
but qualitatively these tests certainly indicate the impor-
tance of quenching conditions on the determination of the
relative merit of materials in their resistance to thermal shock.

Another interesting aspect of these tests is that the cross-
over point P between the two curves occurs very near the
flat part of the Al,O; curve, at which point the BeO curve is
still fairly steep. In these tests, the quenching conditions
must have been in the region of the crossover point, because
actual reversal of index of merit was observed. This may
explain why the failure temperature did not change much in
the two types of quench for the Al,O;, but appreciable change
was observed for the BeO. Again, however, this conclusion
must be considered very qualitative because the temperatures
of the air and the water were not known.

Stress at center of plate.—Thus far only the maximum
stress developed at the surface of the brittle plate has been
discussed, and also it has been tacitly assumed that the du-
ration of the thermal shock was sufficient to allow the maxi-
mum stress to be developed. For quenching from a high
temperature, the surface stress is tensile, and in general,
failure occurs at the surface. In the case of rapid heating,
rather than rapid cooling, the surface stress is compressive,
and surface failure may occur as a result of spalling, or as a
result of the shear stress induced by the compression. Fail-
ure may, however, occur first not at the surface but at the
center of the plate, where the largest tensile stress is de-
veloped. An important case is that in which the duration
of the shock is not sufficient to allow the stress at the center
to reach a maximum. Under this condition, the relative
index of merit of materials of different conductivity depends
on a criterion different from those already discussed; this
criterion will now be explained.

A series of materials will be considered having similar
geometry and identical physical properties except for thermal
conductivity. It is desired to determine the center stress
developed in a given time for each of these materials. The
conventional plot of ¢* against 8 for given values of 8, as
used in figure 1, does not serve the present purpose because
both 6 and B are functions of conductivity; hence, an exami-
nation of this type of plot does not readily reveal the sig-
nificance of conductivity. The type of plot that best demon-
strates the point is shown in figure 8. Here the dimension-
less stress of ¢* at the center of the plate is plotted against
the product p6. This product is also nondimensional, but
since 6 varies directly with conductivity and B inversely with
conductivity, the product is independent of conductivity
and, for given £k, p, a, and ¢, assumed to be the same for all
materials; the horizontal scale depends on time only. The
different conductivities do, however, correspond to different
values of B (=ah/k), and for the sake of demonstration three
conductivities are shown having relative values 1, 2, and 10,
or relative B values of 10, 5, and 1, respectively. It is to be




8 REPORT 1170—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

noted that the peak value of stress is lower the higher the
conductivity, but that in the range of very low time, the
curve for the material with the high conductivity lies above
curves for materials with lower conductivities. Hence, if
the surrounding high-temperature mediuvm is allowed to act
on the surface for only a short time, the tensile stress at the
center will reach a higher stress the higher the conductivity.

The exact relative merit of the materials with different
conductivities depends on the exact heating time. Thus, in
figure 8 time ranges can be determined for which each ma-
terial is superior to the others, and likewise time ranges can
be found wherein each material is inferior to the others.

28r ’
‘ B | kg
.24 — IO/IA
of prdl j
A

l6fF——F—1—— —
- «F
A2 |
1
& ] T T
|
; 10
1
| -
04 T ———
‘ j ‘ kp =Relative conductivity
7*,,7,J, ! — — - S— =
‘ ‘
i ‘ ; 1 |
| ‘ \
| 1 x‘ | L 1 |
0 2 4 Py 8 1.0
B6- e

Frcure 8.—Stress at center of plate.

It thus appears that, at least under certain conditions, good
conductivity can be a detriment rather than an asset. A
simple physical explanation for this phenomenon can readily
be given: In the poor conductors only the fibers very near
the surface are affected by the applied heating for the first
very short interval of shock application. High stresses are
thus induced in the surface, but these stresses are compres-
sive and may not cause failure. The induced tensile stress
at the center is low because the high compression of only a
few fibers must be counteracted by the main bulk of the
plate. For the better conductors the effect of the surface

heating is felt much more rapidly throughout the plate.
The compressive stress at the surface may be lower at a given
time, but more fibers are under compressive stress, and hence
the induced tensile stress at the center is higher. The exact
relative merit of materials with different conductivities de-
pends upon the exact heating time, and no simple general
formula has been found. Also it must be recognized that
in the limit the trend must be reversed. Obviously a material
with infinite conductivity must be the most desirable because
in such a material no temperature gradients could be estab-
lished, and no thermal stresses developed. .

Bradshaw (ref. 1) discusses the condition in which poor
conductors may have merit in connection with short-burning
rockets. The application in this case is to a hollow cylinder,
but the concepts involved are the same. Bradshaw, how-
ever, cites a very important point, namely, that in the poor
conductors the surface temperatures may approach the melt-
ing point of the material even though the tensile stress at
the center is lower than for the better conductors. The selec-
tion of an optimum material involves many considerations
which must be studied in analytical detail before a final
decision can be reached.

Temperatures at time of maximum stress.—One final
consideration of interest to be discussed is the temperature
distribution at the time of maximum stress. Consideration
is again directed to the surface, and in figure 9 are shown the
ratios of surface temperature to initial temperature and of
average temperature to initial temperature as functions of .
Especially in the region of 8 from 0 to 1.0, which embraces a
great many practical applications, the ratios are quite high.
The maximum stress thus occurs when the temperature at
the surface and the average temperature have not been re-
duced appreciably. From an analytical standpoint this
result is of great importance because the physical properties
of the materials considered often vary drastically with tem-
perature. In particular, conductivity may undergo a many-
fold change from room temperature to temperatures of the
order of 2000° F. Deciding what conductivity to use in
computations is therefore difficult. In the calculation of
temperatures and stresses, it might be tempting, for purposes
of simplification, to use the conductivity at a mean tempera-
ture between the initial value and that of the quenching
medium. In view of the fact that the surface and mean
temperatures are still quite high when the maximum stress
is reached, however, this application would give incorrect
results. The mean value to be used is that between the
initial temperature and the temperature at the time of max-
imum stress. For example, if 8 is 0.4, the conductivity as-
sumed should be the value at approximately 90 percent of
the value at the higher temperature.

APPLICATION TO DUCTILE MATERIALS

The previous discussion was limited to brittle materials.
In brittle materials the fact that stress is proportional to
strain makes an analytical treatment possible; and the fact
that failure can be achieved in one stress cycle makes it pos-
sible to obtain valid experimental results for correlation with
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theory. When ductile materials are considered, the problem
becomes much more complex. First, stress is no longer pro-
portional to strain and therefore the stress equations cannot
readily be solved. Only a few problems involving plastic
flow of ductile materials under thermal stress have been
solved in the literature. Second, it is rarely possible to ob-
“tain failure in one cycle. The failure process is a progressive
one and material deterioration occurs during and in between
applications of thermal shock. The metallurgy of the mate-
rial becomes a predominating factor. Thus, with duectile
materials the data are usually presented in the form of num-
ber of shock cycles withstood under a given set of conditions.
As previously mentioned, thermal fatigue is very complex in
brittle materials; it is even more complex in ductile materials
as a result of metallurgical changes associated with plastic
flow. In discussions of the thermal shock of ductile mate-
rials, reference can therefore be made only to the factors
that are believed to be important. KEven a determination of
the pertinent variables should represent progress, however,
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since there are at present no critical tests in the literature
that clearly define the role of these variables.

THERMAL CYCLING MODEL

One of the mechanisms associated with the ultimate
failure of ductile materials in thermal cycling is plastic flow.
The role of the plastic flow process can be outlined by con-
sidering a very idealized problem. The practical cases
differ appreciably from the idealized problem, and later, the
deviations of this model from the practical cases will be
discussed.

In figure 10 is shown a bar fixed at its ends between two
immovable plates so that the length of the bar must remain
constant. This bar is assumed to be gradually cooled and
heated between various temperature limits. Also shown in
figure 10 is a hypothetical stress-strain curve for the material.
It is assumed that the material is ideally plastic; that is,
its stress-strain curve consists of a straight line up to the
yield stress and further yielding occurs at a constant stress.
Thus, in figure 10, stress is proportional to strain along the
line OA and further strain takes place at stress o, until
rupture occurs when the strain is P.  Let it be assumed that
at the start of the process the bar is unstressed in the hot
condition, and it is subsequently gradually cooled. The bar
is taken as stress-free in the heated condition in order to
induce tensile stress during the first stage of the process.
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If it were not constrained at its ends the bar would contract
freely, and there would be no stress. Because of the con-
straint there must always be induced in the bar a strain
a Ty equal to the thermal expansion, and the stress will depend
on this strain and on the stress-strain curve. As long as
aTj is less than the strain A the stress is elastic, and analysis
would proceed just as if the material were brittle. If the
cycling temperature range is widened so that the thermal
strain is equal to the strain at A, still no plastic flow would
occur; and when the temperature is subsequently increased
to its initial value, the stress would fall off to zero.

If, however, the cycling temperature range is increased to
induce a thermal strain equal to that at B, the stress de-
veloped will be the yield stress, and plastic flow of an amount
AB will be introduced during the first cycle of temperature
reduction. When the temperature is again raised to its
initial value the stress will fall along a line BC’C.  Some time
during the temperature increase the condition of the bar
will be represented by C’, where there is no stress but the
strain is still not zero. When the initial temperature is
finally reached the condition of the bar will be represented
by point C—that is, zero strain and compressive stress OC,
resulting from the fact that the free length of the bar had
been increased by plastic flow by an amount AB. Subse-
quent cycling over this temperature range would cause
the material to cycle between the points C and B and an
indefinite number of cycles could be obtained without further
plastic flow.

If the temperature difference of cycling produces a thermal
strain twice the elastic strain, that is, the strain at D is
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twice the strain at A, then cycling will occur between D and
£, that is, between yield stress in tension and the yield stress
in compression.  (For simplicity, the yield stress in compres-
sion is here assumed to be equal to the yield stress in tension.)
After the first cycle an indefinite number of cycles could be
applied without further plastic flow.

Finally, consider an applied temperature difference such
that the thermal strain is greater than twice the elastic
strain, for example, point F. As the cooling cycle is applied
the stress is first increased along the line OA and elastic
strain occurs; then plastic flow occurs by an amount AF.
As the specimen is subsequently heated it unloads elastically
along the line FG. At G it still has not achieved its initial
length because the strain is EG; and therefore as the tempera-
ture is brought back to the initial value, plastic flow at
compression occurs by an amount EG. During the second
cycle the stress first changes from the compressive yield
stress at E to the tensile yield stress at D and then further
tensile plastic flow DF occurs. On the second unloading
cycle the material proceeds elastically from F to G and
flows again in compression from G to E. Every cycle there-
fore induces in this bar plastic flow in tension of an amount
DF and subsequently an equal amount of compressive
plastic flow. This alternate compressive and plastic flow
ultimately leads to failure of the material.

The question is the number of cycles of this kind that this
material will withstand. A first estimate might be that the
total amount of plastic flow in the material be equal to the
initial amount of plastic flow that it could withstand in a
conventional tensile test, that is, when the sum of DF and
GE multiplied by the number of cycles is approximately
equal to DP. This, however, would not be in agreement
with the experimental behavior of materials. It has been
found experimentally that the compressive plastic flow GE
essentially improves the material so that even the sum of
just the tensile components of plastic flow is greater than
the ductility initially available in the conventional tensile
test. That is, the summation of the DF values is greater
than the strain DP.  There is little quantitative information
in the literature even on the simple problem of the amount
of alternate plastic flow a material can withstand. A
simple assumption can, however, be arrived at by a con-
sideration of the data in a report by Sachs and coworkers
(ref. 6). In this investigation 24S-T aluminum alloy was
alternately stretched and compressed by the constant strain
values and observation was made of the number of cycles
that could be withstood before failure occurred.

Figure 11 shows typical results obtained in this investiga-
tion. The duectility remaining in the material after successive
applications of cycles of 12-percent tension and compression
is shown on the vertical axis; the number of cycle applica-
tions, on the horizontal axis. The remaining ductility, after
application of various numbers of cycles of alternating strain,
was measured by subjecting a precycled specimen to a
conventional tensile test in which ductility was measured.
Tt is seen that the alloy had an initial ductility of 37 percent.
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After a 12-percent strain in tension and a 12-percent strain
in compression were applied, the remaining ductility was
reduced to 30 percent, a reduction less than that which would
have been induced by just the 12-percent tension had not the
compression followed.. Similarly, it will be seen, each
successive cycle reduced the remaining ductility by an
amount less than 12 percent, and when the remaining
ductility was less than 12 percent the specimen failed upon
the succeeding application of the strain cycle.

A plot of the data contained in reference 6 leads to the
relation

y N=K]/e" (14)
where
K proportionality constant
N number of cycles of plastic strain +e
n exponent in the neighborhood of 3
€ plastic strain

The number of cycles is thus inversely proportional to
approximately the cube of the strain per cycle.

A table can be prepared for the relative number of cycles
that a material might be expected to withstand in the thermal
fatigue type of test previously described. A material having
the following properties will be considered (see fig. 10):
a= 107° per °F, F=30>X10° pounds per square inch, and
0,=100,000 pounds per square inch. The elastic strain
that this material can withstand is 0.0033 inch per inch. As
previously described, no cyclic plastic flow will occur until
the imposed thermal strain is twice this elastic strain or,
from the previously given values, until «7'=0.007, or until
the temperature is of the order of 700° F. It is now assumed
that the imposed cycling is between 0 and 1000° F, 0 and
1200° F, 0 and 1400° F, 0 and 1600° F, and 0 and 1800° F;
and the number of cycles will be determined in each case.
These computations are as follows:

Nigo=K (1000X10~°—0.007)~*
Nisoy=K (1200X10-5—0.007)~3
Nig=K (1400X 10-*—0.007)~*
Nigow=K (1600 10~5—0.007)~*
Niggo=K (1800X10~5—0.007)~?

Since these equations involve a constant A which is not
known, only the relative number of cycles for each temper-
ature can be determined. The results are shown in table II.
If the number of cycles from 0 to 1000 is taken as a base
line, the number of cycles for the 0 to 1200° F temperature
range is reduced by a factor of 4.7; the temperature range
from 0 to 1400° F results in a reduction factor of 12.6; from
0 to 1600° F, the reduction is by a factor of 27; and from 0 to
1800° F, the reduction is by a factor of 49.

Similarly, if the number of cycles at any other temperature
range is used as a reference, the reduction in number of cycles
for a higher temperature range is also shown in the table.
The importance of this table is qualitatively to point to the
drastic reduction in number of cycles to failure resulting
from increasing the temperature range of cycling. Reference
will later be made to some experimental results in the litera-

ture showing the importance of the effects of cyclic temper-
ature range on the number of cyecles.

IDEALIZATIONS IN THERMAL CYCLING MODEL

The foregoing analysis was idealized in many ways. First,
the case treated was that of complete constraint; that is, no
external expansion or contraction along the length of the
rod was permitted. The entire thermal expansion was
replaced by either elastic or plastic strain. Thus the prob-
lem represents a more severe case than most practical prob-
lems in which only partial constraint is imposed. (There
are, on the other hand, cases in which the imposed strain is
amplified as a result of geometric configuration, thereby im-
posing more severe conditions than complete constraint for a
given temperature difference. Such a case will be discussed
in a later section under “Size Effect.”) Furthermore, strain
hardening has been neglected, as was the fact that the stress-
strain curve is very much a function of temperature, so that
plastic flow occurs at different stress levels depending on the
temperature. Also the yield stress in compression is usually
different from the yield point in tension, and superimposed
upon this is the fact that most materials exhibit a Baus-
chinger effect—that is, plastic flow in one direction reduces
the stress at which plastic flow occurs in the opposite direction.

Added to these deviations is the fact that the mechanism
of thermal shock failure may be different from that implicitly
assumed in the foregoing model. Fatigue is generally
thought of as a process of first initiating and then propagating
a crack until ultimate rupture occurs. 1In the case of thermal
stress cycling, the crack may not have to be initiated by the
plastic flow; rather it may either be inherent in the part or it
may result from metallurgical processes later to be discussed.
Thus the role of plastic flow may be limited in this case to the
propagation of the crack; or it may not even be necessary if
the crack propagates by another mechanism. Probably the
most important deviation of the practical case from the
idealized case i1s that due to metallurgical effects which will
now be discussed.

METALLURGICAL EFFECTS

During the thermal stress cycle, and between thermal
stress cycles, the material is subjected to a complicated stress
and temperature history that may cause metallurgical
changes in the microstructure. Mention will be made of
only several of the metallurgical processes that can occur.
The whole subject of high-temperature metallurgy is really
pertinent to this problem.

Aging.—Probably the most important action that takes
place during and in between thermal stress tests is that of
aging. Most high-temperature alloys in their use conditions
are not in metallurgical equilibrium. In fact, it is because of
their meta-stable condition that many alloys gain good high-
temperature properties. If the material is maintained at
high temperature, the tendency is toward rearrangement of
the microstructure in the general direction of equilibrium.
Thus, constituents that are in solid solution frequently tend
to precipitate, and in so doing, they may drastically change
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impact properties (from ref. 7).

the properties of the material. For example, they may
precipitate in the grain boundaries and in this case they can
reduce the ductility of the material, particularly in creep
loading. This precipitation may occur with or without the
application of stresses but generally stress tends to hasten the
action. Finally, if the material becomes sufficiently em-
brittled, it may not be able to withstand even the small
amount of plastic deformation required in a single thermal
shock test. No careful investigations have, however, been
made directly toward ascertaining the significance of precip-
itation in the thermal shock test. Its possible significance
can be deduced by consideration of studies that have been
made on the importance of precipitation in other types of
mechanical tests.

Figure 12 shows some pertinent results originally published
in the Russian literature and recently summarized by Sachs
and Brown (ref. 7). Plotted are the impact strengths of
three steels after they had been heated for certain periods
of time at 932° F while in both the stressed and unstressed
conditions. The impact strength has been found to be sensi-
tive to precipitation embrittlement in cases when other types
of tests miss detecting these effects completely. Note that
heating alone of the Cr-Ni steel for about 100 hours reduced
its impact strength tremendously. The presence of stress
during heating caused this steel to embrittle even further.
The Cr-Mo steel, on the other hand, showed little embrittling
effect due to heating alone, with some embrittling resulting
from the presence of stress. The stress was too low, however,

for any conclusive statements about the significance of
stress. The Cr-Ni-Mo showed an intermediate effect be-
tween the Cr-Ni and the Cr-Mo steel. Nickel is known to
be associated with temper brittleness, a phenomenon believed,
but not proven, to be associated with grain boundary pre-
cipitation; hence, it is seen that precipitation may render an
originally ductile material quite brittle. Of course, it would
then become more susceptible to failure in thermal stress.

The main lessons to be learned from figure 12 are the
importance of aging even without stress in reducing impact
strength, and the importance of chemical composition on
this effect. The aging need not take place during the thermal
stress—it may occur during normal operation between
thermal stress cycles. In laboratory thermal stress tests,
it may occur during the heating periods or during high-
temperature soaking—the important factor is time at tem-
perature to allow the metallurgical reaction to take place.
When the material is embrittled by all prior effects, thermal
stress application will finally cause rupture. Since tempera-
ture is the most important variable affecting the aging proc-
ess, any excessive temperatures introduced in order to
accelerate testing may produce foreign results.

As for the importance of chemical composition, the indi-
cation is that initial properties do not necessarily govern
thermal stress behavior. Thus the Cr-Ni steel had better
impact properties before aging than the Cr-Ni-Mo steel, but
aging had more drastic effect on the former steel. It is not
surprising, therefore, that some materials seem to perform
better in thermal stress tests when their conventional prop-
erties do not indicate any reason for the superiority.

Corrosion.—Another process that may reduce thermal
stress resistance is chemical attack, known otherwise as
corrosion, oxidation, and so forth. The surface of the material
is usually in contact with oxygen or other gas capable of
chemical reaction with the material. At the high tempera-
tures involved in thermal stress testing, oxidation or other
scales may form which are weak and brittle. Thermal shock
testing then becomes a test, not of the original material,
but of the resulting surface layer. Discontinuities formed
at the surface layer either by cracking of the surface or by
the disintegration of a corroded product act as a source of
stress concentration that induces and propagates further
cracks within the body of the material. In some cases the
corrosion consists not of the formation of a surface layer,
but of a diffusion into the body of the material. Hydrogen,
for example, because of its small atomic dimension, readily
diffuses into the grain boundaries of many materials, weak-
ening them and rendering them less capable of withstanding
thermal shock. The importance of intergranular attack is
indicated by the fact that so many thermal shock failures
are intergranular in nature.

Hot and cold work.—Thermal stress tests also embody
hot and cold working of the material because of alternate
thermal straining. This working is known to have impor-
tant effects on the strength of the material and its subsequent
properties. Figure 13 shows, for example, some results
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obtained by W. Seigfried of Sulzer Bros., Litd., Winterthur,
Switzerland. In these tests the time to failure at 650° F was
observed for a series of specimens at various applied stress
levels. For smooth specimens the variation of life with
stress is shown by line A. For specimens with a notch the
variation of stress with temperature is shown by line B.
Smooth specimens were then prestrained at room tempera-~
ture by applying either 10 or 20 percent torsional strain.
These specimens were then tested with or without notches,
with results as indicated in the figure. For the smooth bar
little reduction in life was observed, but for the notched
specimens a tenfold reduction in life due to the torsion was
observed, as shown by curve C.

The foregoing results are not directly applicable to analy-
sis of the thermal stress process. They are presented
merely to indicate that prior work can have an appreciable
effect on subsequent time-dependent strength. In this case
the effect is detrimental, although in many cases prior work
improves the material. The significance of the notch in this
case is that in thermal stress notches may bring out the
importance of the prior strain history. Again, these notches
may be design-incorporated, they may be due to corrosion
or intergranular attack, or they may be the result of the
early cracks formed in thermal stress testing.

Grain growth.—One of the effects of working is to render
the material subject to recrystallization. When grains are
broken up, energy is stored in the slip planes and in the grain
boundaries, and upon subsequent heating there is a tendency
for the material to recrystallize in order to achieve a state of
lower stored energy. In many cases the effect is to cause
grain growth. Figure 14 shows some data obtained by Rush,
Freeman, and White (ref. 8) on the grain growth in the high-
temperature alloy S-816 resulting from cold working. The
plot shows the grain size resulting upon solution treatment
at 2200° F as a function of the percent reduction per pass
during the working process. It is seen that if the percent
reduction per pass is approximately 0.75, which is a reason-
able amount of plastic flow associated with a thermal shock
cycle, the final grain size becomes A.S.T.M. minus 2 as
compared with the original grain size, A.S.T.M. 5. Grain
size A.S.T.M. minus 2 is such a large grain size that an
average turbine blade might contain only several such grains
per cross section as compared with approximately one
thousand grains per cross section for grain size A.S.T.M. 5.
Materials with high grain size generally have low ductility and
would not be expected to have high thermal shock resistance.

In general, a number of thermal stress tests described in the
literature indicated that there was no effect on the grain
size. However, observations have been limited, and atten-
tion is directed to this factor as only one of the many com-
plicated metallurgical processes that can occur.

Of greater importance, perhaps, is that accelerated tests
at excessively high temperatures may cause grain growth to
occur while operating conditions may ‘not. Hence, an
accelerated test might give misleading results.

Residual stress.—Another process that occurs in connec-
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Ficure 13.—Effect of working on strength of steel.

tion with thermal stressis the development and the relaxation
of residual stress. As indicated in the previous simplified
description of thermal cycling, the stress in a thermal shock
test might be expected to oscillate between the yield point
in tension and the yield point in compression. However,
during and between the thermal shock tests, the temperature
constantly changes and residual stress introduced under one
set of coaditions may be caused to relax under temperature
relief at another temperature. An example will later be
given of relaxation of initial residual stress in connection
with conventional fatigue tests at elevated temperatures.

The foregoing discussion represents only the more obvious
of the complicated mechanisms that can occur in a high-
temperature material during thermal stress testing. If the
metallurgical factor is accepted as being probably the most
important in connection with thermal shock behavior of
ductile materials, the significant conclusion to be reached
relates to the importance of conducting tests to simulate
actual operation. Metallurgical changes are very sensitive
to time and temperature. If, then, an attempt is made to
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render the test more severe in order to expedite failure,
misleading results can be obtained because of the artificial
metallurgical effects induced by the artificial test conditions.

EXPERIMENTAL INVESTIGATIONS OF DUCTILE MATERIALS

In most published literature on thermal shock of ductil>
materials, competitive materials are evaluated under a
given set of conditions. From an engineering viewpoint,
this is, of course, the most important type of test. From a
fundamental viewpoint, however, the tests reveal very little
information other than which material is better under the
specified conditions. Some of the investigations do, however,
lead to significant generalizations, and an attempt will be
made to outline these results. Some of these tests will
presently be discussed; others will be deferred until a later
section on practical aspects of the problem.

NOZZLE VANES

Thermal shock tests that have been conducted in connec-
tion with gas-turbine nozzle vanes will first be discussed.
The function of the nozzles is to direct hot gas at the proper
angle against the rotating blades, which normally operate at
temperatures in the neighborhood of 1600° or 1700° F. If
for any reason combustion blow-out occurs, the gas is no
longer heated and arrives at the nozzle diaphragm very much
colder. The nozzle vanes are thus subject to thermal shock.
Likewise, a certain amount of thermal shock occurs every
time the engine is started because of the sudden application
of hot gas to the nozzle vane surfaces.

One of the earliest investigations on nozzle vanes was
published in 1938 in the German literature and was recently
described in a survey by Bentele and Lowthian (ref. 9).
Table IIT presents a summary of the results. The test
consisted of a 1-minute heating cycle in a flame of gas and
high-pressure air followed by a 3-minute cooling cycle in
ambient air. These conditions do not simulate those asso-
ciated with current aireraft jet engines, but they were satis-
factory for the German application. Tests were conducted
at two heating temperatures: one at approximately 650° to
700° C, and the other at approximately 850° to 900° C.
The number of cyeles under each of these two conditions is
given by Ny and N,. Under N, distinetion is made between
failure due to distortion and failure due to cracking. These
tests pointed out two important things: first, that excessive
distortion 1s as important a type of failure as cracking, and
second, that great decrease in the number of cycles resulted
for an increase in test temperature of 200° C. As can be
seen, there is, on the average, a reduction factor of more
than 10 resulting from the temperature increase. This
result is qualitatively in agreement with the previously
presented simplified picture on the importance of temperature
and attendant plastic strain on the number of cycles to
failure. The high reduction factor may, in addition, be
due to metallurgical effects introduced by the higher test
temperature. Also of interest is the fact that the relative
merit of the various materials changed with the test tempera-
ture. For example, specimen number 1 was nearly the

best at the higher test temperature, whereas it was poorest
at the lower test temperature; on the other hand, specimen
number 2, which was nearly the best at the low temperature,
was one of the poorest at the high temperature. Further
analysis of the data indicated that there was no relation
between thermal shock resistance and ultimate tensile
strength at room temperature, or the creep properties at
1300° F. Two materials, with tensile stresses differing by
23 percent, had the same thermal shock resistance; while
two materials having practically identical creep charac-
teristics had, respectively, the largest and the smallest
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Ficure 15.—Apparatus for quenching thermal-shock specimens (from
ref. 10).

number of cycles to failure. These results point to the
complexity of the factors influencing failure by thermal
shock and indicate the probable importance of the specific
metallurgy of the individual materials.

Another study of the thermal shock of nozzle blade ma-
terials was published recently in reference 10. The objective
therein was to evaluate six cast high-temperature alloys for
nozzle diaphragm application, and very extensive measure-
ments were made in an attempt to analyze and interpret the
data. Figure 15 shows the apparatus used in reference 10.
The specimens were cast into somewhat triangular shape as
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Ficure 16.—Deformation produced in specimens by thermal shock
(from ref. 10).

N

shown in the figure, the thin edge being }4, inch wide. They
were first heated to a temperature of 1750° F and just the
edge of the specimen was quenched in a flowing water bath
maintained at a temperature of 40° . The distortion of the
specimen was measured both before and after cracking.
Figure 16 shows a typical result obtained and indicates the
fair consistency of the data; figure 17 shows a summary of all
the results of the test. The distortion was measured as the
height of bowing of the specimen. Considerable progressive
deformation occurred after the initiation of the first crack.
Also, the materials which were capable of greater distortion
in the test lasted the largest number of cycles before break-
ing.

In order to analyze the results, the strains at fracture of the
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Ficure 17.—Composite curves for progressive deformation of six
alloys (ref. 10).
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quenched thin edge were computed by assuming this edge
to be the chord of a circle. Figure 18 shows the observed
curvature in the specimens during cycling, and the assump-
tion of circular shape was experimentally verified by use of
an optical comparator. It wa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>