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ABSTRACT

Stainless steel denlftrator pots at the Savannah River
Plant have deformed and cracked by thermal fatligue. Subse-
quent examination of the microstructure of type 347 stailnless
steel used 1n thege vessels revealed the presence of sigma
phase and led fto gpeculation that sigma phase may play a
reole in embritiling the steel. Thermal fatlgue tests
carried out on 304L, 316, and 347 stainless steels showed
that of the three, type 347 was superiocr and that sigma
rhage was not a factor in fallure. Tests made with copper,
c¢lad on both sides with stainless steel, indicated that the
composite material would prevent thermal fatigue by eliminat-
ing the large temperature gradients that lead to deformation
and subsequent failure.
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THERMAL FATIGUE TESTS
MATERIALS OF CONSTRUCTION FOR DENITRATOR POTS

INTRODUCTION

The Savannah River Plant uses a one-step, batch opera-
tion to convert an agqueous solution of uranyl nitrate to
solid uranium trio%%d%*gvos). During the cycle, the tempera-
ture of the vessel cénianfs is increased from 120°C to
approximately 600°C. In the past few years, the bottoms of
the gas-fired vessels used in the converslcn process have
deformed and cracked because of the hilgh stress caused by
uneven temperature distributions wlthin the metal and the
cycllc nature ¢f the process, Fallure has been attributed

to thermal fatigue.

Although thermal fatlgue has been recognlzed for many
years, the subject has recelved increased study in the
last decade. DNuclear reactors and jet engines, where
cyelic temperatures are encountered and where an accurate
knowledge of service life 1s essential, are examples of
filelds where ccnsiderable effort has been expended. An
excellent review of thermal fatigue is given by Glenny(?],

The usual approaches to thermal fatlgue problems are
either (1) to find a more resistant material, (2) to alter
the design to minimize thermal gradlents, or (3) to alter
the temperature cyele. In the present case, the basie
vessel degsign and thermal cycle were fixed; hence, effort
wag directed toward finding a more resistant materilal.
This report describes the thermal fatigue behavlier of three i
gtalnless steels and a composlte of copper, clad on beth
8ldes with stalnless steel.

SUMMARY

Type 347 stainless steel was more registant to thermal
fatigue than either 304L or 316 stainless steel, Sigma
rhase, which was noted in the failed 347 vessel bottoms,
had little effect on the service 1life of elther 347 or 316;
no sigma phase was observed in 304L.

On the basls of laboratory tests on relatlvely thin
samples, stainlesg-steel-clad copper is a promising materlal
for vessel bottomg. Attempts fo thermally cycle thin sections
of this material were not successful because the copper core
dissipated heat so rapldly that thermal gradilents of sufficient '
magnitude to cause damage could not be obtalned., Furthermore,
no brittle intermetallic compounds formed at the copper -~
stalnless steel Interface after heating to 850°% for two

-5 -

s gl T R




months. The results indlcate that 1f type 347 steel contlnues
to fall in denitrator pot service, the composite stalnless-
gteel-clad copper materlal of the proper thickness shculd be
tested for thls appllcation.

DISCUSSION

BACKGROUND

In the Separations Area of the Savannah River Plant spent
fuel from the reactors 1is processed to separate uranium and
plutonium from fisslon products. One of the processes converts
a concentrated solutlon of uranyl nitrate to U0z 1n a one-step
operation. The vessels used are known as denitrator pots.

This process requires approximately 11 hours for completion
and is accomplished In three phases: first, the soluticn 1s
bolled for 2 hours at low heat untll the intermediate prcduct
reaches 300°C; second, the rate of heating 1s increased and
in 2 hours the vessel contents reach approximately 600°C; and
third, the product i1s maintained at 600°C for the remaining
7 hours. In all three phases the vessel contents are contin-
ually stilrred by an agitator to mix them, as well as to prevent
formatlon of a cake on the heated bottom surface of the vessel.
The powdered flnal product is removed by suctlon hoses.

The denitrator pots are made of 1/2-inch-thick type 347
stalnless steel and are approximately 5 feet in diameter and
4 feet high. They are heated by gas burners from the bottom.
Failures ccecur as bulges and cracks on the flame side of the
bottoms. Corrosion by the uranyl nltrate solutlon is not a
factor. Repalr can be made by cutting out the deformed
portion, usually located near the center of the bottom, and
welding in a new sectlon. A pot averages 630 cycles before
the flrgt repalr 1s made and the average total life 1s
1650 cycles. Filgure 1 shows the frequency of failure with
respect to the number of cycles.

Failure in the vessel bottoms is caused by locallzed
temperature differences that produce stresses by means of
unequal expansicn and contraction. The temperature differ-
ences probably arlse from poor heat transfer caused by
cake that 1s not scraped from local areas of the heated
bottom by the agltator. The formatlon of bulges and cracks
can be explained by the mechanism of thermal fatigue, which
is deflned as that type of fatigue failure in which the
recurring stresseg are caused by cyclic temperature differ-
ences. A brief explanatlion of thermal fatigue 1s Included
in the Appendix.




Number of Failures
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FIG. 1 PLANT EXPERIENCE ON FAILURE OF DENITRATOR POTS

The average total life of the vessels is 1650 cycles and the average
life to the first repair is 620 cycles.

METALLOGRAPHIC EXAMINATION OF DENITRATOR PQTS

During the c¢ourse of the laboratery Investigation, the
bottoms of two vessels were avallable for metallographlc
examination. Vessel C-3-1 No. 3 falled after only 200 runs,
but it was noted that the bottom was fabricated from twe
plates of type 347 stainless steel instead of one. Fallure
occurred near the weld seam and was probably caused by the
combination of thermal fatligue and ductillity loss due to
welding.(2) A photomlcerograph of this steel is shown 1n
Figure 2. Because of the weld, this fallure could noct bhe
classed as typical of thermal fatigue in hot-rclled
stalnless steel.

Vesgel C-~3-2 No. 2 survived 525 runs before 1t was
taken cut of service for repairs, and fallure was attributed
to thermal fatlgue only, since the bottom wasg made from a
single plate. The photograph (Flgure 3) shows that the
fellure 1s primarily intergranular and that the grains are
pulled gpart, indicating tensile plastic flow.
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FIG. 2 THERMAL FATIGUE CRACK IN VESSEL C-3.1 NO. 3 (100X)

This crack was one of the few found on the surface of the vessel
and was located near the main failure and welded zone,

FIG. 3 THERMAL FATIGUE CRACK IN VESSEL C-3-2 NO. 2 (250X)

This crack is typical of those seen along the surface near the area
of severest attack.
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Of particular interest was the dlscovery of silgma phase
in the vessel bottoms (Flgures 4a and b). Sigma phase is an
lron-chromium intermetallic compound that is not nermally
found in hot~rclled stainless steels. However, in certain
types of stainless ateel, such as 309, 316, 321, or 347,
slgma phase wlll precipltate durlng annealing at 600 to
850°, but will dissolve at temperatures exceeding about
1000°C; in other steels, such as types 304 and 3041, the
slgma phase rarely, if ever, forms. The deciding factor
for formation of sigma phase is the composition of the alloy.
Jackson (2! reported that the presence of conslderable sigma
phase decreased the thermal fatigue 1life of cast 25% Cr -
12% N1 alloys, but it was nct determined whether gigma phase
wag detrimental in smaller amounts, such as the quantitiles
found in the vessel bottoms. Thermal fatigue of the 3CC
serles stainless steel contalning sigma phase has not
been studied.

After the dlscovery of sigma phase in the falled pots,
the hypothesls was advanced that slgma phase could reduce
the thermal fatligue life of the 347 stalnless steel. If
thls were true, then changing the bottom from 347 to 347
clad with 304L, for example, which does not form sigma
phase, would improve the reslstance teo fallure.

EXPERIMENTAL PROGRAM
A program wag 1nitlated to answer three questlons:

e Does slgma phase decrease the thermal fatigue life
cof various 300 series stalnless steel alloys?

® T8 there a stalnless steel wlth better thermal
fatigue resistance than type 347, or 1s there a
posslbility of cladding type 347 to improve
performgnce?

e W1ll stalnless-steel-clad copper perform better
than stainless steel alone by increasing the heat
dissipation and thereby reducing the temperature
difference?

Varicus means of investigating thermal fatlgue have
been used. Por the most Tundamentzl studles, the tests
are designed s8¢ that stress measurements can be obtalned,
thereby relating the number of cycles to failure with the
stress level and temperature. The more common approach,
which was adopted for this study, i1s to lnvestigate only
the relationshilp between temperature and cycles to fallure
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FIG. 4 SIGMA OISTRIBUTION IN TYPE 347 STAINLESS STEEL (500X)

The greater sigma content of the steel used in vessel C-3.1 No. 3
suggested that sigma was a major factor in failure. The large amount

of sigma formed in test samples, although not as widely distributed,
failed to decrease thermal fatigue life.
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and to neglect stress completely. While this latter method
is more crude, the apparatus is simpler and an indication
is given of the relative performance of the varilous
materials tested.

The apparatus is shown 1n Figure 5. An oxygen-propane
toreh heated the center of the 4 x 4 x 1/8-inch sample
plates whose surfaces were ground with 120-grit abrasive;
the plate was cooled by an air blast. The torch had the
advantage of simulating the gaseous atmosphere of the heating
chamber under the vessel bottoms.

The maximum temperature reached by a sample durling the
heatling cycle was determined by a callbrated optical pyro-
meter, with correction for non-black body conditions., The
low temperature (mEOOOC) was measured by pressing 36-gage
thermocouple wires against the heated portion of the plate.
The low temperatures ranged from 160 to 250°C in every case.
The temperaturss were controlled by the length of time the
samples remained in front of the flame cor air blast. A
3X telescope was used to defermine the first sign of crack-
ing, which was considered fallure.

Neg. 45189

FIG. 5 THERMAL FATIGUE APPARATUS

The test specimen is shown in the cooling position where an air
blast is directed at the heated portion. The rings of oxidation
and interference colors on the sample are typical of a sample
after a few cycles. The sample is mounted on a cart which is
rolled between the torch and air line by means of the solenoid
mounted on the base of the apparatus. The two timers controlling
the heating and cooling cycles are shown ct the rear.



Three gtainless steels, 304L, 316, and 347, were chosen
for study because of thelr sitructural and mechanical char-
scterlstics. Type 304L forms little or no sigma phase,
although with preolonged heating chromium carbides are
precipitated at the grain boundaries. Sigma phase, as well
ag chromium carbides, will form in type 316; this alloy has
greater creep resistance than either 304L or 34%7. The creep
resistance of 347 is intermediate between 304L and 316; 1t
willl form sigma phase, but not chromium carbldes.

Samples of types 316 and 347 stainless ateel contalining
slgms phase prior to testlng were produced 1n twe lots by
annealing at 850°C, one for 1000 hours and the other for
500 hours (Figure 4c), No difference wag noted in the mlcro-
structural or thermal fatigue behavior of the two lots and
hereafter no distinction between them will be made. Type 304L
wags inecluded in the sigma-forming anneal, although no sigma
phase was detected 1n the samples. The presence of sigma was
determined by etching electrolytically with 10N KOH.

RESULTS WITH STAINLESS STEELS

Table I and Figure € show the results of all runs. A
linear dependence between temperature and the logarithm of
the number of e¢yecles to faillure was found, which 1s the
normal relationshlp for thermal fatigue. The data also show
that 347 1g more resistant %o failure than either 304L or 3106.

TAEBLE 1

Summary cf Test Results

()

Het Rolled Sigma Annealed
Alloy High Temp, °C Cycles to Failure High Temp, 8¢ Cycles to Failure
347 1150 37 1170 ) 38
1140 33 1095 61
1125 38 1045 100
1095 51 1005 229
995 682 915 1021
950 603 830 1917
316 1175 23 109¢ 58
1125 26 920 411
1095 48 840 14826
1010 .13y
860 758
304L 12058 16 1150 17
1185 20 1010 47
1105 36 935 165
1095 65 870 Hhh
980 141
8ac 621
815 1630

(a) Samples were annealed at 850°C for 50Q or 1000 hr to precipitate
the sigma phase 1in 347 and 316.
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FIG. 6 THERMAL FATIGUE LIFE OF STAINLESS STEELS AS A FUNCTION
OF HIGH TEMPERATURE
Type 347 stainless steel with or without sigma phase is slightly superior to
type 316 also with or without sigma or to 304L. The poor resistance of type
304L subiected to the sigma-forming heat treatment is due to an increase
in grain size.
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The sigma-forming anneal at 850°C greatly shortened the
life of the 304L alloy, even though no sigma phase formed.
As shown in the table below, the shortensd life is attributed
te increased grain size, which resulted in a loss of ductility.
Stainless steels that contain flnely dispersed phases, such
as types 309Ck, 347, and 321, resist grain growth and in this
respect are superior to cother grades.

Change in Grain Size During Sigms Anneal

ASTM Graln 3Size

Steel Before After
304L i 4
316 € 5
347 8 8

Metallographic examinations were made of the speclmens
after test to reveal the posslble effects of the sigma phase.
Samples of 347 and 316 that initially contained sigma and
were heated to temperatures in excess of 1000°C in the test
showed elther a decided decrease or complete disappearance
of sigma in the heated zone. Samples ¢f these steels that
did nct contain sigma originally, but which were subJected
to sgimilgr temperature conditions, showed no evidence of
sigma. In the 850-1000°C range, a fine network of sigma
phase was precipitated at the grain boundaries of samples
that were iniltially free of sigma, whereas no appreclable
change in the sigma distributlon was cbserved in those
specimeng that originally contalned this phase.

The metallographlce results and the lifetime-temperature
curves of Figure 6 show that in the temperature range where
glgma 1s stable, failure by thermal fatigue could net be
attributed to sigma phase. The fact that the slopes of the
lifetime-temperature curves are ldentlcal indicates that the
same failure mechanism is operative, lrrespective of the
following structural sigma-phase variations: (1) cne steel
formed no sigma under any conditions, {2) two. steels contalned
sigma throughout the tests, and {3) two steels contalning no
gigma 1nitially formed sigma during tests.

Metallographlc examination of the test specimens revealed
two types of cracks., The first type was characterized by
intergranular fissures Iin which oxlides were present, closely
resenbling failures observed in the denitrator pots. This
attack occurred at test temperatures above 950-1000°C. The
second type was typical of normally encountered fatigue
failures; the cracks were straight and relatively smooth-
faced. Both types are shown in Figure 7. It is somewhat
surprising that such a change from fransgranular to inter-
granular cracking does not produce a change in the glope of

- 14 .
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the log cycles-temperatures curve at the 950-1000°C range.
However, thils same behavlior has been noted by Lardge{4) in
teats wlth Nimonle-75,

The fact that Intergranular cracks are present can be
explained in two ways. At high temperatures it 1s possible
that grain boundary oxidaticn occurs first, and then the
boundaries open under the c¢yclic stresses. Another possil-
billty 1s that the equicohesive temperature, which for
gtainless steels is at approximately'730°C, has been
exceeded so that the grain boundaries are much weaker than
the grains with the result that they open and then oxidize.

However, the fact that intergranular attack was found
in the laboratory tests only above 950°C dces not necessarlly
indicate that the pots, 1n which inftergranular cracks were
observed, also reached such temperatures. The laboratory
tests were completed in a few hours, whereas the pots are
exposed to the high temperatures 100 to 1000 times longer.
After long exposures, graln boundary oxidation would be
observed at much lcwer temperatures than with short expo-
sures. It 1s concelvable that even the equlccheslve
temperature may be time dependent.

In some tests the side of the sample faclng the flame
did not crack first, nor did the plate always buckle toward
the flame. Thils 1s surprising in view of the more gevere
conditions exlsting on the flame side. When cracking was
noted on the back of the specimen, the high temperature
recorded for that side was plotted in Figure 6. At tempera-
tures of about 950°C and lower, the heated portion was |
fourtd to thilcken considerably at the expense of metal
adjacent tc the heated area, as shown 1n Figure 8.

The results of this work have been reported by use of
only two parameters: c¢ycles to faillure and high temperature.
A third parameter, the difference between hlgh and low
temperatures, would be expected to have an effect from
theoretical considerations since the stress 1s determined
by this parameter. However, Glenny and Taylor‘s) Investi-
gated the temperature parameters and ccncluded that the
maximum temperature was more important than temperature
difference. The reason is obviocus; strength, oxldatiocn,
and diffusion are all affected to a much greater extent at
the high temperature than at the low temperature, and these
factors are the ones that primarlly contribute to fallure.
Since 1n these experiments the lower temperatures were held
essentially constant, 160-250°C, the high temperature 1s in '
reallty an appreximaticn of both the maxlmum temperature and
the temperature difference.

- 15 -
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304L 304L0o 316

1205°C 16~ n75°c 23w

1150 17

1095 65 1010 a7 1095 48

2980 141 935 165 1010 I34

820 62!

815 1630 840

Note the change from infergranuler to transgranular cracking in the temperature
range of 950-1000°C.

FIG.7 MICROSTRUCTURE OF SURFACES SHOWING !
FISSURES PRODUCED IN THERMAL FATIGUE
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3l6q 347 347 o

425¢ 33~

125 48 1095 61

1005 299

}
920 411 950 603 915 1021
840 1436 840 1593
FIG. 7 CONTINUED
1
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FIG. 8 EXAMPLE OF PLASTIC FLOW

The above photomicrograph shows a cross section of the center of @
304L sample that woes cycled 621 times between 890 and 230°C
prior to failure. The steel flowed from the surrounding area into the
center bulge. This specimen was unusual in that cracks occurred on
the cool side (890°C) rather than on the flame side (1030°C).

RESULTS WITH A COMPOSITE OF STAINLESS STEEL -
COPPER -~ STAINLESS STEEL

The experiments described above indicated that type
347 stainless steel was superior to the other types of
stalnless steel. The next step was to Investigate the
posslbllity of eliminating the temperature differences.

Copper, clad with 347 stainless steel, appeared promising
in that the stainless steel would provide the corrosilon
resistance necessary for both the flame and solution sgildes,
while the middle layer of copper would minimize thermal
gradlents. Previous work by Lardge(4) with Nimonle-75 —
copper sandwiches showed greatly increased llfe over Nimonle-75

" -alone.

Unsuccessful attempts were made to acqulre 347 stainless-
steel~-clad copper whose total thickness was identical to the
cther samples used. However, 310-clad copper and 304-clad
copper with total thicknesses of 0.080 and 0.078 inch,
respectively, were obtalned. The stalnless-copper~stainless
ratio was 25-50-25 in each case, whereas a 45-10-U45 patio
would have been better from the standpoint of high temperature
strength for denltration service.

Tests were attempted, but a few cycles showed that the
copper conducted the heat over the entlre plate sc well that
the stresses due to temperature differences were negllglble.
In other words the copper was so effectlve 1n 1ts function
that thermal fatigue fallure was virtually Imposslble. From
the mechanlcal standpoint, the as~fabricated copper-stalnless
bond 1s strong and uniform. Furthermore, the coefficlent of
thermal expansion for copper is 17.5 x 107 %/°C, almost iden-
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tical with the 16.6 x 107%/°C value of 347, thereby minimizing
the small thermal stresses across the bond zone that would
occur 1In nermal operations.

The cne point that could cause difficulty 1s the mutual
diffusion of copper and stalnless steel to form a brittle
Interface. In order tc evaluate thls possibility, two
50-day diffusion tests were run, one at 850°C and the other
at 600°C. In both cases the samples were bent at room
temperature after test to a radlus no greater than flve
times the thickness, and were metallographically examined
for failure. No cracks were found and all material was
intact. In the 8509% run, a diffusion zone of 0.005 inch
wag noted In the stainless gteel whereas only a trace wasg
seen for the 600°C run (Filgures %9a and b). The results
from thege diffuslon tests indicate that intermetallic
compound fermation is of minor importance for relatively
long service.

In addition to longer life, another advantage would
be gained from the copper-stainless bottom. The heat input
to the vegsels 1ls determined by a temperature-~sensing device
located on the bottom, and if a hot spot develops at this
locatlon, the heat lnput is decreased, regsulting in a long
cycle time. By equalizing the temperature of the vessel
bottom, more uniform time cycles could be expected.

400X

NEG. A84%2

FIG. 90 COPPER - STAINLESS STEEL DIFFUSION AFTER 50 DAYS AT 600°C
Only a trace of @ diffusion zone is noted at the interfuce. The type 310 stainless
steel is heavily sensitized and the boundaries of large copper grains are apparent.
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NEG. 48413

FIG. 9b

400X

COPPER - STAINLESS STEEL DIFFUSION AFTER 50 DAYS AT 855°C
The diffusion zone is far more pronounced than at 600°C. This sample was very
lightly etched with oxalic acid in order to acecentuate the diffusion zone with the
resuit that the grain boundaries of the 310 stainless steel are only vaguely
visible. The rapidly attacked sigma phase in the steel is plainly visible.
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APPENDIX
MECHANISM OF THERMAL FATIGUE

In the heating of an unrestrained bar (Figure 10), the
bar is at a low temperature, T,;, 1In the 1nitlal state,
(Figure 10a). When the bar is uniformly heated to a hilgher
temperature, T, (Flgure 10b), the length increases by AL
as determined by the cocefflclent of thermal expansion, K,
and the temperature difference, T,-T,, and the original
length, L, as shown in the following equation:

AL = L(T,~T;}K (1)

In Pigure 10c, the bar has been uniformly cooled to T;.
Since no restraint was imposed con the bar, no stresses,
elastic or plastic, were produced. On completion of a
cycle, no change has occurred. The high temperatures must
be such that no melting or weakenlng cccurred to cause
saggling of the bar under its own welght; no other restric-
ticons on temperature are specifiled.

1
a —I ot T|
-——I Al
b L at T, where T, >T,
=044
¢ L —l at T; again

FIG. 10 CASE OF THE UNRESTRAINED AND UNIFORMLY HEATED BAR

In the situation in which the bar 1s restrailned from
expanding or contracting (Figure 11), the difference between
the maximum and minimum temperature is of importance. If
the bar is heated from its initial temperature of T,, 1%t
attempts to expand along its length (and dlameter) by the
amount determined by equation 1. The expansion is resigted,
however, and a compresslve stress 1s produced that hasg a
magnltude sufficient to produce a decrease in length identlcal
to the increase due to thermal expanslon. Since the net
length change 1s zero, the two effects are equal as long as

Anvils ks Anvils
2

NAANNNN

.

FIG. 11 CASE OF THE RESTRAINED BAR
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the stress remains below the yield stress (l.e., only elastic
behavior is encountered).

AL = 0 = L(T,-T;)K - {S/E)L (2)
or
S = (T,~T,)KE
where

gtress

]
I

e
1

Young's modulus

The stress-strain dilagram for this example is shown in
Pigure 12. '

Tensile Stress

¥$ =Elastic Strain
ot Yield Point

i e e
Compressive Strain Tansile Stroin

TI
/:/ Compresslive Stress

-------- - Yield Point

[T

FIG. 12 STRES5-STRAIN DIAGRAM FOR THE CASE OF ELASTIC
DEFORMATION DUE TO THERMAL CYCLING |

This figure shows the stress-strain relationship when the compressive
stresses induced by the heating from T, to T, remain in the region
of compressive elastic stress. Note that strain could be reploced by

temperature since strain is defined by AL/L and in this cose AL is
directly proportional to (TZ'T1)'

If the yield stress 1is substituted (8 = 30,000 psi),
and the appropriate values of E and K are used
(E = 29 x 10® psi, K = 16.6 x 107%/°C) for stainless
steel, a AT of 62.4°C is obtained. The significance of
this temperature difference, ATE, is that below a differ-
ence of 62.4°C all stresses are elastic and no permanent
deformation occurs on cyclling.

In Figure 13 the path of the stress-strain (or tempera-
ture) diagram is plotted for the case where the temperature
difference, AT, exceeds ATE, but not 2ATp. Initially on '
heating, the same path ls traced as before, starting from
the origin A, but this time the elastlc limit 1s reached.
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At this point the stress
remaina constant while the
gtraln continues to increase

to the value determined by the
upper temperature, T,. In this
example the metal 1s assumed

to be ideal in that no work
hardening occurs ln the

plastic reglon, no Bausch-
inger(b) effect i3 noted, and
no ecreep occurs at any temper-
ature. On coollng, the path
follows CD, whiech represents
completely elastlic straln,
8lnce the process proceeds from
region 1nto the tenslle elastic
the yleld stress. A repetition
follow path CD only, and purely
Plastic behavior is encountered

ofT,

2YS v;’ &
T
7
{
A
! 1
1
' |

___f’l.c o T TmanT Yield Point

FIG. 13 STRESS-STRAIN DIAGRAM
FOR THE CASE WHERE AT IS
GREATER THAN AT, AND LESS
THAN 2AT,

the compresslve elastic
reglon at stresses less than
of the temperature cycle will
elastic behavior occurs.

only on the firat cycle. The

fatigue 1life of metals subJected to thermal fluctuatlons such
as described in the first two examples would be very long.

In the final example, Figure 1l4a, the temperature
difference exceeds EATE. The path followed on the flrst
cycle starts at A, and the sample 1s elastlically compressed
to point B and then flows plastlcally to polnt C, corres-

ponding tco the hilgh temperature

T,. Cooling atarts and the

elastlic region 1s traversed from C to D, and plastic flow
occurs agaln from D to E. Repetition of the c¢ycle 1s shown
in Figure 14b. Both tensile and compreasive plastic flow
occur con each cycle; fatigue iife 1s limited in this cir-

cumsgtance.

T
{ ! Tensile yield stross

- Compressive yield stress

a. First cycle

T Tensile yield stress

r Comprassive yield stress

b. Repetitive cycles

FIG. 14 STRESS-STRAIN DIAGRAM FOR THE CASE WHERE AT EXCEEDS 2ATg

In the example described in Figure 14, plastic flow
occurred in both directions, but this 1s not to say the

gpecimen will maintain the same

ghape cycle after cycle. In
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real bars, deformation would cccur by buckling, and the bars
would never attaln thelr strailght shape again. Where
constant loads, compressive or tenslle, are applied through-
cut the cycle, such a8 1in pressure vesgels, one type of
plastic flow will be opposed, and the other increased. The
net result is a "ratchet effect!, which produces rapid
permanent deformation.
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