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TECHNICAL NOTE 2037

RESISTANCE OF SIX CAST HIGE-TEMFERATURE ALLOYS
TO CRACKING CAUSED BY THERMAL SHOCK

By M. J. Whitman, R. W. Hall, and C. Yaker

SUMMARY

An Investlgation was undertaken to determine the relative
reslstance of six cast high-temperature alloys to cracking cauvsed
by thermal shock. The thermesl-shock evaluation unit utilized a
controlled water quench of the symmetrical edge of & uniformly
heated, modified wedge-shaped specimen. The specimens were heabted
at a uniform temperature of 1750° F for 1 hour and waber quenched
at 45° F. This cycle was repeated until thermal-shock failure
occurred, The order of decreasing resistance to thermel-shock
cracking of the alloys was S-816, S-590, Vitalllum, 422-18, X-40,
and Stellite 6.

The heating-and-gquenching cycle produced elongation of the
guenched edge. Measurements of these deformations were made during
the cyclic tests. The total elongation of the guenched edge at
failure was found to increase with the resistance of the materiel
to thermal shock. In this investlgation, materials having similar
thermal propertles, such as coefflcient of linear expansion, con-
ductivity, and specific heat, were shown to have widely differing
resistences to thermal shock. Metallurgical examination of the
alloy structure and study of the nature of crack propagation
yielded no corrselation between structurel characteristics and
resistance to cracklng caused by thermal shock.

An analysis of the manner in which the thermal-shock crack
formed and progressed into the specimen and an examinetion of
avalleble data on the notch impact strength of cast high-temperature
alloys indicated thet there might be & relation between notch
impact strength and resistance to cracking caused by thermal shock.
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INTRODUCTION

The operating conditions of aircraft gas turblnes subject
certaln components to large and sudden temperature gradients, which
result in thermal stresses that are, in some cases, elther a prime
or contributing cause of component fallure. For example, ges-
turbine blades are sublected to thermal stresses when the engine
is started, accelerated, decelerated, or stopped. Rapid cooling
of the turblne-blade edges during deceleration and stoppling causes
contraction of these thin sectlions. This contraction 1s resisted
by the adjacent hotter metal and as & result the cooler sdges are
subjected to sudden tensile stresses. Rapid heating produces com-
pressive stresses in the same areas,

Observations made at the NACA Lewls laboratory Iniicate that
certain gas-turbine components fail in tension as & result of
thermal stresses or fall after cracks have been caused by these
stresgses. These obmservations indicate that one criterion in
selecting a high-temperature turbine materlal may be 1lts ability
to withstand tensile stresses produced, by sudden loocsllzed cooling
from -an elevated temperature.

Previous laboratory evaluatlions of alloys for high-temperature
use In Jet englnes have consisted in determining stress-rupture,
creep, Tatlgue, and corrosion-resistant properties. The Ffew
attempts that have been mede to appralse the thermal-shock resist-
ance of heat-resistant alloys have generslly been of a qualitatlve
neture. An exlgency exists for a standard means of evaluating the
susceptibility of gas-turbine materials to cracking caused by
thermal shock.

The primary purpose of the investigation reported hereln was
to evaluate the relative resistance of six hlgh-temperature alloyas
to thermal-shock cracking, which hereinafter is called thermal
cracking.

The thermal properties, coefficlent of linear expansion,
thermal conductivity, and specific healt, have been accepted as
factors relevant to the abllity of mabterlals to resist thermal
shock (references 1 and 2). Experimental evaluation of thermel-
shock resistance should meke posslble a comparison of the relative
importance of thermal and mechanical properties in dstermining
thermal-cracking resistance of alloys. Impact strength as well ag
bensile propertles are considered because the manner in which the
temperature gradient 1s induced results in rates of loading con-
slderably greater than those encountered in normal tensile tests.
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. The six cast alloys investigated, S-816, $5-590, Vitalllum,
422-19, X-40, and Stellite 6, have been used or consldered for use
in gas-turbine and other high-temperature applications. The alloy
specimens were uniformly heated to 1750° F and then stressed by
producing a thermal gradient with a controlled water quench at 45° P,
Both specimen cracking and deformetion produced by thermal shock
were investigated.

Metallurgical examinations of the alloys before and after
thermal-shock cycling were mede to determine the manmer of propa-
gation of the cracks and the effect of the shock cycle on the
structure of the alloys.

APPARATUS AND PROCEDURE

Resistance to thermal cracking was determined for the follow-
ing cast alloys: S-816, 8-590, Vitallium, 422-19, X-40, and
Stellite 6. The compositions of these alloys, as determined from
chemical analysis of test specimens that hed failed, are glven in
table I. All specimens used in this investigation were cast at
this laboratory. The shape and the dimensions of the specimens
selected are shown in figure 1. This design was chosen In order
to provide a concentration of thermal stresses during the cooling
or quenching phase of the cycle. Quenching only theé symmetrical
edge of the specimen produces & large temperature gradient between
this edge and the unguenched base of the spscimen. The thermal
stresses resulting from the temperature gradient are largest in
the small cross-sectional area of the quenched edge. This edge 1s
therefore most likely to crack., A finite edge width of 1/32 inch
was selected in preference to & knife edge principally to minimize
the effect oxidation might contribute to fallure of the edge.

The quenching apparatus (fig. 2) was so designed that the
narrow eige of the specimen was quenched in a stream of water, the
Plow rate and temperature of which were controllable. In order to
minimize lLeat conduction from the specimen to the holder during
quenching, the specimen was supported in such a menner that line
contact was established between the holder and the two curved sides
of the specimen (inset, fig. 2)}. Vertical sdjustment of the speci-
men holder was provided by four machine screws, which also served
as rigid supports for the holder. Misalinement of the specimen
with the holder was negliglble.
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The essentlal features of the flow system through which the
quenching water flows are also shown in figure 2., Tap water enters
at the base of the gquenching tark, passes through & coollng coil,
and enters the bage of the quenching trough. A horizontal baffle
above the water inlet eliminates turbulence and assures a uniform
overflow of water along the entire length of the trough. The
guenching trough 18 equipped with a drain at each end; thess drain-
age lines are closed during the quenching operation.

The flow rate of the gquenching water is controlled by a
pressure-regulating valve placed 1ln the inlet line of the gquenching
tenk. The flow rate ls measured by closing the valve in the
guenching-trough drain and msasuring the rate of flow of water
from the sampling tube. The flow rate selected for the guench was
the highest at which the level of water above the edge of the trough
was uniform. EHigher flow rates resulted in an uneven or bubbling
flow of water from the trough. The level of the specimen holder
was go adjusted that the symmetrical edge of the speclmen Just
contacted the water.

Temperature of the quenching water was controlled by malintaln-
ing a constant temperature in the bath in which the cooling coll
is located. The temperasture of the bath was adjusted by adding
solid carbon dloxlde ss required.

The specimens, placed in V-gshaped grooves notched in a soft
refractory brick resting on the hearth of the furnace, were heated
in a small wire-wound resistance furnace. Speclal tongs, which
gripped only the base edges of the specimen, were used to transfer
the specimens from furnace to quenching trough.

Selectlon of experimental conditions to be used in the thermal~
shock cycles was based on consideration of the following objectives:

l. Simulation, as nearly as possible, of conditions that might
be encountered in aircraft-engine components

2. Attaimment of conditions sufficlently severe to insure
failure within a reasonable time period

3. Avoidence of high furnace temperatures in ordur to prevent
excessive oxldatlon and changes in the microstrucbure of the alloys

On the basis of these conslderations, & furnace temperature of
1750° ¥ was chosen for the heating cycle. Temperatures in this
range may be enhcountered for short perlods of time in gas-turbine

1224
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blades during acceleration. An inert atmosphere was not used in
the furnace, which further simuleted engine operating conditions.
In the procedure developed, the speclimen was held at a furnace
tempersture of 1750° F for 1 hour to insure temperature equilibrium
throughout the specimen. At the end of thils perlod, the specimen
wes gripped in the special tongs and transferred to the speclmen
holder. The quenching-trough drain valve was immedlately closed,
ceusing the water to rise over the edges of the trough onto the
nerrow edge of the specimen. The temperature of the quenching
water was controlled at 450 +2° F and the flow rate at 680 +£10 cubic
centimeters per minute.

When the specimen was cool, 1t wes removed from the holder,
the oxide film was carefully removed from the narrow edge, and this
edge was microscoplcally examined for crdacks. Because crack propa=-
gation was not identical for all the alloys, an arbitrary criterion
for fallure was defined as presence of an opening that extended
across the entire width of the quenched edge. In some specimens
cracks progressed slowly across the width of the edge, whereas in
others cracks extended across the entire width as soon as they
originated. Cycling of the specimens was continued after fallure,
as defined, to Investigate deformation resulting from thermal
cycling. The number of complete cracks present after each quench
cycle was observed.

In addition to causing cracking, thermal stresses caused warp-
ing of the test specimens (fig. 3). In order to determine relative
resistance of the various alloys to such deformation, measurements
of the distortion were made after every two shock cycles. Dis~
tortion was determined by measuring the height of the segment
formed by the base of the specimen and the line connecting its end
points. Such measurements were made on an optical comparabtor to
an accuracy of 0.0001 inch. Percentage elongation was calculated
from the measured deformation at the time the first complete crack
appeared.

If thermal dlffusivity of alloys is to be calculated, the
specific heat must be known. Because speciflc-heat values for the
alloys investigated were unavailable, diffusivity valiies at 300° F
were experimentally determined using the method of Forbes (refer-
ence 3)., Validity of the method was ckecked using oxygen-free high-
conductivity copper, SAER 1020 steel, and 347 stainless steel.

Values of diffusivity computed from the menufacturers' data for
these materials were higher than the experimentally determined
values by 8.0 percent for the copper, 2.4 percent for the 1020 steel,
and 6.5 percent for the 347 stainless steel. The error in
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experimentally determined diffusivity values is not only consistent
but less than the percentage variation in reported values for
coefficient of lineasr expansion. Inasmuch a8 the values of both
diffusivity and coefficlent of linear expansion are used in one
equation, which relates physical propertles to resistance to
thermal cracking, the accuracy of the results obtained from the
equation will not be lmpailred because of the errors in diffusivity.

Upon completion of the thermal-cracking experiments, a metal-
lurgical exemination of the failled specimens was made. The speci-
mens were sectioned and examined using standard metallographlc
procedures. In particular, studles were made of graln size,
location of cracks with respect to grain boundaries, and changes
in microgtructure resulting from repeated heating and cooling.

RESULIS

A tabulation of cycles to failure for all the specimens
observed 1s presented in teble II in order of decreasing resist-
ance of the alloys to thermel cracking. Figure 4 presents the
deformations of the varlous materlals through successlive cycles
and figure 5 presents a comparison of the thermal-shock defor-
mation characteristics of the six alloye. The deformation per
cycle was found to decresse wlth successlve shock cycles and to
vary conglderably among the alloys.

The cracks form as the result of tensile stresses applied at
a very high rate of loading durlng the gquench portion of the cycle.
The cracks originate at an edge of the quenched surface and pro-
gress acrogs the surface wlth repeated cycling. The number of
cycles before cracking starts ls greater and the rate of crack
progression is smaller for the materilals having superior resistance
to thermel cracking.

Metallographlc exemination after cycling revealed that the
specimens all had approximetely the same grain slze - varying
from a coarse size of 100 per square inch at the center of the
specimen to 1600 per square inch at the guenched edge. Although
gome evidence was found iIndicating that in certain Instances a
crack initiated at a grain boundary, the cracks were predominantly
transcrystalline in thelr propagation (fig. 6). In general, the
structures of the various materials were similar, conslsting of
complex carbides in a solid-solution metrix with varylng amounts
of aging preclpitate.

L]
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DISCUSSION OF RESULTS

With the apparatus and the evaluation procedure developed
during thils investigation, the resistance to thermal cracking of
heat-resistant alloys may be determined. The procedure facilitates
obtaining the following: :

1. Good reproducibility of date resultlng from easily controlled
conditions

2. A large varlation In cycles to failure for different alloys
permitting ready determination of relative resistance to thermal
cracking

3. Deformation data that can be used for correlation with
thermal and physical properties

The composite curves of deformation (fig. 5) give an indi-
cation of the relative reslstance of the alloys to distortion caused
by thermal stressesa. The behavlior of the materiels is conslderebly
different: S-590 and S-816 show the most deformation per shock
cycle, Vitallium and 422-19 an lntermedlate amount, and X-40 and
Stellite 6 the least. Although alloy 422-19 has a deformation
megnitude simllar to that of Vitallium, the average number of cycles
to fallure for 422-192 is about the same as for X-40. The curves
are nonlinear for all the materials and indicate that initial shock
cycles cause more deformation than ensuing shock cycles. A possible
explanation of the concevity of the curves ls that the yield point
of a metal 1is ralsed by the strain hardening that results from
applied thermal stress. TUpon repetition of the seme thermal stress,
less plastic flow would be expected in the metal hecause it then
hes a higher yield point. The l-hour heating period at 1750° F
during each shock cycle may, however, anneal an appreclable portion
of the strain herdening. After a few cycles, X-40 and Stellite 6
suddenly falled and did not appreciably deform when subjected to
additional cycles, probebly indicating that further application of
the thermal stresses resulted in extension of the fracture without
further plastlc deformation.

Actual selongetion of the narrow edge at time of fellure was
calculated from the deformation measurements. In calculating the
elongation, the specimen was assumed to be warped as an arc of a
circle. Thils assumption was Justified by comparisons of the curva-
ture of vhe specimens on an optlcal comparator ageinst a circle of
sultable radius. Calculations of tobtal elongation at the surface
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of the narrow edge at fallure showed that the elongation was in all
cages less than would have been expected in a room-temperature
tensile teat. This apparent lowering of dmctility may resullt from
the higher rate of loading of the thermal-shock cycles.

From an examination of figure 7, the materials that show the
greatest elongation at fallure also resist the greatest number of
cycles before failure, indicating that a relatlon exists between
shock ductility (the ability to deform under sudden loads) and
resistance to thermel cracking.

The factors that may contribute to the thermal-cracking
reslstance of a material may be divided into two classes: thermal
end mechanical properties. In a previous investigation (reference 1)
of the effects of a temperature gradiient resulting from the sudden
cooling of a uniformly heeted body, the equation

0 = My dt = XK (1)

was developed from the asssumption that 4t/dx © 1/h and from the
equation E = stress/strain.

The symbols used in equation (1) and the subsequent discussion
are defined as follows:

¢ heat capacity, (Btu/(1b)(°F))

dt/dx thermal gradient

E Young's modulus, (1b/sg in.)
Ey ductility modulus, (1b/sq in.)
w2

d1ffusivity, Ec? (sq £t/br)
5 .
K constant

thermal conductivity, (Btu/(ur)(sq £t)(°F/£t))

n number of cycles to fallure
J:'2 coefficient of determination
8 tendency to breask
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t temperature, (CF)
x distance from surface, (in.)
o coefficient of linear expansion, ((in./in.)/°F)
) density, (1b/cu £t)
elongation at time of failure (breaking strain), (in./in.)
o stress, (1b/sq in.)
a, breaking stress, (1b/eq in.)

For nonductile materials that break without appreciable
plastic deformation, the equation ¢, = EZ, was combined with

equation (1) in the following manner:

_EKdx _ -
02.___2_ de_.zg S (2)

In the investigation reported in reference 1, a correlation was
found to exist between S and “/hzb for a mumber of ceramic
bodles. The same equation c¢an be considered to apply to materials
that show some plastlc ductility before fallure from thermal shock
if the convention of "ductility modulus™ (reference 4) is used.

This convention states that the ductility modulus E; 1s equal to
ultimate stress divided by breaking strain. The parsmeter a./hZ

consists of a thermal property factor a/h and a mechanilcal
factor 1/%, . Figure 7 is & plot on log-log coordinates of 175
agalnst cycles to fallure for the six cast alloys and figure 8 ig
a similar plot of o/hZy against cycles to faflure. From these
two figures, using sta.nd.ard statistical methods (reference 5), the
lines of regression were computed and plotied, and the coefficients
of determination were calculated. The coefficlent of determination

r2 1s a measure of the varlance in one of two variables that is
agscclated with the relation between the two variables. A value of
r2 of 1.00 indicates perfect asssocclation of ome va.r:l%ble with
another. It was found that for n against 1/2 , ¥ = 0.953 and
for n against a,/hZ‘.b, = 0.963. This approach to unity in

values of r2 indicates that in both cases & straight-line plot
on a log-log scale of n against either 1/%  or ao/hl, 1s
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Justifiable. The agreement also indicates very little improvement
in correlation between n and l/Zb with the introduction of the

thermal factor o/h %o the independent variable.

Tt may therefore be concluded that knowledge of the thermal
properties, coefficient of linear expansion, thermal conductivity,
and specific heat is unnecessary in determining the relative
thermel-cracking resistance of the alloys. A plot of 1/34

against n (flg. 7) defines with a high degree of accuracy the
resistance to thermal cracking. The vaelues of h and o used and
the source of the a values are listed in table III.  For quallta-
tive comparison, equations were developed from the data in tables II
and III for cycles to fallure as a function of the reclprocal of
the elongation at failure and of the thermal constant a/h times
the reciprocal of elongation at fallure. The equations, as deter-
mined by the method of least sguares, are

-1.318

4198 (%)

B
"

and

-1.370
0.002 [,
BE,

Although the magnitude of the stresses causing fallure of these
specimens is unknown, a qualitative explanation of crack formation
and progression may be postulated. When the edge is suddenly
gquenched, it tends to contract rapidly. This contraction is
restrained by the thicker portion of the specimen, which is still
at an elevated temperature. The stresses set up by these opposing
forces exceed the yleld point of the materlal and plastic flow of
the narrow edge results. Although the hotter metal underlying the
narrow edge haes a lower yield point, the stresses are not so con-
centreted in this reglon becauvse of the larger cross-sectlonal ares.
Plastic flow of the nearrow edge tends to relieve the stresses in
this edge but leaves it elongated. As the rest of the specimen
cools, 1t contracts in an attempt to attaln its originel size, but
this contraction is restrained by the elongated narrow edge and
the specimen warps. If the stresses in the quenched edge exceed
the ultimate strength at the temperature of the edge, cracking
will result. In most ceses, cracks started at the Intersections

o
L
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of the guenched surface and the curved faces of the specimen and
worked gredually across the face of the edge during successive
cycles. Various stages of this process are apparent in figure 9.

The greatest rate of cooling and therefore the most drastic
shock conditlons are found along the intersections of the guenched
surface and the curved faces of the specimen. This factor com-
bined with the presence of very small rough spots s nicks, and other
flaws that can act as stress raisers results in the formation of
small cracks at these corners. With repeated cycling, these cracks
become larger until they progress completely across the quenched
edge (fig. 9).

When the relatlon between the thermal-cracking resistance and
the mechanical properties of a material is considered, it is neces-
sary first to analyze the nature of the stress effecte produced in
the thermal shock. The sudden production of a temperature gradient
in a material rapldly produces high stresses. The rate at which
these stresses are produced 1s much higher than those encountered
in normal tensile-testing procedures. The thermal stresses so pro-
duced cause rapid deformation and final failure by cracking. The
neture of the crack propagation in thils Investigetlon was such
that after the cracks began, the stressed edge of the material can
be considered notched. The thermal-shock evaluatlon therefore con-
s8ists of repeated rapid applications of load, which produce stresses
that are increased by & notch effect as the specimens sapproach
failure.

Because the nature of the thermal-shock cycle is such that the
edge 1is near bath temperature while the heavy portion of the spsci-
men is near furnace temperature, 1t may be postulated that the
fallure of the edge occurs at approximastely room temperaturs. If
this assumpbtion is correct, 1t would be expected that & room-
temperature test that approximates the stress conditions in
thermal shock could be correlated with the thermal-crecking resist-
ance of & material. Of all the room-temperature tests, the impact
test most nearly resembles the thermal-shock test because of the
high rate of loeding and presence of the notch effect. The impact
test should therefore yleld data that can be related to thermal-
cracking resistance. Tables II and IIT indicate that, in general,
the alloys wlth the highest impact strength are those that have
the greatest thermsl-cracking resistance. The impact strength of
an alloy mey therefore be some indicabion of its thermal-cracking
resistance.
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The results of the metallurgical examination Indicated that
the alloys were gimilar in grain size. All the alloys aged during
heating, the amount of precipltation increasing with increased
time at temperature. The cracks were generally transcrystalline
in propagation and it therefore appears that grain size is an
unimportant factor in determining thermal-cracking resistance.
Perhaps the most probable reason for the differences among samples
of each alloy 1ls the random orientation that is present in cast
coarse-~grained alloys of this type. Because all the alloys are
gimilar in their structural behavior, the order of merit obtained
in this investigation might apply at lower evaluation bemperatures,
that is, only the magnitude (number of cycles to fallure) of the
. thermal-cracking resistance of each alloy would change with tem-

perature. .

SUMMARY OF RESULTS

An investigation was conducted to determine the relative
resistance of six cast heat-resisting alloys to thermal cracking
caused by repeated thermal stresses.

The order of decreasing resistance to thermal cracking of
specially designed alloy specimens was S-816, S5-590, Vitallium,
422-19, X-40, and Stellite 6. The materials with the greater shock
ductility (the ability to deform under sudden loeds) survived the
greater number of shock cycles. Too few data, however, were avall-
able for accurate guantitative statement of the relation.

Materials having similar thermal properties (coefficient of
linear expansion, thermal conductivity, and specific heat) were
shown to have widely different resistances to thermal shock.

Metallurgical examination of the alloy structures and a study
of the nature of crack propagation led to the conclusion that
gtructural characteristiocs of the alloys were insignificant in
defining resistance to thermal cracking.

The limited evalleble date on notch impact strength of cest
high-temperature alloys indicated a possible relation between notch
Impact strength and resistance to thermal cracking.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, July 22, 1949.

[ 4
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TABLE I - COMPOSITION OF ALLOY SPECIMENS AS DETERMINED
BY CHEMICAIL ANALYSES

Alloy c Cr N1 Co Mo | W Cb | Fe iS1
S-816 0.30(18.06{20.80(43.80/4.07|5.74 |3.51| 2.72| ===
S5-590 .31|19.17|20.32 |19.65(4.27|3.82 )3.80|25,39] ===
Vitallium | .3 |27.0 | 2.7 [6l.1 |5.8 |==e=leccs| 1,5 ===
422-19 '4 25.4 15.6 49.1 6.3 e Bt b 103 - -
X~40 5 |25.1 {11.2 |54.2 |[====|7.6 |[====| .6 {0.3
Stellite 6| .93[28.6 o5 |B2.2 |m===|0:4d jwm===]| T | 3

TABLE IT - RESISTANCE OF ALLOYS TO THERMAL CRACKING

Alloy Specimen |[Cycles to fallure

S~816 A 86,
B 104

H 105

8=590 A 34
D 34

_E 36

Vitallium D 24
W 30

422-19 i 6
Vo 6

73 8

X-40 A 7
B 6

D 7

H 7

Stellite 6 B 2
D 12

E 4

G 2

Q 2

U 2

1224
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TABLE III - PHYSICAL FROPERTIES OF ALLOYS INVESTIGATED

Alloy Coefficlent Diffusivity Tensile strength Percentage |Charpy V-notch
of 1linear [(ag £t/br) (1»/sq in.) elongation impact
expansion in 2 inches gtre

from 70° to during room- at 70° P
1600° F temperature (£5-1b)
((4n./in.) tenslle test
/°F) 70° ¥ 1200° ¥
3-816 89,0210 Po.16 ©100.0x10" <5 D:9, .7
8.53 4312.0 6.0
Bg,90
dg 4
8-590 89.20x10~8 Po.16 b,83, 2
39.22
9,20
vitallium | 98.720076] Po.z2 c101.3x10° | 271.0000° | 410 g2.9
£101.3 fag.2 cg,2
- d110,0 fg.2
422-19 dg 50076 Po.2o dog. 110 | %58.3a0°| 95.0 81,5
Tg,54 98,1 ¢59,9 °5,0
f95.1 5,0
X-40 dg, 791078 Po.19 | 3101.0)(105 d76.8x10° | 411 2.3
| #as.88 101.0 ©80.1 ©11.0
gtellite & T:B8,45x076| Po.19  [FsM0s.ax10% |B79.5.0% 2217 81y 4
d,hi0%.4 °,kg2.9 ©,87,0
a‘.Referanne 6. %7‘

brrperimentally determined abt NACA Lewls laboratory.
CReference 7.
Reference 8.
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Figure 1, = Specimen for determining resistance
to thermal cracking.
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Pigure 2, - Apperatus for gquenching thermal-shock specimens.
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Figure 3. - Specimen after repeated thermal-shock cycles.
thermal stress.
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Deformatlon, in.

T
012
.008 5O1S
<
38R X=40
Qlaals specimen
.00 =2 3
8 ——First crack A D
A N
o}
{e) X-40.
012
[u] [ ]
gaoB
ja Ji = Q oi¢
=] <
o1¢ < % A M Ala
A 44 :;A Y
- FINE & n[B Stellite 6
e olo specimen
.004
0&0 0 6B
th g 6D
S 2 o
\sng First crack a4 gg
| ] b 80
0 10 20 30 . 40 50

Thermal-shock cycle
() Stellite 6.

Flgure 4. - Concluded. Deformatlon produced in speclimens
by thermal shock.

21


http://www.abbottaerospace.com/technical-library

Deformaticn, in.

1036 P 0,039 at
~T 98,33
- syelan—
- -
- " ]
.032 —
P4 - //
-~ /
s T ]
»0R8 /..
. e /
o ]
-7 |
024 a L~
) P L~
’ /
L’ ]
s /
e
]
020 P r o /
< 1 / =
7 / Ig——— S
4 . . R —
Dlﬁ ”, ”~ P - ______,.-—— ] R ]
. L /
Vs - P L
/ / —1 -1+
A / -
/] |-
< / - //"/
a £ L | e
-q18 4 - /4- ' 11
/ - Alla
’ =T ! v
i v —— B-8lB
/ |~ -~ -=—= 3-590
- —_— Vltail!.m
- - -] — - 4R2-18
4 /e P A = *"}—' . ! —aue Xe40
z /L' O St ; - - —~ Stellite &
4 a1 - . [+ Average cycles
y A j H ! to fallure
« D04}
. . ! I
- i : | .
. B [ H : . A ——— |
l _ T 3 SR ~HacA,~
| I Lo I, i . b
[+] b p1s] 1B gc 25 30 35 40 43 50 &85 -1 -1 0
) Thermal«shook oyclas
Plgurs 6. - Composlite curvea illustrating mrogreayive deformetion of ipnnimnu with repsated thermal shook.
a * ] ]
: 221 b

44

LE0T N1 YOVUN



http://www.abbottaerospace.com/technical-library

122¢

NACA TN 2037 23

(2) S-818. Alloy matrix containing (p) S-590. Alloy matrixr containing pri-
Primaxry carbldes in pearlitic-type dis- nmary caxrbides in pearlitic-type disper-
persion plus fine precipitates. IX250. sion and fine precipitate. X150.

{c) Vitallium. General carbide pre- () 422-19. Primary carbides with heavy
cipitation and preferential precipi- agglomerated precipitate. X250.
tation along crystallographic planes. )

X250.

C- 24832
12-6-49

Figure 6. - Microstructures of alloys in vicinity of cracks. (Varying magnifications
used to reveal nature of crack propagation.) Electrolytically etched in 10-percent
hydrochloric acid in ethyl alcohol.
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(e} X-40. Primary carbldes with heavy agglomerated precipitate.
X1000.

Primary carbides with small amount of preciplitate.

(£) Stellite 6.
X50.

Figure 6. - Concluded. Microstructures of alloys in vi¢inity of oracks. (Varying megni-
fications used to reveal neture of crack propagation.} Electrolytically etched in 10-

percent hydrochloric acid in ethyl alcohol.


http://www.abbottaerospace.com/technical-library

THIS DOCUMENT PROVIDED BY THE ABBOTT AEROSPACE

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM


http://www.abbottaerospace.com/technical-library

1000
800
800
700

aoo

400

200

100
90

70
80

40

30

Reciprocal of slongetion at fallure -%;. 1/{in./1n.)

20

1224_

Specimen

3-816
3-590

Vitalllum
422-1¢
X=40
Stelllte 6

rpdboOo0

ﬂ&/

R
™~
AN

10,

8

10 20 3

Cyclea to fallure, n

0 40 50 80 80 100

200
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Flgure 9. - Quonched symmetrical edge of 8-590 specimen after 100 thermal-ghook cyclea.
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