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" Fatigue crack growth at near-threshold rates has been modeied using micro-
structurally-controlled micromechanical crack tip parameters. The model is
based on the concept of crack opening by means of local slip lines whose length
and dislocation density are controlled by the alloy microstructure. Crack tip
opening displacement, crack tip strain, and the increment of crack advance are
micromechanical parameters which depend on the number, spacing, and orientation
lof the slip lines. ) The model relates all of these prameters, and can be used to
predict the incremgnt of crack advance if the microstructure-dependent siip line
length is known./ Crack tip micromechanics information obtained using a cyclic
loading stage within the SEM is used to provide input data and correlating re-
sults for two aluminum alloys and a titanium alloy. The slip line length re-
quired (predicted) by the model was found to roughly equal the dispersoid
spacing . for the Al alloys, and the grain size in the Ti alloy.

\/Fatigue crack growth mechanisms in Ni-base superalloy single crystals were
examined as a function of crystallographic orientation, stress state and slip
character. Using compact-tension and tubular specimens, fatigue crack growth in
Mar-M200 single crystals of various crystallographic orientations was determined
in both unidirectional and multiaxial cyclic loads, at temperatures where the
slip character was either localized (25 C) or homogeneous (980 C).<TIn most
cases, subcritical crack growth at ambient temperature occurred along crystal-
lographic planes with crack deflection, branching and roughness-induced closure
present in some specimens. The apparent effects of crystallographic orientation
and stress state were shown to be the consequence of roughness-induced crack
closure. On the other hand, crack growth at 982 C under both uniaxial and mul-
tiaxial fatigue were shown to occur in a non-crystallographic manner with the
fracture surfaces generally exhibiting striations. It was shown that in the
absence of roughness-induced closure, an effective AK that accounted for mixed-
mode loading and elastic anisotropy represented the driving force for crack
growth in both uniaxial and multiaxial fatigue at ambient and elevated tempera-
tures. The crack growth rates, uniquely defined in terms of the effective
AK were independent of the applied stress state and crystallographic orienta-
tion. Furthermore, it was shown that the change in fracture mechanism from
crystaliographic cracking at 25 C to non-crystallographic cracking at 982 C was
due to the propensity for homogeneous multiple slip at the crack tip at 982 C.
The overall fatigue mechanism in Mar-M200 single crystals was examined by ex-
tending a fracture model to consider the crack-tip slip behavior that led to
cracking along crystallographic planes.
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FOREWORD

This report summarizes work carried out under a three-year program to
investigate key problems associated with the fatigue of aerospace structural
materials, and with the fatigue and fracture of advanced engine alloys. The
program was divided into two tasks, the first dealing with aluminum and
titanium airframe alloys, the second with nickel-base single crystal super-
alloys.

The structural alloy task was focused upon the questions of how fatigue
cracks actually extend, how the process can be described in micromechanical
terms, and whether it might be possiblie to incorporate the latter into a
microstructure-dependent model. Until recently, addressing the first two
questions has been virtually impossibie. However, the development of the SEM
cyclic loading stage, and an associated technique (stereoimaging strain analy-
sis) for quantifying crack tip yielding, have provided unique opportunities to
determine factors heretofore the domain of assumption and rather simple-minded
approximation. With these new capabilities, it has become possible to quan-
tify crack tip opening, strains, local stress-strain failure laws, and cyclic
microfracture development, within a region no more than a few micrometers from
the crack tip. This report describes how such observations have been used as
the basis for a physically realistic crack growth law, and how the latter has
been validated for several microstructurally-different alloys.

Ni-base single crystal alloys are attractive materials for turbine engine

applications because of dimproved creep resistance, good thermal fatigue
behavior, and high incipient melting point. These beneficial properties can
lead to more efficient turbine engines by allowing significant increases in
engine temperature and blade stress. The efficient and safe utilization of
Ni-base single crystal alloys for advanced engine applications also requires
knowledge of the crack growth response and the fundamental fracture mechanisms
of these anisotropic materials under compliex stress histories. The focus of
Task II has been to examine the effects of crystallographic orientation,
stress state, and slip character on the mode of cracking and the subcritical
crack growth resistance of a Ni-base single crystal alloy. The results of
this work have provided a better understanding of fatigue processes in Ni-base
single crystals at ambient and elevated temperatures, as well as a methodology
for correlating multiaxial fatigue crack growth.
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i':f:‘ I. INFLUENCE OF METALLURGICAL STRUCTURE UPON CRACK TIP MICROMECHANICS

A. Research Objectives

Sy 1. Define experimentally the physical basis and extent of

,f.:g crack advance 1in alloys of varying, well-characterized
A microstructure.

A 2. Determine and measure experimentally the microstructural
-,' and micromechanical elements which control subcritical
Ko crack advance.

AN

f'f':"«” 3. Incorporate microstructural and crack tip micromechanical

parameters into a quantitative, fundamentally valid crack

v growth model.

"y

g 4, Evaluate the crack growth model by using it to predict

S crack advance parameters in alloys of varying microstruc-

b0 ture and chemical makeup.

‘ B. Summary of Research Efforts

% 1. Development of a Physically Valid Crack Growth Rate Model

gl ’ Based on work [1,2] performed under the preceding AFOSR contract, it
‘ - was clear that the growth of fatigue cracks in structural alloys could be
B modeled by allowing a crack tip element to fail by a low cycle fatigue
s process. However, of the various models in the literature [3-7] which attempt
|'¢:| ) to treat crack advance in this way, all involve extensive assumptions. In
A: d brief, these models generally require as input the local cyclic crack tip
" strain, crack tip opening displacement, the relevant low cycle failure law,
the distance over which damage is accumulating, and the stress-cyclic strain
BX relationship. Usually only the latter is known; the remaining values are

assumed, as for example [5,6], that the macroscopically derived low cycle
fatigue relationship can be used to describe failure of a crack tip ligament.
However, the development under AFOSR-sponsorship of the technique of stereo-

W imaging strain analysis has permitted, for the first time, direct, quantita-
. tive measurement of localized crack tip parameters. The approach is described
n) in detail elsewhere [8,9]; it involves using photogrammetry equipment to mea-
Ak: sure displacements around the tips of cracks loaded in a servo-controlled
T cyclic loading stage [10] inside the SEM.

S

‘“f - Early in the current program, fatigue crack tip parameters in 7075-
e T651 (ingot) and 7091 (P/M) aluminum alloys were carefully characterized [11]
I using these procedures. As a result, it was found that the measured crack tip
2%' : opening displacements (CTOD), maximum strain at the crack tip (s¢_), and the
:gu crack extension increments (aa) could be correlated with the effec%ive cyclic
:53 stress intensity aK ¢ by
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) q
CTOD = CaK, .
- r
Acp = KO AKeff
_ n
= Ay dKege

where q, r, n, C, K,, and A, are constants. In addition, the crack tip low
cycle fatigue law was determined, whereby incremental failure of material re-
quired aN cycles according to

8
Ae_ AN" = ¢
p

where 8 is a constant (not necessarily equal to the macroscopic low cycle

fatigue exponent), and e_. is the cumulative critical (local) crack tip strain

when the crack extends, which corresponds to the creation of a single stria-

: tion. Extensive numerical data for all these parameters as functions of aK of £
.t were obtained, and analyzed in detail.

B
,; More importantly, the general behavior of these parameters has been
s incorporated into a model [12] for crack advance, based on the crack tip
y&- geometry shown in Figure 1. The tip is considered to deform by emitting a
R number of slip lines N(K) at an angle ¢ to the line of the crack; the higher
. J the applied stress intensity (K), the greater is the number of slip lines.
3" Direct observation [13] of crack opening and closing within the SEM verifies
P this basic process.
Eﬁﬂr Using the crack tip geometry shown in Figure 1,

\":
ﬁé, CTOD, = N(K) D b sin e
;
:‘é' where D b is the displacement per slip line. Here, Dn is the difference
A batween the number of dislocations which are emitted during the loading of a
o crack tip, and those which move back into the tip upon unloading; b is the
h ) Burgers vector. The associated crack growth increment, taken on average per-
;sﬁ pendicular to the loading, is

)

o
i = N(K)Dnb cos 6
%
niﬁ The length of the slip lines r, the number of dislocations on the
o s1ip plane D,, and the appiied stress can all be related through the mathe-
5?& matics of a dislocation pileup, whereby [14]
A

e
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Crack opening geometry induced by load L. Crack
tip opening displacement (CTOD) arises from dis-
location activity on slip lines inclined at
angle 8 to the direction of crack growth. In-
dividual slip line length is limited to rg by
microstructural obstacles.

- . .
.......




o pb=2=v)
EY . n u S

_ where v = Poissons ratio, u = the shear modulus, and r = the shear stress on
J the slip plane. Shear stress on the slip plane is determined from the cyclic
(>, stress-strain curve

: €
= )
e At Kl( 2 )
o
3 ]
:%§ where K; and n* are constants.
eay
L Combining all of these relationships, it is possible to write the
crack growth rate as
2:
>
oy N(K)C cos 8 r
A
) (EC/KO)
L-
S 1
% where C combines a number of constants given in the above equations. The
d result is a quantitative, microstructure-sensitive, micromechanical model for
' fatigue crack growth which incorporates measured crack tip parameters and
DO observed crack advance mechanisms. Evaluation can be accomplished in several
. ways, all of which involve assumptions regarding one or more of the unknown
Y (but physically defined) parameters in the model.
Wk
3,' The model is summarized in condensed form in Figure 2. Typical
;Q« crack tip strains (Ae_ corresponds to x, y = 0), the dependence of r. upon
Hes microstructure, and striations (ss = aa) are shown. These, together with the
TJ low cycle fatigue and cyclic stress-strain properties, provide analytical
f:j input. Actually, the evaluation of the model has proceeded in two ways, as
A9 shown: (I) measured CTOD, se_, Ss, and LCF and cyclic o-¢ properties, are
X § input to predict 93/dN as a Punction of oK, and the average (blocked) slip
oot band length r¢; (II) measured CTOD and ae,, LCF and cyclic g-e, and the slip
o line length r, are input to predict striation spacing and 3/dN versus oK.
o Exercise of the model in this way was one of the major efforts made during the
s research.
Ji:
o) 2. Evaluation of Model
WY
g 7 Crack tip data for evaluating the model were generated for the fol-
2% Towing alloys:
8
:2- 7075-T651 (ingot) [11]
N 7091-T7€69 (P/M) [11]
‘s Ti-6A1-4V (RA) (ingot) [16]
=
\j
oo,
K
.
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Results were obtained in both vacuum and moist air environments over a stress
intensity range of 4-12 MN/m3/2,

For the aluminum alloys, the model was used in the first way, (I,
Fig. 2), which inputs CTOD, crack tip strain and striation spacing, and out-
puts the slip distance. Optical, SEM, and transmission electron microscopy
were used to evaluate the microstructure [15]. Correlation was found between
the slip distance, derived using the model, and the mean free path between
dispersoids, for both alloys. Table 1 summarizes these results. It is clear
that the fabrication technique (ingot vs powder metallurgy), despite the at-
tendant large difference in grain size, has had little effect on the results,
a fact which further implicates dispersoid spacing as the likely controliing
metallurgical parameter.

For the titanium alloy, the model was used in the second way (II,
Fig. 2) in which CTOD, crack tip strain and the slip line length r. were
input, and the output was striation spacing. The controlling metallurgical
factor was assumed to be the alpha grain size, since this structure has no
precipitates or dispersoids. Table 2 compares the derived and measured stria-
tion spacings. The generally good agreement indicates that the alpha grain
size is very likely to be the controlling microstructural parameter.

Our assessment of these studies is that the model gives useful re-
sults, even though it is not yet possible to predict crack growth rates
without first measuring crack tip parameters. The model is, however, able to
bring together in a physically realistic way the numerous factors affecting
crack growth, and some of the microstructural parameters which influence it.
The above evaluation indicates that the main hypotheses used in the model are
roughly correct. Unfortunately, the model does not address directly the mech-
anism by which the microstructure at the tip of the crack is broken down
during the crack growth process. Rather, it treats the tiny element being
broken as a small specimen failing by low-cycle fatigue.

The experimental crack tip measurements, combined with the model,
have helped to focus further work directed at:

o analytical prediction of crack tip opening displacement
and strain

and
o the mechanism of lengthening.

3. Mechanism of Crack Advance

Dynamic observation of crack growth in the SEM loading stage has
established {17] that for near threshold conditions, (1) crack advance is
incremental and about equal to the striation spacing; (2) an increment of
growth requires a finite number of cycles; (3) striation spacing is sig-
nificantly greater than the average macroscopic crack growth rate. Further
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3% TABLE 1

. ALUMINUM ALLOYS
RN S1ip Distances Derived Using the Geometric Crack Tip Model

et S1ip Distance MFP Through
Alloy Enviromment (um) £ 2 um Dispersoids (um)

'\%I 7075-T651 Vacuum 7.2
N 3.7-5
7075-T651 Moist Air 5.0

7091 Vacuum 5.1

" 4.6-7.5
) 7091 Moist Air 6.9

>
o Ti-6A1-4V TITANIUM ALLOY

g . Striation Spacing (um)
g Enviromnment Predicted Measured

Vacuum .09 0.1 (approximate)
e Moist Air .131 0.133

A

(Y - .‘. (W) - L) , L A% 1 () . w-sq \~ L] \..- o ._.‘. .*.‘ m P -
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~ evidence for the mechanism by which the crack lengthens has been found by
'Qﬁ examining the crack tip on each loading cycle under very high resolution con-
e ditions in the SEM, using the cyclic loading stage.

SO The general process by which the crack lengthens has been deter-
A mined, and is summarized in Table 3 and Figure 3. While the crack does not
‘33 follow this pattern for every growth increment, the events listed in the table
“gf’ are most frequently observed.
!,
: The observed sequence of events accompanying growth also seems to
TN fit with the formation of striations. Nix and Flower [18] have investigated
#h, striations by using SEM and STEM on thin foils which include the fracture sur-
ﬁﬂt face. Their finding that a striation has two parts, one generating numerous
4$ dislocations and the other generating few dislocations, correlates very well
KIos with our observations of the crack growth process.
e Using the observations described above, a hypothesis (Table 4) for
;QQ\ the steps involved in the cyclic breakdown of the microstructure has been for-
hid mulated. Some aspects of this hypothesis have been verified, but others
j&z. remain to be tested. Although the hypothesis has been formulated for aluminum
& alloys, it may also be applicable to certain titanium alloy microstructures.
Y
B
{J
;:S TABLE 3
W, STEPS IN FATIGUE CRACK LENGTHENING
. (Near Threshold Stress Intensity)
T
e
i
{
.ggl Step
- 1 Through cycling, an intense zone of tensile and shear strains is
§§~ formed ahead of the crack tip.
Q"‘.
Eﬁé 2 Upon each unloading, the slip reverses (or nearly so).
0
R 3 Further cycling increases the tensile strain and CTOD, and a domi-
o nant slip line forms in the region of largest combined shear and
W0 tensile strain.
)
i\ 4 Tensile strain becomes discontinuous across the slip line, i.e.,
245 greater on one side than on the other.
B '. . -
ﬁé 5 The slip line begins to break, forming an extension to the crack.
hq' Multiple cycles may be required to increase crack length to the full
o extent of the slip line.
o
;,lsl
L A striation is formed by the above process.
%
= :
45
Wy

O U ¥y th) ]
§

- s ; AL S e AL L , A
whn ity s QNN e n, = O T A AN T 1w LTy, UM
R ARG e gl heeadaliakis otwtiniihidinte, T L KRS




STEPS IN BREAKDOWN
! OF SLIP LINE

Step ? Displocementx

"= wniogged |
: X2 X1
! Loaded
®
? =— Location of
dominant slip line V

k oy
' U
!
N — Striotio;_][
r P P
j cal2) X1
, — )=
y

Figure 3. A schematic representation of displacements in the loading direction
just ahead of the crack tip for each step in the sequence of crack
growth listed in Table 3. As shown on the right of the figure,
these steps lead to crack tip blunting, dominant slip line formation
and striation formation.
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3§ - TABLE 4

j” MICROSTRUCTURAL BREAKDOWN AT FATIGUE CRACK TIP
(Hypothesis)

Presently applicable only to aluminum alloys

K Step

.I

_ 1 Dislocations are created and move away from the sharp crack tip on
4 numerous slip planes as the cyclic load is increased.

§ 2 Dislocations move back towards the crack tip during the unloading
"t part of the cycle. S1ip is multiple, but reversibility is not per-
' fect.

b 3 Further cycling increasingly blunts the crack, tip and the strain
& just ahead of the tip increases. Slip ceases being homogeneous with
jt the creation of a dominant slip line, which forms in the region of
¢ maximum combined shear strain and tensile stress. Inhomogeneous
i flow is caused by a large increase in dislocation density in the
- highly strained region, which makes slip increasingly difficult.
K Thus, slip concentrates on only the most highly stressed line, whose
) length is controlled by the distance to a microstructural barrier,
k' or to a region of lower stress.

¥

N 4 The slip line breaks due to the large local dislocation density,
N - which decreases cohesive forces along the line, allowing the high
) tensile stresses in this region to pull the material apart. F
o

ﬂ 5 Separation along the slip line requires several cycles, and results
" in a sharp crack tip with homogeneous deformation ahead of it.

The above process forms one striation consisting of two parts:

.I
"
§ a) that due to crack tip blunting, and
K b) that due to slip line microfracture.
i
R}
t
K
)
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i&% C. Accomplishments

.

o o} A crack tip slip line model has been developed which is

X used in conjunction with micromechanical crack tip deforma-

£ tion measurements and observation to predict crack exten-

;ﬁ sion increments.

H 4

iﬁ: 0 Stereoimaging strain analysis and dynamic observation of

Ml crack tips within the SEM were used to determine the param-

" eters required for a physically correct analysis, i.e.,

ig% crack tip strain within 1 um of the crack tip, crack tip

;ﬁ; slip line angle, and the relevant low cycle fatigue failure

g?| law for the tip, for several metal alloys.

Y

! o Results of crack tip measurements for 7075-T651 ingot, 7091

] P/M, and Ti-6A1-4V ingot alloys were used as input data in

o the model.

l:'.

qk ) Crack extension increments were predicted with good accu-

ha racy; values for slip line length assumed as input parame-

A8 ters agreed well with dispersoid spacings for the Al

;‘ alloys, and with grain size for the Ti alloy.

o

%E ] Physical events involved in the two-stage (blunting-brittile

LY microfracture), multi-cycle creation of a fatigue striation

@5' - were interpreted in terms of crack tip fatigue substructure

R and associated microvoid formation.

%ﬁ D. References

;%; 1. D. L. Davidson and J. Lankford, Fatigque Mechanisms: Advances in Quanti-
$§ tative Measurement of Physical Damage, ASTM STP 811, Philadelphia, PA,
o 1983, 371.

R 2. J. Lankford and D. L. Davidson, Acta Met., 31, 1983, 1273.

ﬁg 3. D. L. Davidson and J. Lankford, Fat. Eng. Mat. Struct., 6, 1983, 241.

¢,

3 I‘Q

t 4. S. B. Chakrabortty, Fat. Eng. Mat. Struct., 2, 1979, 331.

% 5. H. W. Liu and N. Ino, Fracture 1969, Chapman and Hall Ltd, London, 1969,
o] pp. 812-823.

z‘l'

;g. 6. J. Lanteigne and J.-P. Bailon, Met. Trans. A, 12A, 1981, 455.

g; 7. A. Saxena and S. D. Antolovich, Met. Trans. A, 6A, 1975, 1809.

W

2&? 8. D. L. Davidson, Scanning Electron Microscopy/1979/11, 1979, 79.

Iy .l

by 9. D. R. Williams, D. L. Davidson, and J. Lankford, Exp. Mech., 20, 1980,

13

+

R RO SOOAOK
K .\q" ~ani‘a “'a'k A’.e“,i‘a’

WO ONOK)
NURRW G

134.

' OO0 ) ) 00D, X ORO0 P 00 S By E A eV E 0y T
y ) ] 4 ES YOO g N OGSO N ) % X0
.!c‘.h"..'.:?‘.t‘.tf‘q* "v’?"ﬂ:.‘f‘z“.h"?:‘“:‘?':"',"‘,’*l‘?h'!‘o" BB :"::.:‘f“uvu"_h“*.-"(-":‘(".!h",‘ NGO x"‘i

05
.?'s’




. -
L B

S

[ P
- - L)

-
o~

-

. w e.
-

P
-

-

e v wlt &

-

g

o

.
FENFAN b}
Rt aTa AL

10.

11.
12.
13.

14.

15.
16.
17.

18.

A Ea0) 0, U 0
.:dg?‘l'r-’:,:'ﬁtg.“t g‘\.

12

A. Nagy, J. B. Campbell, and DB. L. Davidson, Rev. Sci. Instr., 55, 1984,
778.

D. L. Davidson and J. Lankford, Fat. Eng. Mat. Struct., 7, 1984, 29.

D. L. Davidson, Acta Met., 32, 1984, 707.

J. Lankford and D. L. Davidson, Crack Length Measurement II, ed. C. J.
Beevers, EMAS, London, 1982, 79.

J. P. Hirth and J. Lothe, "Theory of Dislocations”, McGraw-Hill Publ.
Co., New York, 1968, p. 704.

D. L. Davidson and J. Lankford, Mat. Sci. Eng., 74, 1985, 189.

D. L. Davidson and J. Lankford, Met. Trans., 15A, 1984, 1931.

D. L. Davidson and J. Lankford, High-Strenqth Powder Metallurgy Aluminum
Alloys II, ed. G. J. Hildeman and M. J. Koczak, TMS-AIME, N.Y. (in
press).

K. J. Nix and H. M. Flower, Acta Met., 30, 1982, 1549.

OO O E MO M g
l’,‘\‘-'~’?.A'v"«".l3"‘\"‘w’ i"'."‘ﬂ"ﬂ"&‘".l_ ) 88




-
(3
-

ok

- -
-
o

P KA R, AP
Ox ot B LA

IS Tt LTl T <
“'v‘i‘:,“‘v‘l‘t‘!‘*— 1A ‘1.\ ‘Q,"y“_"Q“ﬁ'_..Qt.‘.. LA > .i. . . W, ¥ US.', 4%, W 4% » "' >

......

II. FRACTURE MECHANISMS IN SINGLE CRYSTAL NICKEL-BASE SUPERALLOYS

A. Research Objectives

1. Determine the influence of crystallographic orientation on
subcritical crack growth and unstable fracture.

2. Identify the relative importance of shear and normal
stresses on slip band cracking.

3. Define the role of slip character on subcritical crack
growth and unstable fracture.

4. Develop a model for prediction of fracture behavior.

B. Summary of Research Efforts

Both experimental and theoretical studies were conducted to achieve the
program objectives. The experimental efforts involved examining the fatigue
crack growth behavior of a Ni-base single crystal alloy as a function of crys-
tallographic orientation, stress state, and slip morphology. The theoretical
efforts involved examining the interactions of the crack-tip stress field and
s1ip character, and the conditions that lead to crystallographic cracking.

The material selected for study in this program was the Mar-M200 single
crystal alloy. The composition of the material in wt. pct. was: Ni-9Cr-10Co-
12.5W-1Nb-4.7A1-1.7Ti. Carbon content was less than 50 ppm. The single crys-
tals were solutionized at 1232 C for four hours and subsequently aged at 871 C
for 32 hours. The microstructure consisted of cuboidal y° in a y matrix. The
size and volume fraction of y- were 0.35 um measured on edge and 65%, respec-
tively.

1. Effect of Crystallographic Orientation on Fatigue Crack Growth

High- and low-cycle fatigue studies [1-4] of columnar-grained and
single crystal Ni-base superalloys have demonstrated that extended crystal-
lographic cracking on {111} planes, Stage I fatigue [5], can be expected at
all cyclic frequencies for temperatures up to =760 C and at even higher tem-
peratures for engine excitation frequencies [4]. To develop a fundamental
understanding of this fatigue behavior, the effects of crystallographic orien-
tation on the mode of cracking and the crack growth rate in Mar-M200 single
crystals were studied. Crack growth tests were performed on compact-tension
specimens of seven different orientations at room temperature under load-
controlled conditions. The test frequency was 20 Hz, and the applied mininum-
to-maximum stress ratio, R, was either 0.1 or 0.5.

A11 the single crystal compact-tension specimens failed on planes
which were inclined to the loading axis as well as to the width and thickness
of the specimens. Being inclined to the stress axis, the fatigue cracks were
therefore mixed-mode cracks containing Mode I, I[I, and III components. The
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stress intensity factor expression for a Mode I crack in the ASTM Standard
would not be applicable for the mixed-mode cracks. One of the contributions
of the present effort was developing K solutions for inclined cracks in
anisotropic compact-tension specimens [6]. Because of this work, it was pos-
sible to analyze the crack growth behavior and the critical stress intensities
at overload fracture [6] of Mar-M200 singie crystals, despite the complexity
of the crack geometry.

An effective stress intensity range, AKe , was developed for cor-
relating crack growth data of anisotropic materials containing mixed-mode
cracks. The effective aK, defined on the basis of the elastic strain energy
release rate, was obtained by summing the squares of individual AK components
[7,8]. Correlation of effective aK and crack growth rate of Mar-M200 single
crystals of various crystallographic orientations, shown in Fig. 1, indicated
that the crack growth rate was dependent on crystallographic orientation. At
a given aK, the highest crack growth rate was observed in the [230] orienta-
tion, while the slowest crack growth rates were observed in the [111] and
[150] oriented specimens.

Two surface analyses were used to identify the fracture planes. On
the macroscopic scale, all the single crystal specimens failed by dominant
cracks propagating on either a single {111} plane or a combination of {111}
planes, which are generally the planes of the highest or second highest re-
solved shear stress. The dominant cracks, however, also showed a significant
amount of crack branching and deflection. Fractographic analyses were per-
formed on the fractured specimens via scanning electron microscopy. The
consequence of the tortuous crack paths, as revealed by the fractographic

. studies, was that the fracture surfaces of the single crystal specimens con-
tained a substantial number of asperities or protrusions as well as black
debris which was generally associated with the asperities. The number of
fracture surface asperities, ridges, and debris varied with specimen orienta-
tion [7]. The largest amount of crack branching and black debris were ob-
served in the [111] and [150] specimens, which also manifested the Tlowest
crack growth rate at a given aK_... Auger spectroscopy was performed on both
the metallic part of the fracture surface and the black debris. The result
indicated a high oxygen-to-nickel peak ratio in the debris, which persisted
after sputtering for two minutes. This suggests that the black debris might
represent oxides formed as the result of rubbing of the fracture surface
asperities.

S The results of this research indicate that the apparent effect of crys-
i) tallographic orientation on crack growth rate can be attributed to crack
18 deflection, branching, and roughness-induced closure. The consequences of
crack branching and deflection in Mar-M200 single crystals are twofold: (1) a
direct reduction of local effective AK and the driving force for crack growth
as the result of crack deflection and branching [9], and (2) rough fracture

-:*; surfaces containing asperitites which can make contact, rub and introduce
:25 _ roughness-induced closure, and thereby cause a further reduction in the local
o driving force, i.e., the effective aK for crack growth [10]. The black debris
Fis observed on the fracture surfaces of some of the single crystals is a manifes-
Yt tation of and direct evidence for roughness-induced closure in this material.
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Mar-M200 Single Crystal
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Figure 1. Summary of crack growth rate of Mar-M200 single crystals of
various crystallographic orientations as a function of ef-
fective stress intensity range. The apparent dependence of
crack growth rate on crystallographic orientation is the
consequence of crack deflection, branching, and roughness-
induced closure.
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Yoo Qut-of-plane secondary slip, which is noncoplanar with the crack, was
JEJ identified as an important factor in the fatigue crack growth process of Mar-
: M200 and possibly other Ni-base superalloy single crystals. Significant
R effects of the out-of-plane secondary slip include: (1) the size of the out-
) of-plane secondary slip zone determines the normal stress concentration at the
Sy crack tip [11-13], and (2) decohesion of the secondary slip bands can cause
iﬁ- crack deflection, branching, and potentially roughness-induced crack closure.
o
s 2. Effect of Stress State on Cracking Along S1ip Bands
v Crack growth experiments were performed on [010] and [011] oriented
- tubular specimens at room temperature in a multiaxial, servo-controlled hy-
:E} draulic testing machine by applying combined cyclic axial loads and torques
.;\; under load-controlled conditions. Five different stress states were examined
Foy by varying the ratio of the applied shear stress range to axial stress range,
n at/bo. These stress states included pure cyclic tension (at/a0=0), fully-
reversed torsion (At/Ac==), and combined cyclic tension and torsion with at/ac
ﬁ,ﬁ ratios of 0.5, 1, and 2. In the multiaxial fatigue cases, the applied torques
QA were fully reversed at a frequency of 5 Hz, while the axial stresses were
2o applied at a frequency of 10 Hz. In all cases involving cyclic axial loads,
a9 the minimum to maximum axial stress ratio, R, was 0.1. Crack length was mea-
igﬁ sured using a replication technique.
»
‘xj’ As in the compact-tension specimens, all but one of the tubular

specimens failed on either a single {111} or a combination of {111} planes.
y The exception was an {010] oriented specimen tested under fully reversed tor-
e sion, which failed by propagating a kinked crack part of which was not on a
A slip plane. Because of mixed-mode loading, the effective aK, which as de-

g scribed earlier accounted for mixed-mode cracks and elastic anisotropy, was

>y used for correlating the crack growth data. Another added complexity was that
41{ for the inclined cracks, the normal stresses on the crack were compressive
o during part of the fatigue cycle. As a result, only the normal and shear
s stress ranges associated with the tensile portion of the fatigue cycle were
= used for computing the effective aK.

J

Figure 2 shows the correlation of the crack growth data of [010]
oriented specimens with effective aAK without accounting for elastic anisotropy
and compressive normal stress in the loading cycle. It indicates a strong de-
pendence of crack growth rate on the applied stress state with the highest
1 growth rate observed under pure tension. On the other hand, this stress state
effect is somewhat eliminated when elastic anisotropy and the compressive nor-
mal stress on the crack were accounted for in computing the effective ak.
As illustrated in Fig. 3, the crack growth rates for the ar/ac ratios of O,
0.5 and 1.0 form a small scatter band, indicating the absence of a stress
state effect. The lower crack growth rates observed at at/sc ratios of 2.0
and = indicate a stress state dependence which has been identified to arise
mainly from roughness-induced closure accompanied by the propagation of
branched or “inked cracks [8].
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Critical multiaxial crack growth experiments were conducted on
tubular specimens of five different combinations of axis and notch orientation
and at a aAt/ac ratio of unity. As shown in Fig. 4, the crack growth rates of
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}‘{ these specimens form a small scatter band which is independent of crystal-
b lographic orientation.
;'53 A very significant conclusion that can be drawn form the crack
growth results shown in Figs. 1, 3, and 4 is that in the absence of crack
N closure, effective 4K is the driving force for crack growth for both uniaxial
NN and multiaxial fatigue. The crack growth rate, uniquely defined by the &K £F
t}: parameter, is independent of the applied stress state and crysta]]ograpﬁ1t
'};3 orientation.
L 3. The Role of Slip Character in Fatigue Crack Growth
Sl
,;j The effect of slip character on crack growth was investigated by
i:i testing Mar-M200 single crystal tubular specimens at a temperature regime,
e 982 C, which is conducive to multiple and homogeneous slip. Conducted on a
oe multiaxial testing machine equipped with an induction heating unit, crack
growth tests were performed as a function of crystaliographic orientation and
L7, the applied stress state, including uniaxial and muitiaxial loading. The fre-
‘i}, quency for the uniaxial fatigue crack growth tests was 10 Hz. In the multi-
,:{j axial fatigue cases, the applied torques were fully reversed and were, with
ot one exception, in phase with the axial stress at a 10 Hz frequency. In one
- particular case, out-of-phase loading was used with the shear stress frequency '
(5 Hz) being half of that for the axial stress (10 Hz). In all cases, the
applied R ratio was 0.1. Crack length was measured using a replication tech-
nique by cooling the specimens to room temperature.
The [010}, [111] and [211] oriented single crystal specimens sub-
jected to uniaxial cyclic loading showed comparable crack growth rates at an
. equivalent AK, suggesting that the effect of crystallographic orientation on
o crack growth is, at most, minimal. In addition, the [010] and [01ll] specimens
e tested at combined tension and torsion at az/Ac ratios of 0.5 and 1 also indi-
Ao cated comparabie crack growth rates at a given effective aK. Since aK is equal
::,: to effective aK for uniaxial loading, the results imply a unique relationship
between crack growth rate and effective aK, which is indeed the case, as shown
2 in Fig. 5.
W,
.*&j Light and scanning electron microscopy were used to study the repli-
o cas of the cracked specimens and the fracture surfaces, respectively. Fatigue
j}}‘ crack growth in Mar-M200 single crystals at 982 C was generally found to occur
s in a non-crystallographic manner, i.e., the macroscopic crack planes were not |
Gl slip planes. For both unijaxial and multiaxial loading, crack growth occurred
- normal to the principal stress direction and in a direction along which ‘
T both aK:;, and AKI I vanished. Consequently, the effective aK was reduced
3 to aK, and the ra&e of crack propagation was controlled by aK, only. Futher-
by more, fatigue striations were observed on the fracture surfaces of the single
By crystal specimens, confirming that crack growth at 982 C indeed occurred by
= Stage Il fatigue [5]. The only exception was the [211] specimen which exhib-
o ited fracture surface ridges that were covered with striations.
>
Lt A significant result of this study ([14] is the demonstration that
.ﬁf cracking along crystallographic slip bands is prohibited at a temperature
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W
;:& where there is a propensity for multiple and homogeneous slip at the crack
Kt tip. As will be discussed later, this result provides a critical test of a
Ko fracture model [11-13]. Another contribution is the demonstration of the
vy potential use of the effective aK for correlating and predicting uniaxial and
multiaxial fatigue crack growth data at ambient and elevated temperatures.
Y
:' 3 4 4. Fracture Along Coplanar Slip Bands: The Coplanar Slip Model
&
g The experimental results clearly indicate that crystallographic
‘WY cracking along a single or a combination of {111} slip planes is a predominant
- fracture mode in Mar-M200 single crystals at ambient temperature. According
N to the coplanar slip model proposed by Koss and Chan [11,12]}, this fracture
iwﬁ behavior can be explained on the basis of the inability of coplanar slip to
;:& relax the normal stress components ahead of the crack, creating an elastic-
K plastic stress state which is not conducive to out-of-plane noncoplanar sec-
ey ondary slip. The coplanar slip model was extended in this research to con-
sider cracking along coplanar slip bands in the presence of cross slip. The
S result indicates that cross slip would not be effective in relaxing the normal
a stresses at the crack tip. Dictated by the crack-tip elastic singularity, the
‘r} normal stress components continue to increase up to very close to the crack
a‘ﬁ tip, and can be relaxed by out-of-plane, noncoplanar secondary slip only.
fe o) This leads to a buildup of normal stress on the coplanar slip bands, which can

2 be quite high as shown by calculations conducted in this study. Figs. 6a-c

L illustrate that for a 45° mixed Mode I and Il crack, the maximum normal
-{ii stress, oM at the secondary slip plastic zone can exceed 1.4 Oys where oy is
" the yield stress.

ey The presence of large normal and shear stresses on the coplanar slip
o bands help explain: (1) the tendency of the fatigue crack to continue propa-
e gating along the {111} plane, (2) the cleavage-like fracture appearance asso-
':i' ciated with coplanar slip band cracking, and (3) simultaneous cracking on two
o cross-slip (111} planes leading to the formation of fracture surface ridges
. observed in Mar-M200 single crystals [7,8,13].

' The theoretical efforts also identified out-of-plane noncoplanar
» slip as an important factor in controlling crack growth along coplanar slip
~¥: bands. In particular, the magnitude of the normal stress at the crack tip is
s dictated by the size of the nonplanar secondary slip plastic zone. In addi-
! :- tion, decohesion of the secondary slip planes can lead to crack branching,
A deflection and potential roughness-induced crack closure.

?:ﬁ The buildup of normal stress on the coplanar crack is obviously very
,,5? sensitive to the activation of out-of-plane noncoplanar secondary slip. There
;"H is considerable evidence in the literature which indicates that cube slip is
$~{ operative in Mar-M200 single crystals at temperatures above 800 C ([15-17].
Ty ) The effects of cube slip are to lower the apparent critical resolved shear

stress, and to produce a more isotropic deformation behavior [15,16]. Because
$ A of the increased number of slip systems in Mar-M200 single crystals at 982 C,
ﬁt* crack tip deformation is likely to be more homogeneous due to the propensity

*S for multiple slip. Under this circumstance, an incipient coplanar crack along
LW a {111} slip band is difficult to develop because any normal stress buildup on
s
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Planar Slip on (111) [I0D1]
svstem + secondary slip

to r: on (I11) [101]
ISOTROPIC STRESS FIELD

Planar Slip on (111) [IN1]
system + secondary slip

to r: on (I11) [101]
ANISOTROPIC STRESS FIELD

Planar Slip on (111) [101}
system + secondary slip

to r: on (0n1) (11n]
ANISOTROPIC STRESS FIELD

Homogeneous, multiple
glin: Von Mises criteria

Basis: #=N°, Y=0°
')-s -

Y

Stress distributions ahead of a mixed-Mode I and II
crack that is inclined at 45° to the loading axis
as a function of slip character at the crack tip.
These stress distributions were computed based on
the coplanar slip model.
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) o
ﬁ:} the coplanar slip band can be readily relaxed by noncoplanar secondary slip.
o Furthermore, dislocations on the incipient slip bands are also easily dis-
jl%. persed due to the propensity for dislocation climb at this temperature [18].
K The normal stress distribution ahead of a crack in a homogeneous, multiple
[ s1ip material, i.e., a continuum material, was calculated and shown in Fig.
k; 6d. Note that the value of the maximum normal stress, °¢Y’ for the multiple
f‘ﬂ s1ip material at the crack tip is considerably lower (0¢Y=.570Y) than that for
s': single crystals exhibiting secondary slip on an individual slip
o system (af,'Y > 1.40Y). These results suggest that the difference in the
cracking behavior observed in Mar-M200 single crystals at 25 and 982 C can be
. attributed to crack-tip slip morphology in general and the activation of
w:§ homogeneous multiple slip at 982 C in particular.
A 5 |
"': C. Accomplishments
1. The dependence of crack growth rate on crystallographic
B orientation observed in Mar-M200 single crystals was shown
I: to be an effect that arises from crack deflection, branch-
o ing, and roughness-induced crack closure.
\ o
5 2. The stress-state dependence of crack growth rate in Mar-
L) M200 single crystals was determined to arise from rough-
N ness-induced crack closure associated with the propagation
Al of branched and kinked cracks under predominantly shear
5 Toading.
s 3. An effective stress intensity range parameter was developed
. for correlating crack growth data of ansiotropic materials
Y containing mixed-mode cracks. It was shown that in the ab-
'4& sence of roughness-induced crack closure, the effective aK
'f represents the driving force for fatigue crack growth under
. ; both uniaxial and multiaxial loading at ambient and ele-
vated temperatures. The crack growth rate, uniquely de-
;{ fined by the aK ff parameter, is independent of the applied
iﬁy stress state ang crystallographic orientation.
&d
t;} 4. Crystallographic cracking along a single {111} or a com-
. bination of {111} planes was shown to be the predominant
h fracture mechanism in Mar-M200 single crystals at ambient
o temperature. This fracture mode was prohibited at an ele-
N vated temperature regime where there was propensity for
e homogeneous multipie slip.
Yo 5. A fracture model was extended to examine the conditions
i that lead to crystallographic cracking along slip bands in
9 the presence of cross and secondary slip. The results show
-y that whether or not crystallographic cracking occurs de-
Qﬁv pends on the normal stress on the incipient coplanar slip
O bands. The normal stress buildup ahead of a fatigue crack
5&. is dependent on the crack tip slip character and controlled
, by noncoplanar secondary slip.
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6. Elevated-temperature multiaxial fatigue crack growth in
Mar-M200 single crystals was shown to occur normal to the
principal stress direction and in a direction along which
both aK,, and aK vanished. @ The crack growth rate was
therefore contro{{ed by AKI only.

7. Stress intensity solutions were developed for anisotropic
compact-tension specimens containing inclined cracks.
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