Fatigue of a Glass Bead Blasted Nickel-Base Superalloy

L. H. BURCK, C. P. SULLIVAN, AND C. H. WELLS

Room temperature fatigue crack initiation and propagation in the wrought nickel-base super-
alloy Udimet 700 were investigated with electropolished and glass bead blasted material.
Cracks were found to initiate at the surface along coherent annealing twin boundaries oriented
for maximum in-plane shear stress in both the electropolished and glass bead blasted condi-
tions even though bead blasting more than doubled the fatigue strength. This increase was
found to result from an enhanced crack initiation resistance, but even more importantly from
a very pronounced retardation of early Stage 1 crack propagation by the residual compressive

surface stress induced in glass bead blasting.

THIS investigation was undertaken to evaluate the
relative and combined effects of glass bead blast in-
duced residual stress and surface cold work on the
high cycle (10° to 107 cycle) fatigue strength of the
wrought nickel-base superalloy Udimet 700. Room
temperature fatigue crack initiation and propagation
were thus studied in electropolished and in glass bead
blasted material.

EXPERIMENTAL PROCEDURE

All test specimens, except the cold swaged samples
to be described below, were machined from wrought
Udimet 700* in either the fully heat treatedf or solu-

*Nominal composition: Co, 18.5 pct; Cr, 15.0 pct; Mo, 5.0 pct; Al, 4.3 pet;
Ti, 3.3 pet; C, 0.07 pct, B, 0.03 pct; N1, balance.

+Full heat treat: 2140°F/4 hr + 1975°F/4 hr + 1550°F/24 hr + 1400°F/16 hr,
forced air cool after each step.

tionized* condition. The grain size after heat treat-

*Solutionize: 2140°F/4 hr, oil quench.

ment averaged 0.009 in. diam. Test specimens were
of three types: flat cantilever reversed bending, axial
tension, and constant moment rotating beam, Fig. 1.

In addition, one specimen with gage section dimensions
of 0.375 in. diam by 1.00 in. long was tested in axial
compression in order to determine the effect of a
compressive mean stress on fatigue crack initiation
and propagation. All testing was conducted at room
temperature.

In order to obtain a cold worked structure without
the high residual stress which accompanies glass bead
blasting, a bar of Udimet 700 was swaged at room
temperature to 47 pct reduction in area after being
solutionized and aged at 1975°F for 4 hr, as this was
the condition considered best suited for room tem-
perature swaging. Rotating beam fatigue specimens
and one tensile specimen were then machined from
this material.

All specimens were mechanically polished through
600 grit paper, electropolished, and either tested in
that condition or glass bead blasted, Fig. 2. To record
microstructural changes in surface detail during each
test, cellulose acetate surface replicas were taken at
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5% 10° cycle intervals during testing; if no fatigue
damage was noted after several million cycles, the
stress level was increased. When an active fatigue
microcrack could be positively identified, usually by
noting a change in length when compared with preced-
ing or subsequent surface replicas, failure was con-
sidered to have occurred, and the specimen was usually
run to complete fracture. In several cases the average
crack propagation rates were noted. Fatigue strength
of electropolished material was taken as the stress re-
quired to initiate a propagating crack at approximately
two million cycles. In addition to determining fatigue
strengths, some samples were cycled at higher stress
levels to determine crack propagation rate as a function
of stress amplitude
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Fig. 1—Designs of (@) cantilever bending, (b) axial stress,
and (c) rotating beam bending fatigue specimens.
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Fig. 2—Surface appearance of (a) fully heat treated wrought
Udimet 700 and (b) glass bead blasted wrought Udimet 700.

As will be discussed later, fatigue failure in glass
bead blasted material occurred in two distinct phases:
1) crack initiation and early propagation, and 2) much
faster propagation as the cracks grew out of the influ-
ence of the surface residual stress field produced by
the blasting. Although the transition from slow to fast
propagation occurred at surface crack lengths of less
than 0.010 in., the acceleration in propagation rate was
so great that this transition marked 90 to 99 pct of the
total specimen life. The fatigue strengths of glass
bead blasted material reported here represent this
transition in propagation rate since this criterion is
most analogous to that taken for nonblasted material.

The glass bead blasted samples were wet blasted
with a slurry of glass beads (0.007 to 0.011 in. diam).
Blasting intensities' ranged from 15 to 22 N Almen in-
tensity with the standard tolerance in this range being
C(5)>N Specimens were tested both as bead blasted
and bead blasted with a light (~0.0001 in.) electropolish
to facilitate metallographic examination during the
test. There was no apparent effect of this electro-
polishing on the fatigue behavior.

Slip band etching® and cellular recrystallization®”*
were both employed to determine the extent of plastic
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deformation associated with the glass bead blasted
layer. These methods yielded consistent results which
gave an average depth of about 0.002 in. for an inten-
sity of 15 N, Fig. 3.

The residual stress distribution below the surface of
a glass bead blasted strip (15 N intensity) of Udimet
700 was determined by electrolytically removing
successive layers of strained material and noting the
change in curvature of the strip,’ Fig. 4.

EXPERIMENTAL RESULTS
Electropolished

The electropolished specimens displayed a fatigue
strength of from +30 to +35 ksi in bending. The one
axial specimen tested showed complete fracture after
0.8 x10° cycles at 5 to 65 ksi tension which is consistent
with the other results. No significant difference in
fatigue strength was found between fully heat treated
and solutionized material, indicating that in these tests
fatigue strength was independent of heat treatment.

In many cases, microcracks were observed to initi-
ate at the surface along coherent annealing twin bound-

Fig. 3—Cross sections (normal to surface) of glass bead
blasted samples (15 N intensity) showing plastic deforma-
tion revealed by: (a) slip band etching and (b) cellular re-
crystallization.
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Fig. 4—Residual stress distribution resulting from glass
bead blasting to 15 N intensity.

aries inherent in the wrought material. In each in-
stance, the cracked twin boundary trace was oriented
for maximum shear stress in the surface plane, Fig. 5.
In general, no unusual microstructural features de-
tectable by light microscopy were associated with
these boundaries.

It was observed that fatigue cracks could not be
traced back to unique points of initiation. Surface
replicas taken prior to the appearance of finite length
microcracks showed no indication of cracking even
though extrapolations of the subsequent propagation
data indicated that the cracks should also have appeared
on these replicas at lengths easily resolvable in the op-
tical microscope. In addition, extrapolations of the
linear crack length vs number of cycles curves, in
some instances, indicated positive (and resolvable)
crack lengths at zero cycles, thus implying that the
cracks either initiated in finite lengths or that they
initially grew at a rate much faster than in subsequent
propagation. As these cracks always initiated along
twin boundaries with no discernible defects, preexist-
ing flaws are not believed responsible for this phe-
nomenon. With specimens cycled in bending at +40
ksi, for example, the smallest detectable cracks were
about 0.002 in. long.

The one axial specimen cycled completely in com-
pression was found to contain a microcrack along a
twin boundary after 1.0 X 10° cycles at —35 + 30 ksi, or
approximately the number of cycles needed to initiate
a Stage I microcrack at +35 £ 30 ksi.

As has been observed in other nickel-base superal-
loys,”’® room temperature high-cycle crack propaga-
tion in electropolished Udimet 700 occurred largely in
the Stage I mode. Stage I cracks generally grew along
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the entire length of the initiating twin boundaries until
encountering a grain boundary at which point they grew
into adjacent grains in a sawtooth manner, propagating
on several planes within each grain, Fig. 5. In all
cases the cracking was completely transgranular.

Surface crack length was a linear function of the
number of cycles during the Stage I portions of prop-
agation. A representative plot of crack length vs num-
ber of cycles for a cantilever bending specimen is
given as Fig. 6, and Stage I propagation rate as a
function of alternating stress (zero mean stress) is
presented in Fig. 7. The sample tested in compression
showed a constant half crack propagation rate of 3.8
X 107*° in. per cycle when cycled at —40 ksi mean
stress (—40 + 35 ksi) but when the mean stress on this
same sample was increased to zero, the propagation
rate increased to 1.0 X 10”% in. per cycle.

The fatigue zones of the fracture surfaces were
quite crystallographic with Stage I facets readily ob-
served. An unusually large facet often marked the site
of crack initiation and was usually oriented for maxi-
mum in-plane shear stress over its face. The facets

Fig. 5—Example of a twin boundary fatigue crack on the
surface of electropolished wrought Udimet 700. Stress axis
horizontal.
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Fig. 6—Propagation of a Stage I fatigue crack in electro-
polished material cycled at +35 ksi in cantilever bending.
Crack propagation rate is independent of crack length.
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Fig. 7—Stage I half crack fatigue propagation rates at vari-
ous alternating stresses in electropolished and glass bead
blasted material tested in bending. Note the large decrease
in crack propagation rate due to glass bead blasting.

often contained river lines and ‘‘cleavage’’ steps simi-
lar to those reported for another nickel-base alloy’
and, in addition, striation markings were occasionally
detected on facets somewhat removed from the initia-
tion site.

Glass Bead Blasted

The maximum 2 x 10° cycle fatigue strength obtained
with a glass bead blasted specimen was £75 ksi in re-
versed bending. The minimum strength varied greatly
with blasting coverage and will be discussed in more
detail later. An axial specimen bead blasted to 22 N
withstood 1.0 X 10° cycles at 50 + 45 ksi without damage
and failed after 4.0 X 10° cycles at 52.5 +47.5 ksi.

When viewed at 200X magnification, the surfaces of
the glass bead blasted specimens appeared quite irregu-
lar containing many gouges as well as the expected
hemispherical depressions, Fig. 2(b). Many extremely
small microcracks induced by glass bead blasting
were also noted, often occurring along the edges of
these gouge marks, Fig. 8(a). It is important to note
that none of the fatigue cracks appeared to be associ-
ated with any of these preexisting microcracks, hence
they are not of concern in determining the life of a
glass bead blasted specimen.

Careful polishing of the specimen surfaces and cross
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sections revealed the presence of fractured carbides
in the bead blasted layer, Fig. 8(b). However, as in the
case of cracks associated with gouge marks, there was
no evidence that matrix fatigue cracks initiated at
these previously fractured carbides.

Crack initiation in the glass bead blasted material,
although deferred to somewhat higher stress levels
than in the electropolished condition, was quite simi-
lar to that described for the electropolished case, i.e.,
cracks first appeared as finite sized segments along
twin boundaries oriented for maximum in-plane shear
stress. Once present, however, these small cracks
propagated at constant rates which were extremely
slow when compared to similar cracks in electro-
polished material, Fig. 7. As these cracks grew
larger, however, the propagation rates quickly ap-
proached those observed in electropolished material,
Fig. 9.

The specimens machined from the cold swaged ma-
terial showed no significant improvement in fatigue
strength or crack propagation behavior over electro-
polished material even though the 0.2 pct yield stress
was increased from about 130 ksi before swaging to

()

Fig. 8—(a) Polished surface of bead blasted sample showing
a blasting induced microcrack, (b) cross section of sample
showing a carbide particle fractured by glass bead blasting.
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260 ksi afterwards and the hardness was increased
from R¢ 35 to R 48.

DISCUSSION

Electropolished

The initiation of fatigue cracks along twin bound-
aries has been reported for other fcc metals,® and a
similar effect has been observed in wrought Udimet
700 subjected to low-cycle fatigue at temperatures up
to 1000°F.° It has been suggested that noncoherent
steps in the twin boundaries of OFHC copper act as
dislocation sources during fatigue cycling and that
when twin boundaries are parallel to the operating
slip planes, these steps produce sufficient stress con-
centration to initiate fatigne cracks.? In the case of
nickel-base superalloys, a lack of precipitate along
the coherent twin boundaries may result in a lower
critical resolved shear stress at these locations.'®

As previously noted, all specimens showed constant
crack growth rates at a given stress range during the
Stage I portions of propagation. Since cracks always
initiated preferentially on planes of maximum in-plane
shear stress, it is reasoned that they propagate more
readily in mode II (in-plane shear) than in mode III
(antiplane shear), Cracks oriented for maximum shear
stress in the surface plane would then grow faster
along the surface than into the specimen and would as-
sume semielliptical profiles, as reported for alumi-
num single crystals which also showed constant Stage
I propagation rates.'' The propagation rates of such
cracks, as measured on the specimen surface, is then
dependent on the range of stress intensity factor AKyy
which, in turn, is a function mainly of crack depth, not
length, for elliptical cracks.'? Since the propagation
rates of through thickness cracks in this material
have been shown to be proportional to AKYi*, the con-
stant propagation rates observed here imply that AKyp
at the crack tip (major semiaxis) remains constant as
the surface length of the crack increases. One would
then expect, as observed, that the rate of crack propa-
gation would be approximately proportional to the 3.4
power of the stress range, Fig. 7.

It should be noted that, in some cases, average
crack propagation rates are less than one Burgers
vector B = 1.2%x107%in.) per cycle. This fact, to-
gether with the sudden appearance of crack segments
at initiation, and the fourth power dependence of prop-
agation rate on stress range tend to support a model
of cumulative damage.'*’*®

Glass Bead Blasted

Increases in fatigue strength with glass bead blast-
ing are generally attributed to the presence of: 1) a
residual compressive stress at the surface'®™'° and
2) a cold worked surface layer.'® % It has been dem-
onstrated that a tensile mean stress lowers the fatigue
strength of most materials and that a compressive
mean stress raises it,?»** while cold working may
either lower® or raise'® the strength depending on the
material, the degree of working, and the fracture
mode. The relative effects of residual stress and sur-
face working and the resulting net effect of glass bead
blasting then depend on the material, the blasting
parameters, and the test conditions.
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Fig. 9—Propagation of a small crack in glass bead blasted
material {15 N) cycled in bending at +50, +60, and =70 ksi.
The nearly vertical segment in the +70 ksi range indicates
a propagation rate which approaches that of electropolished
material.

The results presented here show that while cold
working of Udimet 700 may have a large effect on its
tensile properties, it has little effect on either fatigue
crack initiation or the early stages of propagation at
room temperature.

Mean stress, however, does have a significant ef-
fect of Stage I propagation. A compressive mean stress
increases the friction force between the crack faces,
and the resulting inhibition of relative shear displace-
ment may thereby affect Stage I propagation. Prelim-
inary calculations® have substantiated this point.

It appears then that much of the beneficial effect of
glass bead blasting on the fatigue properties of Udimet
700 is derived from a very low rate of early crack
propagation under the high compressive residual
stress in the surface layer. A very important parame-
ter in the case of Udimet 700 was the degree of blast-
ing coverage. Although all specimens were bead blasted
to Almen saturation, i.e., until additional blasting time
had little effect on measured Almen intensity, samples
which were allowed additional blasting time appar-
ently attained a more uniform stress distribution and
showed a markedly improved fatigue strength. It
should be noted, however, that excessive bead blast-
ing may cause the fatigue strengths of some materials
to decrease'®* and thus each material should be
evaluated individually.

The residual compressive stress apparently also
prevented bead blast microcracks and carbide cracks
in this material from propagating in fatigue.

CONCLUSIONS

1) High-cycle fatigue cracks initiated at the surface
along coherent annealing twin boundaries which were
oriented for maximum in-plane shear stress in both
electropolished and glass bead blasted wrought Udi-
met 700.

2) Stage I crack propagation was independent of
crack length but was approximately proportional to
the fourth power of the stress range.

3) A fatigue test run with a compressive mean stress
showed that the Stage I crack propagation rate was
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greatly retarded compared to tests run at zero or ten-
sile mean stress.

4) The observed increase in fatigue strength with
glass bead blasting was due in large part to an inhibi-
tion of early Stage I crack propagation by the large
compressive residual stress at the surface. Cold
working due to bead blasting did not seem to be an
important factor.

5) The major factor in obtaining the maximum
fatigue improvement through glass bead blasting in
the present fatigue tests was thorough coverage. Al-
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