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SECTION I
INTRODUCTION

Fan and compressor blades in jet engines are subjected to
damage from foreign objects ingested with the air into the
engine. The blades are exposed to potential impacts from a
variety of objects ranging from large birds to small particles
of sand. The engine speed, blade material, blade geometry,
point of impact, and type and size of impacted object all play
important roles in determining what type, if any, and the
severity of damage which might occur. 1In addition, damage may
be immediate causing instantaneous fracture or failure, or may
be of the type that could lead to eventual failure through
fatigue crack initiation or growth to a catastrophic size. Be-
cause of the large number of parameters involved and the near
impossibility of determining the cause or source of service
induced damage, it is not surprising to find little, if any,
information of a quantitative nature on impact induced damage
in fan or compressor blades, especially from small hard particles.

Compressor blades can be especially susceptible to damage
from ingested small hard particles such as sand or stones
because of the large quantity of such particles in the environ-
ment and the thin leading edges of these blades. Leading edge
thicknesses of 0.010" (0.25 mm) or less are common in the
compressor stages of todays high performance engines. Titanium
alloys such as Ti 6Al1-4V(6~-4) or Ti 8Al-1] Mo-1lV (8-1-1) are
commonly used in such applications. In-service inspections of
such blades occasionally reveal damage in the form of small
nicks, dents, or bulges, which can lead to complete blade
failure due to the propagation of fatigue cracks from the
damaged area. Visual inspection of blades nicked or damaged
along the leading edge does not permit accurate determination
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of the size and type of object that might have caused the
damage. Conversely, the designer wanting to know what type of
damage might be sustained from a given object such as a specific
size sand particle would have no source of such information.
Even the empirical testing of a blade is difficult because the
capability to hit a blade with a small sand particle at velo-
cities which occur in a rotating stage of a jet engine cannot

be considered state-of-the-art.

Because of the lack of information on small hard particle
impact damage in blades, and because of some unanswered ques-
tions involving damage sustained in engine tests, a program
was undertaken to evaluate the damage produced by such particles
impacting on typical leading edge configurations. As a pre-
requisite for this study, experimental capability had to be
developed and demonstrated to perform the required tests. This
report presents the results of a study on small hard particle
impact damage in 8-1-1] Ti leading edge configurations. Numerous
parameters were investigated in this program. The work, in no
way complete, serves as guidance for future work in this area
and provides a basis for a rational approach to the study of
this type of foreign object damage.
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SECTION II
EXPERIMENTAL PROGRAM

_ The experimental program was broken up into a number of
phases, each of which is described in detail in a subsequent
section. The scope of the program involved performing impact
tests on typical leading edge configurations using small hard
particles in the size range 0.020" to 0.065" (0.51 to 1.65 mm)
diameter at velocities ranging from 400 to 1600 ft/s (120 to
490 m/s) which covers typical operating conditions of a number
of engine compressor stages. The impact velocity is obtained
from the vector sum of the rotational speed of the engine and
the forward velocity of the aircraft, assuming the impacted
projectile to be essentially at rest. The angle of impact is
obtained in a similar manner using vectors and taking into
account the pitch of the blade. For all of the tests performed
here, an impact angle of 30° with the plane of the blade was
used arbitrarily. In an actual engine, this angle could vary
from nearly 0° or a head-on impact to over 40°. The material
chosen for this study was again arbitrary, 8-1-1 Ti sheet in
.063" (1.6 mm) chickness being selected on the basis of avail-
ability more than anything else. No attempt was made to
simulate any particular blade or material microstructure.

The first two phases of the program were run concurrently.
The first phase, described in Section III, involved charac-
terizing the baseline titanium material in terms of notch
fatigue strength. The second phase, described in Section 1V,
involved developing an experimental technique to impact leading
edge specimens under specified conditions, designing of the
specimen and fixtures, and performing several impact tests to
evaluate damage. Parameters such as projectile type, size,
velocity, impact angle, and temperature were all looked at
briefly to try to scope the extent of the induced damage and




the significance of the various parameters. The next series
of tests involved choosing several impact conditions, impacting
a batch of specimens under each condition, and then fatigue
testing each batch for comparison with the baseline notch
fatigue data for the test material. These tests are described
in Section V. Following this, the effect of particle material
and shape and impact velocity was investigated in a matrix of
impact experiments. These tests are described in Section VI.
Included here also was a series of tests involving impacting
single particles of debris from a wind tunnel for comparison
with damage induced by known particles. Finally, Section VII
describes a matrix of test shots in which the concept of geo-
metric scaling was investigated. Here, leading edge thicknesses
up to .030" (.76 mm) and projectiles up to .250" (6.35 mm)
diameter were used.

In all impact experiments, the damage was measured, des-
cribed, and photographed. The tables of test conditions and
photographs of damage are presented in the Appendix.
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SECTION III
MATERIAL CHARACTERIZATION

Ti 8Al-1 Mo-~1lV (8-~1-1) was selected arbitrarily as the
baseline material for all tests in this program. A single
sheet, .063" (1.6 mm) thick, was used for all specimens to
assure uniformity in material properties from test to test. All
specimens were cut in the same direction in the sheet to avoid
any preferred orientation effects in the sheet. This particu-
lar titanium was chosen as being representative (in terms of
modulus, density, and strength characteristics) of alloys
commonly found in compressor blades in jet engines but was not
meant to represent any particular blade in any specific engine;
it was simply chosen as a model material to work with. '

Notch fatigue specimens were machined from 6" x 1-1/2"
(152 x 38 mm) blanks cut from the titanium sheet to the dimen-
sions shown in Figure 1. Six specimens of each type were
machined, having elastic stress concentration factors of 1.45,
2.20, and 3.72. The specimens were then fatigue tested in
tension in a 5 ton (44.5 KN) Shenck Resonant Fatigue Testing
Machine using a ratio of minimum load to maximum load (R ratio)
of 0.1. The cyclic frequency of the Shenck machine is approxi-
mately 33 Hz. The number of cycles to failure (complete
separation) was recorded for each specimen. No attempt was
made to correct for the number of cycles necessary to propagate
from the first observable crack to failure; in all cases this
was small compared to the total cycles. The data for the three
groups of specimens are plotted as Nf (number of cycles to
failure) versus maximum net section stress in Figure 2. A
straight line was drawn for each group of data and was used,
subsequently, as the baseline representation of the notch
fatigue strength of the test material.




Type D(mm) d(mm) r (mm) 51_
I 36.4 29.7 127 1.45
11 36.4 297 3.2 2.20
I 36.4 29.7 o8 372

Figure 1. Geometry of notch fatigue specimens.
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Figure 2. Baseline notch fatigue data for Ti 8-1-~1 sheet
(1/16" thick).




To further characterize the baseline material, three single
notch crack growth specimens were fabricated to nominal dimen-
sions of 2-1/4" x 9" (57 x 228 mm) and tested in an MTS servo
hydraulic test machine at a frequency of 20 Hz, again using an
R ratio of 0.1. The raw data of crack length, load, and number
of cycles were reduced to values of Aa/AN and stress intensity
factor, K, and plotted as da/dAN versus Kmax in Figure 3.
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Figure 3. Crack growth rate in 1/16" Ti 8-1-1 sheet using
single edge notch specimen.




SECTION IV
IMPACT TEST SET-UP AND EXPERIMENTAL RESULTS

Test specimens having leading edge thicknesses of approxi-
mately .010" (.25 mm) and a nominal 5° taper angle were machined
from the titanium sheet and mounted as shown in Figure 4. The
thickness of the leading edge was held between .008" (.2C mm)
and .010" (.25 mm) for this first series of specimens. The
fixture was mounted in the test range shown schematically in
Figure 5.

" - 063"
625
LEADING EDGE .009't3%
—~—TEST SPECIMEN
20"

4

4

MOUNTING FIXTURE

Figure 4. Tapered-edge test specimen and mounting fixture.

The range set-up consists of a launch tube, velocity
measuring system, and a target tank with a mounting fixture. The
launch tube has a smooth bore of 0.305" (7.75 mm) and a length
of 3'(1 m). The projectile particles to be fired were positioned
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Figure 5. Schematic of range set-up.

into a recessed pocket of a lexan sabot to provide protection
and support for the particles during launch. The particles were
held within the pocket by an oil film during the launch. The
projectile particles/sabot package was launched down the tube
by utilizing either compressed gas or powder gas depending on
the desired impact velocity. Compressed gas was used for
impact velocities up to 1000 ft/s (305 m/s). Above 1000 ft/s
(305 m/s) a powder gun was used. A sabot stopper device was
located at the muzzle of the launch tube. The purpose of this
device was to slow down and eventually stop the sabot, per-
mitting the particles to separate from the sabot and continue
on a trajectory towards the target specimen.

The projectile velocity was measured by utilizing a pair
of HeNe laser/photomultiplier stations spaced a known distance
apart. Each laser beam intersects the projectile particles
trajectory normal to the trajectory and illuminates one of the
photomultiplier stations. When the projectile/sabot package
interrupts the first beam (first station had laser beam pro-
jecting through slots at muzzle of launch tube), the first
photomultiplier station generates a voltage pulse to start a
counter-timer. The counter-timer is stopped when the particles




interrupted the second beam. The projectile velocity is then
calculated from the travel time between the stations.

The target specimen was cantilever mounted within the
mounting fixture as shown in Figure 4. The mounting fixture was
rigidly fixed to the base of the target tank at the desired
impact angle. The target specimen was then clamped at one end
within the mounting fixture. Due to the high drag of the small
projectile particles, the target specimen was located about
4.0" (102 mm) from the launch tube muzzle. In addition, the air
within the target tank was partially evacuated for all impacts.

Target alignment within the mounting fixture was achieved
by projecting a laser beam through the bore of the launch tube
onto the desired impact site of the target. For the case of
edge impacts, the target was positioned such that the laser
beam was split by the target edge at the desired impact site.

After a preliminary series of tests to establish the
necessary gas pressure or powder charge to achieve a given
velocity, a series of leading edge impacts were conducted using
either glass beads or silica sand particles as the projectiles.
The impact velocities of the tests were either 1000 or 1500 ft/s
(305 or 458 m/s). Thirty-four of the tests were conducted at
angles of incidence of 30°, ten tests at 10° impact angles, and
the remaining four tests at 30° impact angles with the test
specimens at 250°F temperature, to investigate the effect of a
slightly elevated temperature on the damage. The data from the
preliminary set-up tests (#8299-8308) and the first series out-
lined above (#8309-8356) are summarized in Table 1. This
table, and subsequent ones, provides the shot number, test
specimen material and type, thickness at impact site (leading
edge thickness), support method (cantilever in all these tests),
projectile type, size, and velocity, type of impact including
impact angle, location of impact and temperature if other than
room temperature, and finally a visual description of the damage
generated on the test specimen under "remarks".

This first series of tests involved multiple impacts on the
target since several particles were placed in the sabot for each
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shot. At the beginning of the test program, it was not known
how accurately the small particles could be launched or how far
off trajectory they would spread, hence a shotgun approach was
used to increase the probability of hitting the leading edge.

Several things were observed from the results of this
series of tests. First, observations of the post-test tapered-
edge specimens indicated that silica sand impacts caused more
severe damage than glass beads, probably due to their generally
irregular shape. Second, impacts by glass beads less than
0.020" (0.51 mm) produced very little damage on the specimen
surface. These very small particle impacts generated a peened
or pitted surface on the tapered edge of the specimen without
material loss. At higher velocities (1500 ft/s (458 m/s) a
very small amount of plastic deformation could be observed. It
was concluded that impacts of particles under 0.020" (0.51 mm)
size does not appear to be a threat to blades of titanium in the
velocity range up to 1500 ft/s (458 m/s).

Two other facts were evident from this first series of
tests upon observation of the impacted specimens. There
appeared to be no observable difference in the induced damage
under the conditions noted when (a) the impact angle was changed
from 30° to 10° and, (b) the temperature was raised from room
temperature (70°F) to 250°F.

Other observations were, as one would expect, that the
amount of damage or the size of the area of plastic deformation
increases with increasing velocity and with increasing particle
size. It should be noted here that the particle size varied
from 0.005 to 0.063" (0.13 to 1.6 mm) diameter and the velocity
from approximately 1000 to 1600 ft/s (300 to 490 m/s). Also,
it was noted that the impacts from silica sand appeared to cause
a greater amount of plastic deformation than similar impacts
with glass beads.

Material removal from the edge of the specimens was pre-
dominant for both glass and silica sand impacts for particle
sizes above 0.020" (0.51 mm) diameter. Photographs of typical
damage showing material removed are shown in Figures 6 through 12.

11




Impact Side

1

Exit Side

Figure 6. Photographs of damage due to glass bead impacts at
30° (Shots 8335 and 8336).

12

1m|nn




]

Impact Side
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Exit Side

Figure 7. Photographs of damage due to glass bead impacts at
10° (Shots 8343 and 8344).
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Impact Side

1

Exit Side

Figure 8. Photographs of damage due to glass bead impacts at
30° and 250°F (Shots 8347 and 8348).
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Exit Side

Photographs of damage due to Pyrex bead impacts at
30° (Shots 8317 and 8318).
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Figure 10. Photographs of damage due to silica sand impacts
% _ at 30° (Shots 8326 and 8327).
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Impact Side

Exit Side

Figure 11. Photographs of damage to silica sand impacts at
30° (Shots 8322 and 8323).
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Impact Side

Exit Side

Figure 12. Photographs of damage due to silica sand impacts
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at 30° (Shots 8328 and 8329).
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Note that the shape of the holes or material removed approxi-
mates the diameter or portion of particle impacting the edge
of the test specimens. For instance, if the trajectory of a
particle was such that only a small portion of the particle
impacted the specimen edge, only a small amount of material
was removed and the shape of the hole was similar to the
impacting portion of the particle. If a particle had a tra-
jectory such that half of the particle impacted the specimen
edge, the resulting perforation was semicircular in shape.

From the results of this phase of testing, it was deter-
mined that damage to 0.010" (0.25 mm) leading edge titanium
blades could result from sand particles in the size range from
0.020" (0.51 mm) diameter and larger at velocities typical of
those encountered by compressor blades in jet engines. It was
also determined that typical damage could be inflicted upon thin
leading edge specimens by small particles launched in a labora-
tory experimental set-up.
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SECTION V
FATIGUE STRENGTH OF IMPACTED SPECIMENS

Having established a technique for impacting leading edge
specimens with small hard particles, it was important to
develop some quantitative measure of damage. Measurements of
damaged specimens were made to determine the depth and width of
the resulting dent, crater, or perforation and also the extent
of the significance of the damage with respect to blade function.
The concept decided upon was to describe the damage in terms of
an equivalent stress concentration factor and/or an equivalent
crack length. From this the residual fatigue and tensile
strength of the specimen (or blade) could be determined. To ;
investigate the concept of an equivalent stress concentration
factor, a series of fatigue tests was conducted using groups of
specimens impacted under identical conditions. To further con-
trol the damage, each specimen was impacted with a single
particle.

Impacts were conducted with three different size particles
at approximately the same velocity and at a higher velocity for
the intermediate size particle. All the particles were spheres
of glass or Pyrex. Because of the launch technique used and the
characteristics of powder guns, the velocity of each shot could
not be accurately reproduced. The actual velocities and test
conditions are presented in Table 2. The nominal particle sizes
and velocities were 0.062" at 1600 ft/s (1.6 mm, 490 m/s), at
1100 ft/s (1.6 mm, 340 m/s), 0.125" at 800 ft/s (3.2 mm, 240 m/s),
and 0.030" at 1000 ft/s (0.8 mm, 300 m/s).

Leading edge specimens were made from 6" long by 1-1/2" wide
(152 x 38 mm) blanks cut from a titanium sheet. A leading edge
with a taper of 4 degrees was ground onto the center 1" (25 mm) |
] portion of the specimen over half the width. Each specimen was
impacted by a single particle launched with a lexan sabot. Yor

20




the very small particles, a small depression was made at the
bottom of the sabot and the particle was placed in it and held
in place with a small drop of light oil. The center of the
specimen leading edge was aligned with the centerline of the
launch tube for each shot. For the very small particles, how-
ever, it was not always possible to impact the center of the
leading edge because of slight unpredictable drift in the
trajectory. In these cases, one or more shots were used to
achieve a series of similar leading edge impacts. A minimum of
six specimens were impacted under nominally identical conditions
for each of the four combinations of particle size and velocity.
Each group of specimens with assumed identical damage was
fatigue tested in a Schenck resonant tensile fatigue machine
using an R ratio of 0.1. The load levels were chosen to produce
failure in the range from 104 to 103 cycles, the same region in
which the baseline notch fatigue data were obtained for the
titanium material used for all the specimens. For each group
of specimens, data were plotted in the form of net section
average stress against number of cycles to failure. It must be
emphasized here that net section stress was used in all the
plots. The net cross~section is the product of the 0.063"
(1.6 mm) thickness by the 1-1/2" (38 mm) width, less the area
removed in tapering the specimen down to the leading edge thick-
ness. No correction was made for the area removed due to the
impact. Note also that the cross-section is not uniform along
the length of the specimen since the leading edge geometry is
machined along only the center 1" (25 mm) of the total 6" (152 mm)
length. Stress concentrations of an undetermined magnitude
thus occur along the leading edge. An attempt was made to
determine the stresses along the leading edoge in the fatigue
test by attaching strain gages to the specimen at various
positions on the cross-section at the mid-length location. How-
ever, no consistent readings could be obtained. It was generally
observed, however, that the axial stress near the leading edge
was somewhat higher than the average stress across the cross-
section.
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The data points for the four impact conditions are pre-
sented in Figures 13-16 in the form of plots of average
net-section stress, o, against number of cycles to failure,

Ne. For reference purposes only, the three curves corresponding
to the baseline notch fatigue data for this titanium for

Kp = 1.45, 2.20, and 3.72, are superimposed on each of the plots.
Thire simplifies comparison of one set of data with another.

Nota that for each of the four impact conditions, the fatigue
data for the damaged specimens appear to follow lines of con-
stant KT. The least severe damage, in terms of an equivalent
KT' appears to be that from the smallest 0.030" (0.76 mm)
projectile. These data showed the largest scatter, including
several tests indicated by horizontal arrows in Figure 16,

where failure in fatigue testing occurred in the grips and not
in the gage or leading edge section. 1In all other tests, the
fatigue failure originated at the impact site. In the 0.030"
(0.76 mm) impacts, the reproducibility of damage from test to
test was the poorest because of the difficulty of hitting the
leading edge in the same central location in every test.

To compare damage induced from very small particle impacts
with damage from a machined notch of a known geometry, four
specimens of the identical geometry were notched with a diamond
wire. The notches were made to the same dimensions as those
of the craters from the 0.030" (0.76 mm) particles impacted at
1000 ft/s (305 m/s), nominally 0.030" (0.76 mm) across and
0.006" (0.15 mm) deep. These notches produce an elastic stress

concentration factor in these specimens of K, = 1.7. The four
specimens with the machined notches were fatigue tested in the
same manner as the other specimens. The data are presented in
Figure 16 and are indicated by the crossed points. It can be
noted that the points fell along the same line as a number of
the points representing specimens impacted by 0.030" (0.76 mm)
particles at 1000 ft/s (305 m/s). Thus, the maximum damage
sustained due to the impacts from these small particles in terms
of the notch fatigue strength of the material was equivalent to
the damage caused by machining similar size damage. For these
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Figure 13. Fatigue data for 0.062" particles, 1600 ft/s.
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Figure 14. Fatigue data for 0.062" particles, 1100 ft/s.
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Figure 15. Fatigue data for 0.125" particles, 800 ft/s.
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very small nicks it was concluded that the damage sustained
in terms of reduction in fatigue strength is determined more
from the geometry of the crater than from whether the damage
was caused by an impact or machining.

From the point of view of severity of damage in terms of
the notch fatigue strength, the specimens impacted by the
0.062" (1.6 mm) projectiles at both 1600 and 1100 ft/s (490 and
340 m/s) appeared to suffer damage equal to or slightly greater
than those impacted by the smallest 0.030" (0.8 mm) projectiles
at 1000 ft/s (305 m/s). The most severe damage was sustained
due to impacts of 0.125" (3.2 mm) projectiles at 800 ft/s
(240 m/s). The extent of damage can be seen by comparing
Figures 13-16 which all have the three baseline KT curves.

Note, again, that the stress axis represents average net section
stress in the impacted specimens and does not correct for stress
nonuniformity due to the complex geometry of the leading edge
configuration as described previously.

To further compare the extent of damage in the various
specimens, typical shots were chosen from the four batches of
tests to represent various degrees and sizes of damage. The
six shots chosen are replotted in Figure 17; the photographs
showing the corresponding damage before fatigue testing are
shown in Figure 18. The test conditions are summarized in
Figure 17. Tests 8375, 8368, and 8444 appear to have similar
amounts of damage in terms of fatigue life as can be seen in
Figure 17 by noting the location of those points with respect
to the constant KT lines. Examination of the photographs in
Figure 18 shows that all three shots have the same type of
damage, namely a semicircle removed from the leading edge. Note
that all three damage sites are geometrically similar, Shot 8375
being approximately one-third the size of the other two. Shots
8433, 8434, and 8432 show apparently increasing damage, respec-
tively, in Figure 17. In Figure 18, it is seen that these three
shots correspond to a bulge, material removal, and a bulge with
a tear, respectively. It is not obvious whether or not there
was any local tearing in Shot 8434. The material removed in
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Figure 17. Fatigue data for several shots showing different
types of damage.

this shot was, in any case, three times the dimensions of that
in Shots 8368 and 8444. Shots 8433, 8434, and 8432 all repre-
sent impacts of the largest projectile 0.125" (3.22 mm) at
approximately 800 ft/s (240 m/s). Note that the worst case of
damage, Shot 8432, represented a situation where the material
first bulged and then apprently ripped from the extensive local
deformation. The fatigue crack initiated at the rip in this
case.

From the results of this series of tests, it was concluded
that the extent of damage depended primarily on the type of
damage and appeared to be relatively independent of size. The
least severe damage for impacted leading edges was a clean per-
foration with complete material removal. The next worse case
was that where the leading edge curled back extensively or
bulged. Finally, the worst case was where the curl back or
bulge initiated a rip along the leading edge from which the
fatigue crack could propagate. For a given projectile size and
leading edge geometry, the test data indicated that perforation
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Figure 18. Photographs of several shots showing different types
of damage. |
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occurred at the highest impact velocities, bulging at lower
velocities, and a bulge with a tear at some intermediate orx
critical velocity which is amalogous to a ballistic limit velo-
city in projectile-plate penetration phenomena.
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SECTION VI
EFFECT OF PROJECTILE SHAPE, VELOCITY,
AND MATERIAL ON IMPACT DAMAGE

; The results of the previous section and observations during
earlier tests seemed to indicate that leading edges undergo a
range of types of damage as the velocity of the projectile is
increased. At very low velocities, the particle bounces off
causing no significant damage. As the velocity is increased, ;
! the leading edge will be bulged or dented. At higher velocities,
the dent or bulge will get larger, eventually tearing or

ripping. Finally at even higher velocities, the projectile will
perforate, leaving a nick. These observations were based on }
impacts at an incidence angle of 30°. |

A series of impact experiments was conducted using six
different projectile sizes and types. These were 0.031"
0.8 mm) chrome spheres, 0.062" (1.6 mm) and 0.125" (3.2 mm) 4
Pyrex spheres, 0.030" (0.8 mm) glass spheres, 0.050"-0.060"

L (1.3-1.5 mm) silica sand, and 0.020"-0.030" (0.5-0.8 mm) silica
sand. Each particle type was fired at a range of velocities from
400 to 1600 ft/s (120 to 490 m/s) against the same leading
edge configuration; 8-1~1 Ti sheet material as in the previous
tests, an 0.010" (0.25 mm) thick leading edge, a 4° taper and

an impact angle of 30°. The specimen was aligned to obtain an
l on-center impact on the 0.010" (0.25 mm) thick leading edge. A
summary of the test conditions is presented in Table 3. Photos
of the leading edge damage, locking from the impact side, are
presented in Appendix A.

Numerous attempts were made to quantify the damage from all
of the tests enumerated above. Although reproducibility of
damage was not a problem by itself, the biggest difficulty was
to obtain impacts in exactly the same location. For example,

a particle 0.030" (0.8 mm) in diameter would miss the leading

Ip——————
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edge completely if it drifted by more than 0.020" (0.5 mm)
in its flight. Although the accuracy was generally quite good,
it was impossible to impact the exact center of the leading
edge repeatably, especially with the smaller projectiles.
Examination of the photographs will confirm this observation.
After a thorough examination of the specimens and the specimen
photographs (which included front, rear, and edge view) the shot
was chosen for each series which represented, most closely, the
condition of impact at the center of the leading edge where
tearing appeared. At lower velocities, the specimen was usually
dented or bulged. At higher velocities, complete perforation
with material removal occurred. The velocity at which tearing
combined with a dent or bulge occurred was termed the critical
velocity, or velocity causing maximum damage in terms of fatigue
strength as discussed in Section V. The critical velocity is
plotted as a function of projectile diameter in Figure 19 for
the six types of particles. It should be noted that these
points represent a best estimate of tearing velocity based on
visual observation and are quite subjective. The error band or
scatter associated with each point is naturally quite large.
Nonetheless, the data appear to demonstrate a definite drop in
critical velocity with increasing projectile size for the
glass (or Pyrex) spheres. The higher density chrome spheres
have a lower critical velocity than the glass spheres for the
same size projectile. The silica sand particles also appear to
have a lower critical velocity for a given size range than glass.
This is probably due to the irregularity of the sand particles.
An attempt was made to study the type and extent of damage
sustained on leading edge configurations impacted at a given
velocity by particles of various types over a size range from
0.030" to 0.125" (0.8 to 3.2 mm). A nominal velocity of
1000 ft/s (305 m/s) was chosen for this series of experiments.
The particles were taken from three groups of debris which were
vacuumed from an engine test cell. There was no attempt to
identify the type of debris other than by size. It was hypo-
thesized that the debris could be scale, weld beads, or other
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Figure 19. Critical velocity as a function of projectile
diameter (0.010" L.E.).

such matter. From each bag of debris available, a number of
particles were chosen to cover the size range of the debris, not
including small particles, dust, and dirt under 0.030" (0.8 mm).
The particles were photographed and measured and are designated
as Post-Test No. 11, 18, and 23; each particle within the

group being numbered. The particles are shown in Figure 20.

The test data are summarized in Table 4. Photographs of the

damage as seen from the impacted side are presented in Appendix
B. '

Examination of the specimens and the photographs from this
series of experiments (Shots 8512-8529) shows tho obvious trend
of increasing damage with increased particle size. The large
size particles (0.087' (2.2 mm) Shot 8521, for example, perfor-
ated the leading edge cleanly and removed material at this
(nominal) velocity of 1000 ft/s (305 m/s). Small particles in
the 0.035"-0.040" (0.9-1.0 mm) range (Shots 5512, 8518, 8524)
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Figure 20.

Photographs of particles from Post-Test No. 11,
18, and 23 debris.
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Figure 20 (Cont'd). Photographs of particles from Post-Test
No. 11, 18, and 23 debris.

dented the leading edge. One shot, 8513, appeared to cause the
beginning of a tear and could be considered a critical velocity
condition. This shot was plotted in Figure 19 with the previous
data and appeared to follow the established trend, especially
considering the scatter and uncertainty. Based on this series
of tests, it was concluded that a general trend of decreasing
critical velocity with increasing particle size could be esta-
blished and that this trend seemed to be effected somewhat

by geometry (irregularity) and type of material. The biggest
problem in establishing this trend was the ability to impact
leading edges directly on center with these small particles,
although examination of the photographs reveals that the
accuracy was surprisingly good and better than originally
anticipated. Note, again, that all of the above observations
pertained to the case of an 0.010" (0.25 mm) thick leading edge
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with a 4° taper angle, and an angle of incidence of the
impacting particle with the plane of the blade of 30°.
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SECTION VII
EFFECTS OF LEADING EDGE THICKNESS;
GEOMETRIC SCALING

The last phase of this investigation was to determine the
effect of varying leading edge thickness on the type and extent
of damage sustained due to particle impacts and to investigate
the appiicability, if any, of geometric scaling concepts. Geo-
metric scaling is based on the concept of comparing responses
of geometrically similar bodies. In this case, we consider
spherical projectiles of diameter, d, impacting leading edges
of thickness, t. If the ratio of projectile diameter and leading
edge thickness is s for two different events, then for a given
velocity (the same for both cases) the ratio of momentum or
kinetic energy is s3. It is assumed that the material density
is identical in both cases. The force input to the blade or
structure has a ratio 82 and a duration ratio s. The local
pressure or stress depends only on the velocity and the areas
are related by sz. (Note that the stress due to one-dimensional
impact against a rigid target is pcv, i.e., depends on the
velocity of impact v for a given material having density p and
wave speed c). The resistance to bending of a structure varies
as 33, 32 due to the thickness and s for the width or lateral
dimensior .. Resistance to shear or penetration also varies as
s3, s2 due to the area of a shear plug and s due to the thick-
ness. With identical stresses in both cases, the deflections
should scale linearly with ratio s. The two events, then,
should be identical as long as wave propagation and resulting
inertia effects are not important. One can expect, for example,
that the damage in an 0.010" (0.25 mm) thick specimen due to an
impact of an 0.062" (1.6 mm) projectile would be geometrically
similar to that in an 0.020" (0.51 mm) thick specimen impacted

with an 0.125" (3.2 mm) projectile.

35




A series of tests was performed involving impacts of glass
and steel spheres against leading edge thicknesses of 0.015",
0.020", and 0.030" (0.38, 0.51, and 0.76 mm). Recall that all
previous tests were made on 0.010" (0.25 mm) thicknesses. As
before, the incidence angle was 30° and the blade taper was 4°.
The material for all but the 0.030" (0.8 mm) thick blades was
from the same sheet of 8-1-1 Ti. For the 0.030" (0.8 mm) thick
blades (Shots 8602-8606) a piece of 0.125" (3.2 mm) thick sheet
of Ti 6A1-4V was used. This grade of titanium is similar to
8-1-1 Ti in mechanical properties. Although it has a slightly
lower modulus of elasticity, it was felt it would give similar
results to 8-1-1 Ti. The thicker sheet was believed necessary
for the specimen blank because of the large thickness of the
leading edge, 0.030" (0.8 mm) and the large size of the projec-
tile 0.250" (6.4 mm) which was felt would cause damage over an
extensive area. The test series covered projectile sizes of
0.062", 0.125", and 0.250" (1.6, 3.2 and 6t4 mm) diameter and
impact velocities from approximately 400 to 1600 ft/s (120 to
490 m/s). The test conditions are summarized in Table 5. It
was originally planned to use Pyrex (glass) projectiles for this
entire series of tests. However, it was discovered that in
shooting at high velocities against thicker leading edges, the
glass projectiles were breaking up upon impact. In all previous
tests, the projectile had remained essentially intact upon
impact. Thus, a switch was made to steel projectiles for all
subsequent shots, with the exception of a few shots at lower
velocities, to avoid the uncertainty surrounding the effect of
projectile break-up upon the damage inflicted on the blades.

To investigate the concept of geometric scaling, the pro-
cedure described in the previous section was followed. To
identify the critical velocity of impact, all of the impacted
test specimens were examined visually and through magnified
photos to identify those having damage typical of that encoun-
tered at critical velocity, defined previously as the velocity
which caused bulging and incipient tearing. Again, this
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identification of specimens was subjective. Figure 21 shows
rear side photos of the seven specimens selected as well as
previous shot 8513 on an 0.010" (0.25 mm) thick specimen.

.} 8585 B

Figure 21. Photographs of typical leading edge damage as seen
from rear side.
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The projectile size for each of the critical damage speci-~
men shots chosen was normalized to that causing equivalent
damage in an 0.010" (0.25 mm) thick leading edge specimen
following the concept of geometric scaling outlined above.

Thus, an 0.125" (3.2 mm) projectile impacting an 0.020"

(0.51 mm) leading edge thickness was normalized to an 0.062"
(1.6 mm) projectile impacting a reference 0.010" (0.25 mm)
leading edge. The test shots chosen as representing critical
damage were then plotted as normalized projectile diameter
against velocity of impact in Figure 22. Figure 22 can be
compared with Figure 19 which represents the same plot for the
impacts against an 0.010" (0.25 mm) thick leading edge. Both
figures show the same general trend, namely, a large increase
in critical velocity as the projectile size gets smaller than
approximately 0.04"” (1 mm), and a small decrease in critical
velocity as the projectile increases in (normalized) size above
approximately 0.08" (2 mm). Considering the large amount of
scatter in the data and the subjective manner in which these
data points were arrived at, the consistency of the data is
good.

Finally, an attempt was made to compare groups of shots
which might be expected to show the same type of damage based
on the concept of geometric scaling. This was done in two ways.
First, specimens from two groups expected to show similar damage
0.062" (1.6 mm) projectile on 0.010" (0.25 mm) specimen and
0.125" (3.2 mm) projectile on 0.020" (0.5 mm) specimen, for
example, were examined to find two impacts which were geometri-
cally similar. Second, the data were examined from the two
groups to find matched pairs of shots at nominally the same
velocity. These procedures were somewhat difficult in that only
impacts at the exact same location could be compared, and not
that many shots were directly on center as discussed above.
Nonetheless, six pairs of similar impact damage were identified,
photographed, and are presented in Figure 23. All photos show
the damage as seen from the impact side of the blade. The
interpretation of these photos is presented below.
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Figure 22. Critical velocity for impacts against thicker
leading edges; plotted as equivalent diameter
for 0.010" L.E.

To illustrate certain features of the damage, and for
reference purposes, the data of Figures 19 and 22 were replotted
in Figure 24. The open triangles represent the points from
shots on 0.010" (0.25 mm) thick leading edges. The solid
triangles represent the points from shots on thicker leading
edge configurations, the projectile diameter being normalized as
explained above. The remaining points are identified individ-
ually and are not, in general, meant to represent the critical
velocity. They are plotted to illustrate their location with
respect to the critical velocity curve as explained in detail
below. Several points are shown with two symbols, one repre-
senting a critical velocity point to establish the curve and the
second symbol to identify the point for discussion purposes.

Shots 8479 and 8597, Figure 23a, are examples of perfora-
tion where material removal has occurred. These two points,
plotted in Figure 24, come out to the right or along the curve
or scatter band representing the critical velocity points. Both
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Photographs of pairs of specimens showing
similar damage.
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Figure 24. Critical velocity for several select shots.

shots represent damage typical of that which occurs above the
critical velocity. The slightly more jagged surface of the
perforation in Shot 8597, occurring at the lower of the two
velocities being compared, indicates that this point is close
to critical velocity as can be seen from Figure 24.

Shots 8478 and 8590, Figure 23b, occur at velocities close
to one another. The damage in both cases looks similar, al-
though in Shot 8590 the leading edge has started to tear. This
was one of the shots characterized as at critical velocity, in
Figures 22 and 24. Shot 8478 occurs at a slightly lower velo-~
city and shows a dent without a tear. This would be considered
to be slightly below critical velocity and appears as such in
Figure 24.

Shots 8488 and 8576, Figure 23c, both show very similar
damage involving severe denting but no tearing of the leading
edge. The velocities of these shots are close to one another
and are considered to be slightly below critical. These points,
plotted in Figure 24, fall within or to the left of the scatter
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band. Although no tearing of the leading edge occurred, it

is felt that these were close to critical velocity because of the
extensive bulging and the plot of Figure 24 appears to support
this premise.

Shots 8491 and 8601, Figure 23d, are a pair of shots showing
very similar damage in the form of complete perforation with
material removal. These points would both be expected to fall
above the critical velocity. Note, however, the great difference
in velocities. Although, as expected, Shot 8491 is well to the
right of the critical velocity scatter band in Figure 24, Shot
8601 falls within the band. Shot 8601 is a good example of the
variability in damage which can be expected and the difficulty
in determining the critical velocity with a great deal of
accuracy from a limited number of ° .

~ shots 8569 and 8606, Figure 23e, occurred at almost iden-
tical velocities and look very similar in type of damage. Both
show a crater, indicating complete perforation, although both
have rather jagged features along the crater. This indicates
that the critical velocity has just been exceeded. The plot of
Figure 24 appears to verify this information, the two points
falling within or slightly to the right of the critical velocity
band.

Shots 8568 and 8602, Figure 23f, were chosen as representa-
tive of damage occurring at the critical velocity. Both show
an extensive bulge with a slight tear on the leading edge. Both
occurred at almost the same velocity and plot within the
critical velocity scatter band. This example illustrates the
concept of geometric scaling quite well since the two shots were
made on leading edge thicknesses of 0.015" and 0.030" (0.38 and
0.76 mm) with projectiles of 0.125" and 0.250" (3.2 and 6.4 mm)
diameter, respectively, and also appear to be consistent with
baseline data generated on .010" (0.25 mm) thick leading edges.
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SECTION VIII
SUMMARY AND CONCLUSIONS

Leading edge impact damage was studied by performing a
series of hard particle impact tests on titanium and visually
observing the damage. Fatigue tests were used as a measure of
damage and to investigate the applicability of the concept of
an equivalent elastic stress concentration factor to charac-
terize severity of damage. Geometric scaling was examined by
using different leading edge thicknesses and various projectile
sizes. Finally, the concept of a critical velocity to quanti-
tatively evaluate damage was investigated.

Although several conclusions can be drawn from this inves-
tigation, it must first be pointed out that this investigation
was in no way comprehensive and was not expected to provide a
detailed analysis of hard particle leading edge impact damage.
It was also not intended to reproduce damage in any particular
engine blade or material. Rather, it was intended to investi-
gate some of the primary features of impact damage and to
delineate the more important variables and parameters involved
in hard particle impact phenomena.

The feasibility of evaluating leading edge damage from
small hard particle impacts was established early in the
investigation. It was demonstrated that single particle impacts
using glass, steel, or sand having diameters as small as
0.030" (0.8 mm) could be achieved, fairly reproducibly, against
0.010" ().25 mm) thick leading edges over a velocity range from.
approximately 600 to 1600 ft/s (180 to 490 m/s).

Small particles of sand or glass, having diameters as
small as 0.030" (0.8 mm), do cause damage to 0.010" (0.25 mm)
thick leading edges in titanium and have a detrimental effect
on the fatigue strength of the material (or blade). The extent
of damage from a range of particle sizes was evaluated quanti-
tatively by performing a series of fatigue tests at various load
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levels on specimens impacted under nominally identical conditions.
The data demonstrated reasonable reproducibility and showed

that the extent of a particular type of damage could be cate-
gorized in terms of an equivalent elastic stress concentration
factor. Because of the complex geometry of the fatigue specimen
and the resulting non-uniform stress state, the exact concentra-
tion factors were not determined. It is suggested that this
fatigue testing procedure could be utilized to obtain quantita-
tive fatigue data in terms of S-N curves for impact damaged
specimens if a new fatigue specimen were designed having a
uniform stress state while maintaining the leading edge geometry
at the region of impact. An additional piece of information
obtained from the fatigue tests was that the damage sustained
from very small particles,which perforated the leading edae
completely and removed material, was essentially the same as
that caused by machining a notch of the same geometry in terms
of fatigue strength. The fatigue tests also indicated that
different degrees of damage occurred depending on impact velocity.
For a given particle impacting a given leading edge, a pro-
gression of damage types appeared as velocity increased. Up to
a certain velocity, essentially no damage occurred, the particle
apparently bouncing off the blade. As the impact velocity was
increased, increasing amounts of denting or bulging of the
leading edge occurred. At some high velocity, designated the
critical velocity, the dent or bulge was of maximum size and

the leading edge began to tear or rip. At higher velocities,
the projectile completely perforated the blade leaving
increasingly smooth holes as velocity increased. The fatigue
tests indicated that the maximum damage, or the greatest reduc-
tion in fatigue life, occurred at the critical velocity when the
blade had been dented and a tear was formed. The damage at

this point was referred to as critical damage. In terms of
fatigue strength, the severe bulge was the next most severe
condition. Perforations with smooth surfaces, obtained at
velocities much higher than the critical velocity, and small
dents, appeared to be the least severe type of damage experienced.
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Thus, damage does not monotonically increase with impact velocity
but follows, instead, the trend found in classical ballistic
perforation phenomena.

The effects of projectile material, impact angle, and blade
temperature were all examined very briefly. Within the very
narrow range of parameters investigated, the change in damage
as a function of these variables was minor or non-existent. It
was discovered later in the testing that glass spheres shattered
upon impact with thick leading edges at high velocities. The

experimental data obtained from impacts when the projectile
shattered were not used in arriving at any of the conclusions in
this study. The results here are applicable exclusively to
impact conditions where the impacting projectile remains essen- i
tially inatact. '
The concept of geometric scaling was investigated by per- ‘
forming a series of tests using different leading edge thick- |
nesses and different projectile sizes. Observation of the type
of damage, and plots of critical velocity versus particle size
(in relation to leading edge thickness) appeared to validate
the scaling concepts. Considering the amount of scatter in the
results and the subjective manner in which damage was evaluated,
the scaling law seemed to work guite well over the ranges in-
vestigated.
Finally, it can be concluded that a methodology has been
developed and demonstrated for evaluating the effects of hard
particle impacts on compressor blades in jet engines. It would
f appear that the vulnerability of a specific blade to small hard
particles ingested into an engine could be established through
laboratory tests on the given leading edge configuration. The
testing of a full-scale engine or a stage of blades does not
appear to be necessary if single particle can be impacted against
stationary blades as demonstrated in this program. This type
of simulation, combined with fatigue or static testing under

stress conditions representative of actual conditions in the
blade, can be used to quantitatively evaluate structural degra-
dation from small hard particle F.O0.D.
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