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PREFACE

This report describes research conducted by the United Technologies
Research Center, Division of United Technologies Corporation, East Hartford,
Connecticut, under USAF Contract No. F33615-74-C-5062. The author is
Dr. Karl M. Prewo.

The effort described was conducted in support of Project No. 7351 and
Task 735107 for the Structural Metals Branch of the Metals and Ceramics
Division during the period March 1974 - September 1975. The contract monitor
was Capt. James S. Wilbeck. This program was partially funded with Air
Force Materials Laboratory DIRECTOR'S FUNDS.

This report was submitted by the author in January 1976 for publication
as a Materials Laboratory Technical Report.
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I. INTRODUCTION

At the inception of this program the major inhibitor to the use of metal
matrix composites for jet engine fan blades was the low impact resistance of
this class of materials., This observation has, in the past, been demonstrated
through both actual component and laboratory specimen tests in which, when
compared to current monolithic titaniwn, composite specimens appeared less
resistant to impact by objects. The herein described program was begun,
however, because of several findings which indicated that metal matrix compos-
ite impact tolerance could be significantly improved.

The first of these findings was a demonstration that the impart resis-
tance of boron aluminum composites, as measured by the total energy to failure
of a standard notched Charpy specimen, could be significantly altered by con-
trol of fiber effective strength, filament volume percent, filament diameter
and matrix shear strength (Ref. 1). As shown in Fig. 1, this dependence wes
found to exist over a wide range of filament and matrix combinations and
indicated that significant improvements in energy dissipation capability could
be achieved if a high strength 8.0 mil diameter filament could be developed
and used in conjunction with a low shear strength matrix.

Shortly thereafter, guided by the data developed in Ref. 1, it was dem-
onstrated that boron reinforced aluminum composites could be fabricated and
tested to achieve notched Charpy impact energy levels significantly greater
than those characteristic of titanium alloys (Refs. 2, 3). This demonstration
illustrated, for the first time, the point that aluminum matrix composites
were not necessarily brittle and, in fact by a selected test procedure, they
were superior in impact tolerance to state-of-the-art engineering alloys. The
specimen shown in Fig. 2 dissipated over 22 ft 1lbs of impact energy and
remained substantially unbroken while similar geometry specimens of Ti-6A1-4V
failed after dissipating approximately 15-20 ft 1bs of energy. In this work,
Ref. 2, it was also shown that a hybridization concept, which included the
use of both low shear strength matrix areas (for high impact energy) and high
strength matrix areas (for high shear and transverse strength), could be
utilized to combine high impact tolerance with high off-axis composite
strength in one composite system.

Indications that the mecasured impact reuzistunce of composites is strongly
affected by composite specimen geometry were also reported (Refs. 1, 2. 3).
The raticnale for this was postulated to depend on the relative contributions
of matrix plasticity and filament fracture to ultimate compnsite failure.
Very large amounts of energy can be discipated by matrix deformation, however,
the applied stress state must be such as to permit this to be a controlling mode




PRI 1

of failure. The comparison of tensile stress-strain curves for boron aluminum
shown in Fig. 3 is 1llustrative of this point. The matrix shear controlled
failure of a '45° specimen dissipated a much larger quantity of energy than
the filament controlled failure of a 0° specimen or the constrained matrix
controlled failure of the 90° specimen. The recognition of this importance

of stress state-composite interaction clearly pointed out the need for testing

and descriptive procedures going beyond the simple overall notched Charpy
impact energy.

Finally, another concern which contributed to the formulation of this
program was the recognition that impact energy dissipation capability was not
the only criterion important in achieving a highly impact resistant composite.
The load-time history and maximum load sustained during impact are alno of
great importance. This was clearly illustrated four the case ol silica lila-
ment reinforced epoxy, (Ref. 4), where the exposure to a steam environment of
these composites caused only a small (14 percent) decrease in specimen impact
energy; however, the maximum impact load carrying capacity decreased by L5
percent, The description of material impact resistence solely on the basis
of energy dissipation can be misleading and hence, the herein described pro-
gram emphasized the use of an instrumented test procedure which permitted the
evaluation of both the load-time impact history of a specimen as well as the
overall impact energy. It should also be noted that this additional loading
information is absolutely essential if composite specimen performance is to be
used to design actual engine components. Charpy impact energy is not a design
tool, it is only a qualitative indicator of material performance. The use of
more sophisticated treatments such as those based on fracture mechanics,
(Refs. 5, 6 and 7) are needed for structural design in the presence of flaws
and, as will be demonstrated in this report, analyses relating performance to
test geometry and stress state are necessary to effectively select materials
for the fabrication of structures resistant to impact.
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II. EXPERIMENTAL PROCEDURE

A. MATERIALS
The following materials were purchased from the indicated sources.
5.6 mil diameter boron filament - Composite Materials Corporation

5.7 mil diameter Borsic filament - Compousite Materials Corporation
Al alloy foils

}

Composite Materials Corporation

Al alloy powder - Composite Materials Corporation
8 mil diameter boron filament ~ Avco Corporation
Ti - 6A1 -LV foil - Teledyne Rodney Metals

5.7 Borsic Reinforced - Ti-6Al-LV - TRW Corporation
B. COMPOSITE FABRICATION
1. Boron Reinforced Aluminum

All of the boron filament reinforced aluminum composites evaluated during
this program were fabricated at UTRC using plasma sprayed precursor tapes and
diffusion bonding procedures. The fabrication of the precursor tapes has been
described in detail in several previous reports (Refs. 1, 8), and will not be
repeated here. All diffusion bonding was performed in a vacuum of 1072 Torr,
at applied pressures in excess-of 2,000 psi and with the composite layers
confined in close walled dies.

The temperature of bonding depended on the composition of the matrix,
however, it was always below the alloy solidus temperature.

The properties of the aluminum alloys used during this investigation are
tabulated in Table I.

2. Boron-Aluminum-Titanium

Composite specimens were fabricated containing added layers of Ti-6Al1-hv.
Bonding conditions used were substantially similar to those used for all alu-
minum matrix composites, however, in this cacse temperatures were also limited
to prevent the formation of an intermetallic layer between the added titanium
foils and the aluminum.

3. Borsic-Titanium

Two sources of Borsic reinforced titanium were evaluated under this pro-
gram, OSeveral panels, fabricated by TRW, were purchased and additional panels

)
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were fabricated at UTRC, The composite panels fabricated at UTRC were
diffusion bonded using polystyrene bonded precursor tapes., Each tape consisted
of Ti-6Al1-UV foil with an overlayer of evenly spaced Borsic fibers bonded to
the foil by the polystyrene fugitive. Hot pressing was performed by heating
in vacuum to 450-490°C to first remove the polystyrene and then raising to

the ultimate bonding temperature followed by final high pressure application.

C. INSTRUMENTED PENDULUM IMPACT TESTING

A1l pendulum impact tests were performed using an instrumented tup which
permits the generation of load-time traces describing the impact event.
Continuous load measurement is achieved through the use of strain gapes mounted
on the tup and a calibration to translate strain readings into load. The
strain gage output is monitored on an oscilloscope producing a load-time trace
which is then photographically recorded.

Two instrumented impact testers were constructed at UTRC for this purpose
using standard 23 ft 1lb and 260 ft 1b capacity pendulum impact machines. The
23 ft 1b tester is shown in Fig. b.

Specimens of both standard and thin nonstandard sizes were tested during
this program. To insure uniform impact loading of the thin specimens, shims
have been fabricated to position the cpecimen impact face properly with respect
to the bottom of the pendulum swing.

D. TENSILE TESTING

Composite tensile specimens were parallel sided with fiberglass doubler
pads bonded onto each end. The overall specimen dimensions were five inches
long and 0.4 inch wide with a final effective gage length of 1.0 inch.

Measurements of modulus and failure strain were obtained using strain
gages mounted on opposite specimen sides.

The pendulum impact specimen geometries tested are shown in Fig, Wi, The
specimen orientations tested are indicated in I'ig. 5. They congist of Lwo
basic types, LT and TT. This notation was first introduced during another
UTRC program, (Ref. 1). The letters refer to the directions which are longi-
tudinal (L) or transverse (T) with respect tc the specimen principal fiber
axis., The first letter of each pair refers to the normal to the crack
growth plane while the second letter refers to the direction of crack growth,
The LT type specimens were also tested in two orientations, edgewise or chord-
wise. These designations refer to impact orientations based on jet engine
fan blade terminoclogy. A chordwise impact on a fan blade consisting of layers
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of boron aluminum tape is simulated by the uppermost specimen in Fig. 5, in
that the direction of impact is normal to the tape plies. An edgewise fan
blade impact configuration is simulated by the impact direction being in the
plane of the tape plies.

E. BALLISTIC IMPACT TESTING

All ballistic impact tests were performed at the Air lorce Materjals Lab-
oratory, Wright Patterson Air Force Base. Two geometries of impact were
utilized (Fig. 7) to demonstrate, as in the case of pendulum impact, the
dependence of material performance or imposed stress state. Strain gages
were located on some of the ballistic specimens and their locations are
indicated in Fig. 7. All ballistic tests were performed using RTV cylinders
having a weight of approximately 0.36 gm. The cylinders were 0,295" diameter,
0.295" long, and were fired with the use of a sabot which was caught prior to
specimen impact.

All ballistic tests were monitored using a slit camera which recorded
specimen and projectile motions at the point of impact. 1In addition strain
gage data and framing camera records were taken on selected specimens. The
use of these data to interpret and correlate specimen performance was not
within the scope of this program. However, these data will prove extremely
useful to other investigators who may wish to investigate material impact
resistance.

1
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T11. RESULIS AND DISCUCSTON

A. TINSTRUMENTED PENDULUM 1MPACT

The instrumented pendulim Impact tent wan the tect uned most extencively
during the performance of this program. As staled in Lhe inbroductijon, it

was clear to the investigator that a simple measure of the total energy to
fail a standard Charpy specimen was not a sufficient criterion by which to
rank potential fan blade materials. The use of the instrumented tup war a
major step forward in achieving truly meaningful data. Many previous pubili-
cations have described the details of the procedure and precautions neces-
sary to achieve accurate instrumented impact data, Refs. 3, 9, 10. The major
problem lies in recording a signal which accurately describes the loading
history of the tup during impact. Extensive precautions were taken at UTRC
to insure that this was the case and impact specimens were shared with two
other independent laboratories, Refs.1ll, 12, to insure that the equipment and
procedures developed at UTRC were capable of providing accurate aud precise
data. It was concluded that this was the case.

The interpretation of load and energy data obtained from the instrumented
pendulum impact test is only meaningful if one considers the dependance of the
composite response on specimen geometry and hence imposed stress state.,
Multiple composite failure modes are possible, depending on the dimensions of
the specimens tested.

Figure 8 illustrates the proklem at hand., Upecimen dimensions of L and
h are shown in this figure. For Charpy impact or three point bend, the L
refers to the specimen span and h to the width over which crack propagation
must occur. The standard Charpy test with an L/l ralio of 5 (nolcehed) ok
(unnotched) is not at all similar to the inteuded blade application where
effective L/h values can exceed 100. On a local damage scale, the similarity
may be closer; however, it is clear that the geomeiry dependence of composite
performance must be underctood prior fo any extension of pendulum impaci data
to blade design. The inclusion of this geomelry dependence can be accom-
plished with existing understanding of composite beam testing, Refs. 13, 1k,
Through the use of these concepts, and simple heam equations, it is possible
to plot interaction diagrams which illustrate the dependence of unnotched
composite beam strength on specimen geometry. Although these equations were
developed for the standard bend tests which are performed at slow rates of
load application, usually 0.01 to 0,1 inches per minute, they apply equally
well to specimens impacted at ¥,000 to 10,000 inches per minute, which is the
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usual range of velocity for Charpy impact testing. 7The dependence of materijal
strength on impact velocity is another matter independent of the method of
analysis.

For an unnotched bend test of a simply supported composite beam of
rectangular cross section, simple equations predict nominal levels of maximum
shear and flexural stresses. The maximum shear stress uvccurs at the neutral
surface and is given by

I

= 3/ —
Tmax = > n
The maximum flexural stress occurring at the same time is
PL
Omax 3/2 b2

and occurs at midspan at the top fibers (side away from the loadins nose).

The use of these equations presupposes a series of assumptions which are
satisfied quite well by composites of the types tested in this program and for
which the principal axes of orthotropy coincide with the axes of symmetry of
the test specimen., The use of these equations is recognized by the investiga-
tor to be overly simplistic in light of effects of stress concentrations in
the areas of the loading points, Ref. 15, and the need for more sophisticated
stress analyses to completely characterize the existant stresses, particularly
for multiaxially reinforced specimens Refs. 16, 17, 18. However, as will be
demonstrated in this report these simple equations are useful in rationaliz-
ing and predicting composite beam response.

Figure 9 is a theoretical coustruction of a series of shear inlecraction
diagrems for various boron fiber reinforced metal matrix composite systems in
the LT orientation based on assumed values of compositic and matrix strenpths,
The horizontal lines in the low L/h region indicale the expecled levels of
composite shear strength obtainable for composites either yielding or frac-
turing due to matrix yield or failure. “hese truc levels of material shear
strength T, 2re independent, of specimen geometry (1./h), however, the
measured (ovserved) values of Tmax Will not be independent at higher levels
of (L/h) due to a transition of failure mode from shear to flexural. 1In the
higher L/h regions a calculation of shear strength would lLe incorrect. The
calculated curves of decreasing ob.served shear sirength are hased on assumed
values of composite flexural strength, P Similarly, in Fig, 10, a flexural
interaction diagram, the transition into a shear failure region is noted by
the drop in calculated composite flexural strength at small values of L/h.

In both figures the L/h values for notched and nnnotched standard sized
Charpy specimens are denoted by the shaded regions indicating that, for 1100
and 6061 aluminum matrix composites, the specimen behavior is controlled by
shear strength.
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To experimentally demonstrate the validity of the above approach, a
series of unnotched 5.6 mil diameter boron reinforced G061 specimens of the
LT-chordwise orientation were tested in three point bend. These specimens
were tested over a range of span to width (T/h) ratios by varying both 1, and
h. The resultant load-defleclion Lraces were analyzed uljlizing the [lexural
interaction diagram approach, Calculation of the flexural strength of each
specimen based on the maximum load to failure, and plotting the resultant
values as a function of L/h resulted in Fig. 11. As has heen discussed ohove,
the apparent flexural strength is a function of L/h, and only for larie values
of L/h does the flexural strength reach a constant level., The sloping line
for low values of L/h was calculated using the known shear strength of 6061
aluminmum and agrees well with the observed decrease in apparent flexural
strength, The actual matrix chear strength was multiplied Ly a tactor off 1.15
which is introduced to include the effects of constraint due Lo Lhe fibers
present,

b e e

It is interesting to compare the behavior of specimens tested in differ-
ent regions of the interaction diagram. Figure 12 presents the load-deflec-
tion traces for three specimens. Specimen 2317-1 exhibited a large degree of
plasticity and a very round curve. Specimen 2320-1, however, with a larger
value of L/h, failed more abruptly and with less energy dissipated by plas-
ticity. Finally, specimen 2320-L4 exhibited no signs of plasticity at all.
These modes of fracture agree well with the bchavior expected, i.e., shear
r o controlled or flexural strength controlled, as shown in Fig. 11 depending on
’ L/h value.

-

Another method used to examine the effect of specimen L/h ratio was to
determine the energy required fo raise each of the specimens in iig. 11 to
the maximum load prior to failure. This value is less than Lhe tolal
required to fracture each spescimen by that amount reauired to propagate a
crack through the system (i.e., we observed stable crack growth), When the
initial energy is divided by the total volume of each specimen, a very cstrong
dependence on I/h is evident, Fig. 13. 1In the flexural strength controlled
region (high L/h), this value reaches the theoretical limit calculated for
fully elastic behavior as shown in the figure.

The same type of dependence on L/h is true for the testing of notched
metal matrix specimers. The data in Figs. 14 and 15 were obtained previous
to this study at UIRC, Ref. 19; however, now they are plotted as a function
of L/h. Once again the interaction diagram concept provides agreement
between calculation (based on 1100 matrix shear strength) and experimental
data.
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Because of the above noled very streng dependences of composite
performance on test specimen geometry, it is unrealistic to try and rank
composite systems simply on _he basis of a standard Charpy energy value., At
least this is true if one wishes to achieve nmore than jusl a qualitative
understanding of composite behavior.

B. PENDULUM IMPACT OF BORON ALUMINUM

The following sub-sections will describe the most important points
derived from the instrumented pendulum impact testing of boron fiber rein-
forced specimens, The data will be presented primarily in graphical form,
however, tabulations of the basic data are also included.

The major observalion to be made is that the pendulum impact performance
of boron reinforced aluminum composites can be varied over a very wide range
through choice of matrix, fiber and orientation. Extremes of impact ener-
gies, for standard Charpy specimens, of from 1 ft 1lb to specimens that could
not be fractured by a 260 ft 1b pendulum strike, were recorded. The control-
ling factors are discussed below.

(1) Matrix Composition

The impact data obtained by testing unidirectionally reinforced 5.6 mil
diameter boron reinforced aluminum matrix composites are listed in Table 1T1.
The comparison of LI-type specimen data, Fig. 16, indicates the role of
matrix composition and strength in both the shear controlled (low L/h) and
tensile strength controlled (high L/h) regions. The lines drawn in the low
L/h regions were calculated on the basis of matrix alloy shear strengths and
found to agree in each case quite well with the experimenially observed speci-
men strength. The maximum load (hence specimen strength) withstood during
impact, increased with increasing matrix strength., It is interesting to note
that the matrix control of observed flexural strength is similarly signifi-
cant in the high L/h region. The increase of strength with increasing matrix
strength was unexpected, at least to the degree to which it is evident,
Tensile specimen data, Table 11, for axially reinforced specimens did not
indicate the same dependence of 0° tensile strength on matrix strength,
although previous investigatlions have demonstrated the axial composite
strength can increase with increasing matrix strength.

The observed abilitv of LT type specimens to dissipate energy during ,
impact and fracture was also strongly dependent on composite matrix strength.
In this case, however. increasing matrix strength caused a decrease in per-
formance. This is test demonstrated by discuscion of the oscilloscope traces
obtained during impact and the resultant specimen deformations observed.
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(a) LT Type 5.6 Boron Reinforced 1100

1100 matrix specimens have demonstrated the ability to dissipale a
large amount of energy in the LT orientation, however, at the expeuse of
fracture strength, Figure 17 demonstrates the importance of impact orienta-
tion with regard to the tape ply planes. Lxamination of Figs. 17 and 18
demonstrates that interlaminar shear belween tape plies effeclively diveris
the fracture path and dissipales large quantitlices ol cnerpy.  LiLllle change
in maximum load is observed.

Figures 19 and 20 demonstrate the differences between notched and
unnotched specimens with large h dimensions., Both specimens sheared off at
one end during passage through the impact machine. (The sheared off end was
lost for the notched specimen). Thus, inboth cases the observed erergy levels
are less than could have been dissipated. This explains the anomaly of a
lower energy value for the unnotched specimen than the notched.

The load-time traces for additional specimens of decrewusing thickness (h)
in both notched and unnotched condition are shown in Figs. 21, 22, and 23, 1In
Fig. 21 the unnotched specimen required two impacts to cause fracture and
both traces are shown in the same photo.

(b) LT Type 5.6 Boron Reinforced 6001

The 6061 matrix specimens failed at considerably higher maximum load
(and stress) levels than the previously described 1100 matrix specimens.
This was, however, accompanied by lower values of enermy dissipation, and as
shown in Fig. 24, by less extended load-time Lraces. One inleresting anomaly
occurred, however, in Fig. 25. The unnotched specimen 2287-3 exceeded by
139 1lbs the maximum load of similar specimens 2287-2,4. This was accompanied
by a very large amount of interlaminar chear nnd delaminnliion which wist nal
typical of the other 6061 specimens, Fig. 26. tUpecimen 3 indicates crack
diversion and link up with the cracks emanating from the zone of damage in
the contact region. OSpecimen 4 also exhibited small amounts of interlaminar
failure, however, these were not as extensive as those of specimen 3. The
slightly higher maximum load apparently succeeded in causing the extension of
interlaminar cracks and the more gradual decrease in load with time, Fig. 25,
due to effective crack blunting.

(¢) LT Type 5.5 Boron Reinforced 2024 and 5052/56
Both 2024k and 5052/96 matrix Lype specimens exhibited only small indica-
tions of plasticily even for the specimens with low values of (t/h). The

instrumented traces indicate only a small degree of nonlinearity, Figs. 27
and 28, with the specimens of smallest h exhiviting a completely linear
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behavior, Fig. 29. The fraclured specimens, Fig. 30, clearly indicate this
lack of extensive plasticity for both notched and unnotched confipgurations.
Absence of damage in the region of contact with the tup is also noled.

N S

(2) Fiter Orientation

The dependence of compocite impact performance on fiver orientation is
even greater than that noted above for matrix strength.

(a) 5.6 R - Uniaxially Reinforced Specimens

@' As indicated by the data in Table 11 there is a very large decrease in

E impact load and impact energy by changing from the LT to the T'T orientation.

- The reasons for this are that; firstly the matrix is so highly constrained by
the fibers that it can not exhibit much plasticity during failure in the 90°

mode; and secondly composite transverse strength is so much lower than axijal
strength.

(b) +15° -5.6 Boron Reinforced 1100

Figure 31 presents the instrumented impact traces for 1150 reinforced

& specimens with an 1100 matrix. Both in maximum load carrying capability and
; impact energy dissipation, these specimens performed in a manner similar to

: LT type specimens., Figure 32 illustrates that a considerable amount of dela-
mination took place as well as the shearing off of one end of the specimen.

(e) i??o -5.6 Roron Reinforced 1100, GOG1 and 202

The load-time traces for 5.6 boron-1100 specimens of edgewise and chord-
wise orientations are compared in Fig. 33, It is interesting to note the
higher level of energy dissipated for the notched specimen which delaminated
more severely than the unnotched specimen, Fig. 34. This observation is
unexplained, particularly in view of the expected higher load carrying capa-
city of the unnotched specimen. On the basis of maximum stress, however, the ‘
notched specimen reached a flexvral tensile stress of 102,000 psi while the b
unnotched specimen only reached a level of 84,000 psi. The edgewise impact
of similar specimens, Figs. 34 and 36, resulted in much higher maximum loads
to failure but also lower energy dissipation., 7The photos in Fig. 36 show the
areas of contact of specimen and tup illustrating the very large amounts of
local damage.

Firmures 37 and 38 demonstrate the impact behavior of thin specimens with
varying matrix composition. ‘The 202k and 6061 matrix composite specimens
exhibited very high failure strengths while the 1100 matrix specimen failed
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at a much lower strength level. The level of encerpy dissipaled was noi
decreased, however, due to the post maximun load energy dissipalion exhibiled
by the 1100 specimen.
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The i68° orientation was also tected, Figs, 39 and 4O, and found to he
very poor in impaci tolerance. Bolh maximum loads and cnerpgy dissipalion
capacity were very low. It is interesting to note that specimen 2277-1 did
not fracture; ductility was sufficient to permit a large amount of deforma- ]
tion. i 9

The data for these specimens are tabulated in Table IV.
(4) iﬁso -5.6 Roron Reinforced 1100, G061 and 2024

Figures 41 and L2 illustrate the large deformation and hence energy

v dissipation capacity of the 1100 matrix with ihso fibers. Roth chordwise
and edgewise jimpacts deform, but do not fracture, the specimens. The narrow,
C-2231, as well as wide, C-2226-1, specimens exhibit this capacity. The 6061
matrix specimens of similar orientation also exhibit high energy dissipation
capacity, however, this is accomplished with a very significant increase in
load carrying capacity, Figs. 43, Wh. ¢imilar observations can be made for
the 2024 matrix composite system, Figs. 45, 46. It can be noted that for

P both the 6061 and 2024 composite specimen types, crack propagation was more

extensive than for the 1100matrix system.

- .

The data for these specimens are ltabulaled in ‘lable V.,
(e) Shell-Core and Distributed Ply Lay Up

A comparison was made between two different melhods of achlieving
multiaxially reinforced blade structures. 7The first ccheme was Lo have the
outer shell of each specimen consist of 459 plys and the inner core consist
of 0O° plys. The second arrangement consisted of intermixing these plys in
the shell with fewer 0° plys in the core.

i

'

b4 The comparison of the shell/core and distributed ply layup schemes is 3
‘i given in Table 1V on the basis of pendulum impact testing. As might be i
’;4 expected, Lhe maximum loads exhibited during failure were highest for the
distributed ply specimens with 0° plys near the outer specimen surfaces.
The 1&50/900 specimens of the dis'ributed ply type were also significantly
stronger than the #45°/90° shell/core specimens and at present. this is not.
explainalle, In contrast to this, the shell/core specimens consistently dis-
sipated larger levels of energy than the distrivuted specimens. The load-
time traces in Fig. W/ illustrate the difference in performance. The shell
core specimen failed at a fairly high initial load and then continued to
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support a lower impact load as the ihbo plys deformed to the point of
_”; fracture. 1n contrast for the other lay up the distributed h5° plys were
‘ constrained by their 0° neirhbors and fracture was much more abrupi. after
E ; the initial load drop. This caused the specimen to diszipale far less cnergey.

(f) Angle Ply Comparison

4 ey e

Flexural strenglhs obtained by calculation based on 1100 matrix pendulum
impact data are presented in Fig. 48 as a function of L/h. “The data reported
in 1973 (Ref., 19) are also included for comparison. The drawn line in the low
L/h region is calculated on ihe basis of 1100 matrix shear strength and fits
well the data for all orientations. In the higher L/h regions ‘he data sepa-
rate into groups depending on the true flexural strengths of each composite

! type.

(3) Fiber Diameter

As was discussed in the introduction, previous work at UIRC, Ref. 1, had
demonstrated that the use of larger diameter boron fiber can cause signifi-
cant increases in composite impact energy dissipation. 'This was investigated
further in this study through the reinforcement of 1100 aluminum with 8 mil

- diameter boron fiber. Impact data are presented in Table VII. Figures 40 and
50 demonstrate the very larpe capacity of 8.0 mil boron reinforced 1100 mabrix

' specimens to dissipate energy. The initiation and propagation of the crack
% is effectively blunted by interlaminar shear so that, as shown in Fig. 50,

A

shear, delanination and bending prevent fraclure of Lhe spocimens.  Cihe

. unnotched specimen dissipated a lower level of energy than the nolched speci-
) men due to the shearing off of one ernd. ]

Composites with a 6061 matrix behaved very differently. The maximum
loads are much higher than those for 1100 matrix specimens, however, the
energy levels dissipated are lower and actually less than those typical of
5.6 mil boron reinforced specimens, Fig. 51. The specimens shown in Fig. 52
demonstrate this low energy dissipation capacity by exhibiting little or no
distortion,

A g

The superiority of the 1100 matrix in energy dissipation can also be
demonstrated in thin specimens, Fig. 53. '"The ability to sustain load after
the initial peak in the load-time curve is the reason for the 1700 composite
superiority.

The results of tensile testing & mil boron-reinforced composites were H
, quite disappointing, Table VIII[-A, The fiber vas .bserved to split in trans-
verse tensile specimensz fig. 5h, and low axial strengths were generally
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obtained. As a point of interest, data obtained independently at UNRC using
8 mil boron from another source (Table VIII-B) gave much higher axial and
transverse composite strength values and did not show any sipns of splitting.
Impact specimens fabricated and tested using this fiber, however, did not
demonstrate the same high levels of impact energy dissipation. The differ-
ences in tensile and impact performance noled indicate an as yet unexplained
fundamental difference between these two fibers.

(4) Comparison With Unreinforced Materials

Because unreinforced titanium alloys have exhibited sufficient FOD tole-
rance, impact specimens of Ti-6A1-UV were also tested and subjected to anal-
ysis similar to that described previously herein for beron aluminum. {peci-
mens of 6061-T6 metal were also tested for additional comparison. 7The inter-
action diagram concept was used to analyze the data obtained for these two
monolithic unreinforced metals. Instrumented impact tests were performed or
specimens having a variety of notch depths. The data are presented in Fig.
55. It is interesting to note the constant level of flexural strength
obtained. No data were obtained in the very low L/h region (where a drop off
in strength might be expected) due to specimen size restrictions. Therefore,
the extensions of the drawn curves into this region are conjecture and were
calculated for the sake of completeness. The value of observed flexural
strength for these materials was found to be quite high and correspond to
between 2.5 and 2.9 times the tensile yield strength of the alloys. This is
not unreasonable in the prescnce of the noleh conatbrainl,, however, o more wiual
method to represent metal resistance to crack growth is by use of fracture
mechanics. Therefore, values of KID were also calculated for several of these
specimens using standard fracture mechanics formulations. These values are
given in Table IX along with data available from a standard handbook for com-
parison. The herein obtained values in both cases exceed the literature data.
This is probably due to the fact that full constraint is not obtained in the

Charpy specimen thickness as well as the fact that the Charpy notch is fairly
blunt.

The load-time traces for full sized notched and unnotched Ti-6Al-bv
specimens are given in Fig., 56. Cumulative energy dissipated as a function
of time is also given for both. As illustrated by the tested specimens in
Fig. 57, it is clear that the notched specimen failed in a fairly brittle
manner while the unnotched specimen deformed to a very large extent, and
could not be fractured using the 260 ft-lb impact machine. Narrow shear lips
on the notched specimen outer edges indicate the low level of local plas-
ticity. The load-time traces of notched specimen performarce with decreasing
specimen width (h) are shown in Figs. 58 and 59, indicating small amounts of
plastic deformation at the maximum loads prior to failure. All specimens
failed at the notch with signs of extensive plasticity,
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Figure 60 compares the data obtained for the unreinforced metals with
composite data. As has been chown in the past in several fracture mechanics
programs, the energy dissipated in fracturing a notched unreinforced metal
3-point bend specimen varies linearly with net specimen width (h). Both the
Ti-6A1-4V and 6061-16 demonstrate this. When compared with 5.6 boron rein-
forced 1100 material, which also displays a linear dependence, it is observed
that large differences which exist for large values of h disappear in the
small h regime. The fact that the order of superiority may reverse in the
small h region may be of particular importance for thin blade-like structures.

C. PENDULUM IMPACT OF BORON - ALUMINUM - ['L1TANTUM

Boron fiber (5.6 mil diameter) reinforced 1100 alvminum matrix composites
were fabricated with the added reinforcement of Ti-GA1-4v foils., These foils
were 0.003 in. thick and improved both the off axis tensile strength and
impact resistance of the base composites. The Ti-6A1-U4V foils were inter-
spersed with the layers of B/Al tape. Two sets of composites were fabricated.
Specimens 2384, 2385, and 2386 were assembled with one layer of 1i foil for
each twc layers of tape, as well as on both composite surfaces, while compos-
ites 2387 and 2388 consisted of one layer of Ti for every three layers of
tape and again foil on both outer composite surfaces.

The data obtained from the Ti-OAl-WV foil enhanced B/ALl specimens are
presented in Table X and Fig. 61. The major improvement in impact performance
for these specimens occurred when testing in the off-axis (TT) orientation.
Both energy and maximum load values were considerably hipher than those of
uniaxially reinforced B/Al alone. It is interesting o note that most of Lhe
specimens tested did not fracture completely due to the added titanium foils.

A major difference was found to exist between the chord and edge
orientations of these specimens, Fig, 62. ‘The lower interlaminar shear
strength of the former, due to the continuous layers of aluminum available
for shear, cause both a low maximum impact load and a high impact energy.
Chordwise failure is strongly related to 1100 aluminum malrix shear and, as
can be seen in Fig. Ol the strength of specimens in the low L/h region agrees
well with calculations based on 1100 aluminum shear strength. ‘The edpewise
specimen tested failed at a much higher stress level due to the importance of
the Ti foils in preventing interlaminar shear in this orientation. Figures
63 and 64 are additional load-time traces for specimens of higher L/h values
in both the LT (chordwize) and 1T orientalisns. The addilion of the iitanium
foils lLias improved conslderably the TT specimnn performance over that of
wilaxial B/ALl both from enercy and maximum sustained load points of view.
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D. PENDULIM IMPACT OF BOR3TC RETHFORCED TTTANTIRG ;

The pendulum impact lesting of 5.7 mil Borsic uniaxially reinforced
Ti-6A1-LV specimens revealed that, in all orientations and geometries, the
overall ability to dissipate energy was considerably less than that of both
boron reinforced aluminum and boron aluminum titanium, Table XI, contains
the data for the impact specimens tested and includes materials supplied by
TRW and also specimens fabricated at UTRC. The data obtained for uunotched
and notched (with a sharp Charpy notch) specimens were used Lo calculate a
flexural interaction diagram, Fig. 65. "The maximum load data reported in
Table XI for standard sized Charpy specimens indicated a very high load 1
carrying capability for Bersic-titanium as compared with B/Al. As can be E
seen from Fig. 65, however, this was simply due to the fact that specimens
were well away from the L/h region in which shear failure would be expected
to occur. 1n actuality, & level of flexural strength of 2L0,000-280,000
psi is slightly lower than that for 5.6 boron/6061 of the same orientation. 4
The tensile data for both UIRC and TRW fabricated materials are presented in 1
Tables XII and XIII. As would be expected, the levels of axial strength 3
measured were also somewhat less than those of 5.6B/6061, Table TIT, in
agreement with the flexural diagram analysis.

stk b

A comparison with 5,6B/1100 on the basis of energy dissipaled as a
function of specimen geometry, 1'ig. 06, reveals that for larpge values of h
(e.g., low values of L/h) the aluminum matrix composite is far superior. At
the lower values of h, however, where the deformation of aluminum contributes
little to overall specimen failure, the values of encrey become comparabile.
In this region the primary contribution to energy dissipation is through
elastic deformation and fracture, and since both systems exhibited nearly
the same flex strength (Figs. 16 and 65), this convergence of performauce is
to be expected.

Instrumented impact traces for several composite specimens are presented
in Figs. 07 and 68. The 5.7 Rorsic reinforced titanium specimens of Lhe
chordwise orientation exhibited a marked duplex load trace with a sharp drop
from maximum load followed bty a plateau prior to final failure, Fig. 67.

This was not true of the edgewise specimens Fig. 68, which failed abruptly
after the maximum load had been achieved. FExamination of the specimen frac-
ture surfaces indicated that interlaminar failure occurred, on a small scale,
in the chordwise specimens and not. in the edgewise., 1t is not clear as to
whether this interply failure occurred pricr to or duriung gross crack propa-
gation. 1In all cases chordwise specimens failed at flexural stress levels
slightly below those of edgewise specimens which may indicate some interply
failure prior to final fracture. The net cffect of thisz lower interply
strength was to increase the tolal energy required to fail o specimen Ly
making crack propagation more difficult., PFdgewise specimens dissipated only
approximately 75 percent of Lhe energy lLypical of chordwise specimens.
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E. BALLISTIC TESTING

On the basis of the data obtained by pendulum impact testing, a series
of composites was selected for ballistic impact testing. Matrices of 6061,
1100, Ti-fA1-LV, and hybrid aluminum-titaniim were selected to make compari-
sons on the basis of matrix plasiicity and shear strength. In addition,
both 5.6 mil and 8.0 mil diameter fibers were utilized as well as orientation
of +45/0, +22, and 0. Because of the very important effect of specimen gcom=-
etry noted during pendulum impact, comparisons were made belween cantilevered
and simply supported specimens whenever possible.

The ballistic test data are presented in Tables X1V, XV, and XVI. 1In
each case the specimen numbers and descriptions are given, along with a series
of projectile impact velocities. Resultant specimen condition is indicated,
in each case, by a notation beneath each of the impact velocities.

The data in Table XIV are for multiple impacts of specimens, which were
performed to attain an indication of the relative damage tolerances of each
material., The remaining tests, Tables XV and XVI, were then performed using
only one impact per specimen.

(1) Matrix Composition

As in the case of pendulum impact, matrix composition (matrix shear
strength) was an important determinant of composite performance. As an
example one can compare the performance of i22° oriented specimens reinforced
with 5.6 mil boron, Fig. 69. In this series of cantilevered tests the B/6061
specimens deformed much less than B/1100 specimens. The B/6061 specimens
also failed at the root after an impact at 936 fps while the R/1100 specimens
did not fail until a velocity of 1297 fps was reached and then failure
occurred at the point of impact. The very large capacity of the B/1100
specimens to deform relieved the buildup of high tensile stresses in the root
area while the higher shear strength 6061 matrix specimens could not achieve
the same relief, So, on the basis of survivability in this cantilever test,
it could be stated that 1100 matrix specimens appear to be more FOD tolerant
than 6061 matrix specimens. Of course, one should also consider the excessive
amount of deformation which took place in the case of the B/1100 specimens
which could be undesirable for fan blade performance,

[t is also interestiwr to note for Lhe cantilevered tests {hat lLoth *he
6061 and 1100 malrix specimens exhibited approximately the same tolerance for
local damage. The B/6061 specimens failed completely at the point of impact
(FI) at 1233 fps while the R/1100 specimens failed al thig location at 1297
fps.
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A similar survivability ranking in the cace of ithe simply supported
beam test geometry (¥ig, 70) wonld reverse the order of preference, 1In lhis
case the B/606L specimens failed at approximately 11GO fps while the R/1100
specimens failed at a lower velocity of Qb1 fps, The R/1100 specimens arve
delaminated and heavily deformed at the reglon of failure (which correzponds
to the region of impact) and it appears that the deformation capacity of the
system had teen locally exceeded, {ne hLigher shear strength (061 matrix
specimens, however, did not delaminate and, hecause high tensile stresses
were not generated near a retention in this test geomelry, they deformed
under the point of impact until final failure.

Thus, from the above it is clear that material ranking canrot be stated
without regard for the test geometry used., It is also anticipated that if
the cantilevered specimens had been impacted at several different positions,
to alter the ratio of root tensile stresses to local tensile and shear
stresses, a variation of material ranking could occur for just cantilevered
specimens. The relationship of these test results to fan blade considera-
tions is also very difficult to clearly define. Depending on tlade design
and location of impact, a wide variely of strecs slales can te pencraled by
FOD events which could resenmble either of the herein described, or other,
ballistic tests,

{2) Borsic Reinforced Titanium

Both types of Borsic-reinforced titanium specimens (heavily clad and

unclad) behaved like the B/6061 specimens described above. Thev failed at the

root location for the cantilevered tests and showed minimal deformation in
this configuration (Fig. 72). 1In the simply supported test, however, they
exhivited a very liigh resistance to failure and deformed a great deal. Again,
this is due to the ability to generate higher ratios of shear to tensile
stress in the simply supported configuration., The RBORGIC-Ti specimens with
$.012 in, of Ti on each face were among the most impact resistant of all the
specimens tested., The large amount of Ti on the surface is clearly the
reason for this performance advantage,

(3) Boron-Aluminum-Titanium

Specimenz 2W73-7h and 2k75-To were conntructed with outer layers of il
over a uniaxial core of 13/1100. lhece spevimens, in the can' ilever teots,
behaved in a manner remarkably cimilar to tne PORSGIC-bilanium cpecimens hav-
ing equivalent, thicknecs i surface layers (i, 72). ‘thev failed al the
root at velocities in the same range, The riwpl. supporied cpecimens, how-
ever, failed at much lower velocities than the simllar RORCIC-T1 specimens,
This rela‘cs, apgain, Lo the poor performance of {he 1100 matrix ma‘erial in
thie simpl, supported test, The local shear strecres and extensive interlam-
inar deforratlon exceed the capacity of the 1100 aluminum, ‘{his is most,
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pronounced in the simply supported (7,:%.) confijuration tecanse the ratio of

maximum shear stress to maximum tensile stress for a U..'., team 1s twice that

of a cantilevered heam of the same dimensions, [t would appear that for the

construction of future hybrids of this type, a higher strengih €001, 2024, or
5052/5056 matrix should te used,

(k) Fiber Diameter

Three sets of ballistic specimens were fabricated, and tested in the
cantilevered configwration using 8.0 mil diameter boron in the 1100 matrix.
As would be expected from the pendulwn impact data, thece cpecimens all
exhibited high levels of deformation, Figs. 73. Th. Ry claddins a uniaxially
reinforced composite with 0.015" thick surface lavers of vi-tAl-hy it wae
possitle to achlieve the most impacl resistan!. composile of Lhe entire pro-
gram. The comparison between 8 mil and Y.6 mil boron reinforced 1100, in the
+22 orientation, indicates that little if any advantage is achieved with the
larger diameter fiber. Comparison of Figs. 69 and 73 indicates that both
composite types exhibvit large amounts of deformation prior .o failure a* both
impact sile and rcot. 7The magnitude of the differences between 'he above
specimens is, however, somewhat clouded by the variation in thickness. !t is
likely that this effect is at least linear and, in fact, may go as “‘he srquare
of the thickness, in which case ranking may chanpge. Again, geometry effec'.n
become every bit as impcrtant as material offects,
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1v. SUMMARY AND CONCLUSIONS

The initial purpoce of this program was to achieve a metal matrix
composite with optimum impact resistance. It has been demonstrated, however,
that a material fabrication and test program cannot achieve this goal in a
simple "build and bust" manner. Metal matrix composites, because of their
multiplicity of failure modes, can exhibit a wide range of impact tolerance
depending on not onlymaterial, but also imposed stress state.

The major test technique utilized during this program was a three point
bend instrumented pendulum impact preocedure, based on the standard Charpy
impact test. This test technique provides nct ~nly the total enerry dissipated
by a specimen during impact, but also a continuous record of the load applied
to the specimen throughout the impact event. It was this ability to charac-
terize the loading history of an impacted specimen which led to the use of
the interaction diagram concept to describe the impact load tolerance of
composite and also monolithic material specimens. [Rased on a simple beam
analysis, used in the past to reconcile specimen geometry and material vari-
ables in the short beam shcar test, it was possible to demonstrate that
measured material impact resistance is sipnilicaily influcncod by npplied
stress state. It is the interaction of this inposed stress state with the
multiple failure modes of the composite specimens which then determined com-
posite behavior. Composite specimens which were fabricated to have a small
(L/h) ratio of span length (L) to width (h) were subjected to a large ratio
of maximum applied shear stress to {lexural stress, These specimens would
tend to deform in shear prior to extensive crack ;rowth and the maximum load
sustainred during impact would be controlled by the shear strength of the
matrix. Such specimens would frequently appear highly deformed after impact
and very large levels of impact energy were usually dissipated. In contrast,
specimens of the same composite mrterial could be made to behave in a fully
elastic manner during impact by testing with a much larper (L/h) ratio. The
uppermost specimen in Fiy., 8 illustrates the test specimen geomelry while the
load-deflection tracez in i, 12 demonstrate the very significant variation
possible. A single composite material, in this case 5.6 mil boron reinforced
6061 can exhibit a significant variation in load-deflecticn history. With an
L/h ratio of 3.8 the material is capable of larre scale deformation prior to
crack growth and, when crack yrowth does occia, it occurs in a controlled
manner, i.e., additional increments of energy must be supplied to continue
crack growth. 1In contrast, the very same material tested with an L/h ratio
of 21.4, exhibited no evidence of placticity -wmd complete specimen f{racturc
occurred utilizing the clasiie cnerey stored in Lhe specimen and Lenl sys-
tem rrior Lo instability. ligures 11 and 12 further demonrstrate the point.,
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For Fig. 11, the maximum load sustained by each specimen was converted to

the maximum applied flexural stress, and plotted as a function of (L/h).

Only for values of (L/h) greater than approximately 11 was there the expected
constancy of composite tensile strength. Below this value matrix shear
determined specimen strength. Similarly, it is shown in Fig. 13 that for
(L/h) values less than 1l the energy per unit volume required to raise speci-

mens to their maximum load prior to fracture is well above that required
elastically.

Thus it was demonstrated that the interaction between applied stress
state (which is controlled by test configuration) and composite failure modes
(which are controlled by composite failure criteria) both determine overall
composite response. No one single test can be used to determine a fundamen-
tal quantity which characterizes material impact tolerance. It was shown
that the combined use of interaction diagrams Figs. 10, 11, 14, 15, 16, U8,
61, 65 and enerry dissipation vs (h) diagrams, Figs. 60, 66 provides a much
more complete picture of the impact tolerance of composite specimens. In
addition, comparisons can be made with existing engineering materials.

The second test technique used to evaluate impact resistance was a
ballistic test. Small RTV cylinders were fired over a range of velocities
at composite specimens., Once again, to point out the importance of test
geometry, specimens were held in both simply supported and cantilevered con-
figurations. TImpact tolerance was then judged on the basis of the projec-
tile velocities required to cause visible damage and fracture of the speci-
mens, As in the case of the pendulum impact test, specimen behavior was
related to both the material and the test geometry. It was shown that
relative material rankings could be altered by changing the test procedure
and again, higher levels of plasticity and specimen deformation were obtained
for test configurations which maximized applied shear stresses and minimiced
beam surface flexural stresses,

One of the most important points ' be noted from this study s that
very substantial changes in composite pcrformance can be achieved by changing
material composition and layup. Levels of energy dissipation can exceed those
of monolithic aluminum and titanium alloys, if these materials are constrained
to fail locally, i.e., in the presence of stress raisers such as a notch.
Composites containing low shear strength matrices such as 1100 aluminum, with
high strength fibers, causc extensive shear deformilion Lo take place over
large volumes of matrix malerial. ‘'lhe use of larper diameter [ibers, of
high strength, provides both longer transfer lengths and more massive inter-
fiber matrix areas for shear deformation to take place. For this reason,
of the uniaxially reinforced composites. 8 mil boron reinforced 1100 diani-
pated the hijhest levels of enerpy. This ability Lo delomm also extends over
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a large range of (L/h) values. It is, however, obtained at the expense of
composite maximum load carrying capability. Thus 1100 matrix specimens will
deform under a lower threshold impact event than comparable GOG1, 2024 or

even Ti-6Al-LV matrix specimens. Further, it is only by deformation that 1100
matrix composites can indicate a superiority over higher shear strength
matrix composites. Thus, incrcased resistance to catastrophic failure and
material separation can be achieved by paying the penalty of structural defor-
mation. Clearly, in the case of close tolerance aerodynamic structures such
as fan blades, a careful balance must be achieved between threshold level and
deformability.

A highly deformable matrix can also provide a benefit in reducing the
stresses transmitted to other areas of a fan blade removed (rom the point of
impact. Thus, the choice of air foil deformation threshold must be chosen
in light of the blade root retention construction. Blade designs incorpora-
ting high strength retention schemes will likely permit the use of higher
shear strength matrices in the air foil,

The use of Ti-6Al-4V foils to hybridize aluminum matrix specimens was
shovn to be an effective way to increase ballistic impact tolerance. It
was also shown, however, that since the titanium foils are essentially bonded
together with interlayers of aluminum alloy, in the presence of high inter-
laminar shear stresses (effectively low L/n region) composite performance is
once again controlled by the aluminum matrix.

The all titanium matrix composite system was shown to behave in a less
ductile manner due to the very high shear strength of the matrix. Thus, of
all the systems, this one dissipated the lowest levels of energy over the
largest range of L/h values. It, however, has one significant advantage.

It can be bonded to a surface layer of titanium by a very high shear strength
bond. During impact this lowers the effective flexural stresses on the com-
posite and, most significantly, provides a very effective FOD tolerant
cladding.,

From the above it can be concluded that the achievement of the maximum
FOD tolerance in a structure will require knowledge aboul both overall
material performance and the stress state duriny operation and impact, Ulti-
mate success without both of these will not be imposnible, however, it will
be fortuitous.
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s V., FUTURE DIRECTIONS

The following are areas in which future research should be conducted to
‘ improve the FOD tolerance of metal matrix composite materials and fan blades
! fabricated out of these composites.

* Additional laboratory scale testing should be performed to provide
a technique which will provide meaningful quantitative data charac-
terizing the impact resistance of composites. The results of this
program are a first step along this line.

* Ballistic testing of specimens closely renembling the intended fan
blade application should be pursucd.  The choices o specimen and
test geometries are critical and should be based on probable real

t . blade design concepts. The data obtained from this type of test are
1 necessary to ascess the validity of any laboratory test procedures.

* Because of recent advances made in the low cost fabrication of metal
matrix composites, emphasis should be placed on evaluating the impact

tolerance of materials made by these new procedures. Future fan blades

will have to combine low cost and FOD tolerance.




g~ 1 Table 1

Experimentally Determined Properties of Plasma

i Sprayed Material with Foil
!
i Ultimate
Klastic Yield Stress Tensile Strain to
Modulus at 0.2% Offset Strenpgth Fracture
Alloy 100 psi 103 1si 103 psi (1 in. gage length)
6061 10.2 11.2 19.6 165
202k 10.4 18.6 35.0 13%
Y 1100-11hY 9.1 6.2 12,5 20%
9052/56 9.8 19.5 38.6 13% :
|
) |
| ]
g ‘ e | B
Typical FProperties of Wrought Material b
in the Annealed Condition¥* i
Ultimate ;}
Tensile Strain to '
Yield Stress Strength Fracture
Alloy 107 psi 103 psi (2 in. gage length)
- Leel 8.0 18,0 25%

b 2024 11.0 S0 ~0 i
R . 3
o 1100 5.0 13.0 30% ;

s‘ |
R {
N "y 5042 13,0 28,0 255 !
g ™ |

4 . <
£ i 5056 AN ho,o 350 :

¥ "Aluminum, Vol. 1 Properties, Physical Metallurey and Phase Diagrams" 4

Ed. by Lent R, Van liorn, 1067 3
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Table I11

Tensile Test Data
i 5.6 mil Boron-Reinforced Aluminum

Comp. Voi % urs ol £
Ho. Matrix Fiber Layup 103 psi 10° psi %

2273 1100 53 (0] TN 3hh 0,87
73,5 3.7 n.70
SRUBEY i
TE20,9

2278 1100 52 [+22) 1.1 - -
80.5 - -
60.0 - - :
81.6 - - :

: ) 2279 1100 52 [+45]) 8.
8.

oy~
—~ oD

-
N
n
@
o

1100 54 [#h5/05] 1h7.2 - -
152.9 - -
1h8.9 - -
160.5 - - {

2281 1100 5l (0/-45/0/+k5/0], 14,5 - - ;
150.0 - -
148.8 - -

ISV - -

2282 1100 52 [o/-22/o/+22/o}q 161.0 - -

1h2.5% - - -
1h5.¢ - -

143.0 - -

2283 £061 0.6 10]) 181.0 35.3 0.606
) 226.0 34,0 0.76
232.5

222.0

28
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Table II1 (Cont'd)
-4
Comp. Vol % urs E £p
v o, latrix I'iber Layup 103 ps5i 10% psi ﬁ_
‘ 2284 6061 b9 (+02] 146.0 29.h 1.2k
157.5 3i.3 Ty
138.0
153.0
2285 6061 51 (+45] 52.5 -
63.5 - u3, 5
45,5 - 28.5
52.7 - L3.0
2306 202k 52 [o] 229.0 36.8 0.70
| 22h,0 37.0 0.66
o 227.0
t t 196,0
b } 2307 5052/56 53 [0] 268.2 39.5 0.85
215.5 35.8 Q.66
" 2h1.0
2 254 .0
y ‘ 2419 6061 50 (+h5/035] 172.6 28/18 0,90
166.8 0/19 0LEG
- 2422 1100 53 (+45/03]4 5.0 27/19  0.%1
; tho.h 25/19 0,76
% ; 2h2l 6061 52 [+h5/05], 169.7 33/19 0.8
3 o 1768 31720 0.88
2N
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Table IX

Calculated Kip Values for Charpy
V-Notch Specimens

1
e A2 3 b R e -'._;_-.-.a.“.._‘...-.»__-ue,.j

Total Crack Total Specimen Maximum
Material Length Width Failure Load Kip
(in) (in) 1bs ksivin,
6061-T6 0.07y 0.394 1670 31.6
0.17k 0.394 835 30.0
Handbook Value* 26,5 ;
, Ti-6Al-LV 0.079 0.39k 6500 123.0 ]
! 0.17k 0.394 3130 123.0 ;
' |
Handbook Value¥* 96.0 '§
! i
)
[
*¥Damage Tolerant Design Handbook MCIC-HD-01
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Composite

Table ZI

5.7 BORSIC~Uniaxially Reinforced Ti-OGAl-LV¥**

Orientation

Hotch

Sil-139-1
-2
-3
-
-5
-6
-7
-8
-9
~-10
~11
~12

SN-129-3~8

XXk

SlT=141-2-8
-9
-11
-12

Sil-148-1
=2
-3
o
-5
-6
-7
-8
-9
-10
-12
213

LT-Chord
LT-Chord
LT-Edge
LT-Edge
LT-Chord
LT-Chord
LT-Edge
LT-Edge
L

TT
LT-Chord
LT-Chord

LT-Chord
L'T-Chord
7T
7T

LT-Chord
LT-Chord
P
T

LT-Chord
L'T-Chord
Li-kdge

Yes¥
Yes¥
Yes*
Yes¥*
HNo
Ho
Ho
No
Yes¥
lio
Yes¥*
Yes

o
No
llo
llo

Ho
No
Ho
o

Impact

Lnergy
ft-1bs

w =1\
« e e

—
[
COWMNOENNE O k-

.

1 ONWwW N =~ N0
- .

oD e
w w C -

= =) = = O M
= 2 W

=
-

.

PRV VSRR I
DO WO WO NS

1

Maximum

Load

Post
Impact
Condition

1bs

4000
4000
hooo
5180
6120
6490
6k90
1760
4080
3556

1hl
140
7l
8h

186
167
102
133

3627
3627
380
38Lo
6542
6115
18L9
18ho

W69

oo
3090
Wwho

2 pieces




Table Z1 (Cont'd)

Post
L , v/o llet Impact  Maximem Impact
' Composite Orientation Fiber lotch  Uidth  Energy Load Condition
i (in.,)  rt-lbs 1bs
2b72-1 LT-Chord L9 o 0.133 1.9 825 2 pieces
-2 LT-Chord lio 0.132 1.7 111
2470a-1 LT-Chord s lo 0.06M 1.3 178
1 b-1 LT-Chord o 0.062 1.1 16k
b c-1 LT-Chord lo 0.062 1.0 16h

\-\‘v—-—._—_

>

L et —mtnti= s W

** Spec., 129, 139, 141 and 148 were obtained from TRW.

39

¥ The notches machined into these specimens were 0.079 in. deep, however,
due to the use of the wrong cutting wheel they were flat bottomed -
not V-shaped.

¥%% Specimens of set 141 all had extra 0,012 in. thick layers of Ti-3A1-2 1/2 V
on each surface.
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Table X1l

Tensile Properties of 5.7 mil RORGSIC Uniaxially
Reinforced Ti-6Al=LV

(UTRC)

composite

Lumbe v/o Fiver Orientation
2ling 1 0°
2L6u L 0°
chet LA 0°

JU extracted fiters average UI'S

Shnd L& 0°
LT 0u Lo ne
ShTh L. O
2hoy 39 ane
2hiin b IM°
JBTry 3¢ QNoe

uTs E
103 psi 10° psi

167.1

155.7
127.6

150.0
13h,2

15.8 30,0

= (362 + 83) 103 psi

163.8

hoL3

Lo R 2L, 0

bela

RIS 28.5

39.2
Lo, 6 29.1

1.6
1.9 31.¢

0 hh

0.hs

0.30
0.21

0.25

-

EPRNIGT 1 W I




Table X11I

Tensile Properties of 5.7 BUkUIC Uniaxially
Reintorced Ti-6A1l-LV

('TRW)
Speciren Hunber Urientation iy Urs
10 psi 103 psi
Cleli9= 3
-1 0° 38.0 145.8
) l -2 0° 39.0 1L48,0
i t -3 0° - 135.0
]
ke / -k 90° 31.5 53.8
3
*
-5 90° 33.2 62.7
s 5
\ —u 90° - 64.0
i’ -7 90° - ok.9
i
Sii-141-3%
: -1 0° 34,2 132.0
- - 0¥ 33.0 128,0
!
; - Woextracted ribers - uvg, Urs = (330 + 125) x 103 psi
'f - 90° 27.4 67.3
.“\
0 N -5 90° 0.8 69.3
b
D - 00 - S50
l‘ 3. 6 20 64,
, Y
< -7 20° - 62.1

fiha Jagld
»

-,*;
« §

*lotal specimen thicnness vas 00062 fne with 0,010 In. of

."-7-'~'r'ﬁ'u'—z"~

41

Ti=3-2 1,2 on

éﬂ‘ﬂ

0.L0

0.40

0.k6

0.55

0.1

0.40

0.58

0.73

e L
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Specimen

2k19-2k20

2h22-2L2Y

2Lk27-2L28

SN-129-2

2479

2480

2U73-Th

Table XIV

Cantilevered Ballistic Impact Specimens

(Multiple Impact per Specimen)

Material

5.6B/6061
[+i5/03],
t = 0.070 in.

5.uB/1100
(+45/03]2
t = 0.067 in.

.6B/6061
+45/03),

5
[
t = 0.067 in.
5.7 BORSIC
Ti-6A1-bV

t = 0.052 in.

5.6B/6061
(+e2]g
t = 0.069 in,

5.6B/1100
(*22]g
t = 0.066 in.

5.6B/1100
00
0.003 in.-
Ti-6A1-LV
on each face

t = 0.053 in.

Velocity (ft/sec) and Damage

h
126
NV

129
nv

158
NV

133
v

188
nv

196

NV

Vs Vg
186 331
NV D
282 L6T
uy uv
339 721
NV D
173 326
NV D
438 692
NV NV
k4o 69k
D D-DI
tHoh R
Dl Dl

42

Vh
483

D

718

858

T1h
F-R

8Ll
DI

870

D-DI

210
F=R
(Incomplete
Fracture)

1238
F-R

1122
FR

903
D-DI

Vg

884

D

ki

1746
F=1-R

&l TRLT I IR

agtia




s et

- Table XIV (Cont'd)

PPN ..

; Velocity (ft/sec) and Damage

— e ew— — —— e

Specimen Material Vi Vo V3 Vi, Vs V6 Ve

SN-129-~1 5.7 BORsSIC/ oo 872
Ti-6Al-ly D IR
0° 4
0.003 in. - :
Ti-3-2 1/2
on each face
t = 0.052

r"""‘?"*“’"

kv—*—~_-_

NV = no visible damage

Le” 2 b

’ z D = deformation
\ F = fracture
I = at impact site
R = at root

- .

0

b TIF s W v
.o «
l—c--‘t—.;.'.l._—-o—" s i ———— e ———— e

.
.,
-~

1 o
b

2 e e B A




Tab:le AV

Cantilevered Ballistic Impuct Specimens
(Gingle Impuact per Specimcn)

A
E , Velocity (ft/sec) and Damage
Specimen tiaterial Xi Voo Eﬁ. Lﬂ. XZ Xﬁ
g 2k19-2h20 5.08/000] 187 W3 1Y 1hsy
f (46570470 Y v D F-T-R
i t = 0,070 in.
i : . . . e
, 2h22-2424 5.68/1100 165 381 Ged 1132
. [+h57051 Y D D F-1
E t = 0,007 in.
ah27-2428 5,.6B/6006] 209 340 o077 718
[+Ls/04] 0 Y D D D
t = 0,0L7 in.
Si-129-2 5.7 BORGTIC 170 237 360 6L
Ti-HAl=-hV i v v F-R
t = 0.0% in.
2h79 5.6B8/6001 o 13 Q36 1976 1233
[1;215 D-DI D-D1 D=-FR D-FR  FI-FR
t = 0.069
2L80 5.08,/1100 fod ST P 1O 130 IR
[+22]4 D-b1 1-D1I  CR-DI CR=F1I FR=FI  FR=FI
L= 0,006
2LT73-Th 5.bR/1100 813 8hh
0° DI-FR  DI-FK
0.003 in. -
Ti-0AL-hY
on each face
t = 0.053 in.
207576 5.6B/1100 s Tao Ly Q00 1050 1070
n° D-DI D-D! =Dl D-Dt =Dl DI-tE
0,009 in. -
Ti=OAL=hY
on earh face
t, = 0.06H in.
44




oy L . T e e A . . 5

il
s Table XV (Cont'd)
. . . 1
Velocity (fv/sec) and arage 1
; §
Specinen Matering Y.l. .‘._L._ l’.i _.’.J_’_ ‘_{Z -‘l}_ ’5 3
SH-129-1 5.7 Bubkslc/ 05 R B EAT l
Ti-6AL=4V 1 D-1] l=11 D=F1 ;
n° i
0.05" in.
SH-141-b,5 5.0 BORCIC/ 90D 1611 SRS el 1o P
Ti-6A1-LV D D-D1 D-D1 P=D el N i
0° 7 4
0,012 ip. - ;
Ti-3-"1/2 }
R «n each face (
‘ ‘ t = 0,003 ;

j 2578 8.0B/1100 Bl 55 3 T R RE et EREE (
b [+22°]), D ESS LS (55 QRN A D SRS QUG S B
/ t = 0.075 in.

g W

o 2779 8.oB/1100 71 702 iy S Lo L
! (#h5/00 100 P-DI =T =11 ImD] Phess Pi-v

<
i} T :
3 t = 0.075 in.
W
= [ 2580 8,05/1100 RN J0 Py Vg el P E
! three loyors of D=-DI li=Di =11 0=l =10 =] (
‘ \ 0.00Y% 1in, :
3 ' Ti-0UAT=LV on i
each tare ‘.
t o= 0,045
3
4
NV = no visitie danmagse
D = delormation 3
) Fo= fracture
N C = crackingy visible
N 4 1 = at impact aves
1)
R = R at root ares 1
. E
e N
' “
N
'™

[.5

T
5 »
N .
. a ® L2

e R VR

_— . S T T POV W
E o : [OPRNEL F e B S ‘.,, T T ] "

————— —— e
N




Y . mﬂ_‘ T e e e g ame

Table XV1 5

i
Simply Cupported Ballistic lmpact Cpecinens f
(Single Impact per Specimen) 5
|
Veloeity (1t/sec) and Damage :
2b19-2420 5.61/0061 199 iz ae 10k 4
[+hs/oq]z b L b if ,
t = 0,070 in. 4
§
2lipa-akoh 5.6B/1100 199 W Q07 1283
(+h5/03])o D D D F-1 3
t = 0.067 in. i
5.0B/6061 190 L 39 897 1392
[+45/03]5 D D D F-I
t = 0.067 in.
4
5.7 BORSIC~0° 190 k39 903 133C d
Ti-LAL-bLY NV D D
t = 0.092 in.
5.6R/6001 RIS 933 1155 1160 1008 :
[+22]g D D D F1 FI
5.0R/1100 360 7ol 2l 1193
DIy g y N
(+22]5 D D 1 K1 i
S.0B/1100 Sho arg 052 1157 1197
0° Dl 1 1 T F1
0,003 in. -
Ti-6Al=hv 1
on each face
t = 0.053 in.
5,603/1100 Ay HISHE! 1,91
ne I DI 1
0.009 in. -
Pi-eAl=hY {
on oeach face
= 0.0tH in. 3
™~
R
46




etk o

]
Specimen
¥ SH-129-4,5
SH-1k1-2,4
;
i
i

1
* i
)

NV = no visible
< s D = deformation
4 v F = fracture

,
‘ I = at impact s
. s

" ‘.:k‘
3 "
E

.8
’ ‘i‘.
PN
§

a
v ¢

s g

[ ]

H
[."e.".y‘:‘: »‘

A..

. b,

~x] N
™ |
e .

Nateriog)

—

W
-

T wonoIC/
i-6A2=4Y

N~

L= 0,052

5.7 Borsic/
Ti-0Al-LV

damage

ite

Tabile XV

1

(Cont?y)

y

Velocity [y cee)

Ly

102
D

47

1089
l\

112k

i

1282
Lv

-~k §

ver i e




4
Al
f
)

i

y

)

F
/

3

Unnotetied Inst rumented

Also Tested by

Impact Testing of Specimens

Ballistic lmpaet

Total

[rmpact

Max imun

rlexural

ey oo eyt by
Speeimen vaterinal L=lhg b ([U' o)
2L20 5.5B/6061 1.1 140 170
[+h5/0310 1.0 Lhe 170
t = 0,070 in.
a2y 5.hB/1100 1.3 121 145
[+45/05], 1.3 121 1k2
t = 0,070 in.
2428 5.6R/000] 1.0 12 180
[+h5/04], 0.8 142 179
t = 0.070 in.
SH-129 5.7 BORSIC/Ti-6A1-LV 1.1 1hh e
0° 1.0 140 310
0.003" - Ti=3-2 1/2 on each face
t = 0.052 in.
Sli-141 5.7 BORSIC/Ti-vAl-UV 2.2 186 280
0° AN 167 260
0.012" - Ti-3-2 1/ on each tace
t = 0.063 in.
2LT73-7L 5.68/1100 L.l 139 ooy
0° 1.2 130 295
0.003" - Ti-6A1-4V on each face
t = 0.053 in.
2LT75-76 5.0B/1100 1.3 17k o0
0° 1.5 17k 0
0.009" - Ti-6bAl-IV cn each face
t = 0.066 in.
.
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279

2L80

2579

Table XVI1 (Cont'd)

Totu]
lmpuct Maximum Flexural
Energy Load Strength
Materdial f1-1Us 1vs (103 psi)
5.6B/6061 1.5 191 229
[+22°]5 1.5 198 223
t = 0,069 in.
5.6B/1100 A 111 150
[:;2015 3.k 125 168
t = 0.006 in,
8.0B/1100 1.8 146 1be
[+22°]), 2.0 153 1ha
t = 0.075 in.
8.0B/1700 1.2 97 o7
[+45/0~ 10 1.6 97 100
t = 0.075% in.
8.0B/1100 2.5 26l 218
Q° 2.9 26h 210

three layers of 0,005 in.

Ti-0AL=-hV on each face

t = 0,085
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TOP--NOTCHED ENERGY GREATER THAN 23 FT LBS
BOTTOM UNNOTCHED ENERGY 48 FT LBS
(REF. 2-1972)
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FIG.2 5.6 mil BORON—1100 ALUMINUM CHARPY IMPACT SPECIMENS
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STANDARD V NOTCHED SPECIMEN

j / .394in,

Vo
10mm(.394in.}
1
[ra—————e 55mm(2,165in.) —)
UN—NOTCHED FULL SIZE SPECIMEN
/.394in
10mm{.394in,)

| ————— 55mm(2,165in.} —_—

THIN UN—-NOTCHED SPECIMEN

/ # / .394in,
L
‘o— 55mm(2.165in.} ——l

FIG. 5 PENDULUM IMPACT SPECIMEN GEOMETRY
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TAPE
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LT—~CHORDWISE IMPACT SPECIMEN

24
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LT—EDGEWISE IMPACT SPECIMEN
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TT—-IMPACT SPECIMEN

0 000 006 000000000
00 000 O 0O
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0O 00000000

FIG. 6 PENDULUM IMPACT SPECIMEN ORIENTATIONS

. 4 ol TN

55

R PR = .
< e e e B
»

'-..,‘.'_



2 T‘* TN .
o e

,.f
:
!
E

.
P

i e —— o e s e, et

- "1
]
T

1“%
7 w
l#:

. .

et

LN A T Pn

N 2y £
I RS n'&?

——p] 05" e 3.2

IMPACT

- l“— 0.25"

7

)

€GAGES #2 AND # € GAGE #

CATILEVERED SPECIMENS

- 45" L
IMPACT
0.5 }"— 1.725"
0.25" ——-‘ ’-—-

D o O o o o o L AR R O R R R R A e OO
% /
7

€ GAGE =3 € GAGE #2 €GAGE #1

SIMPLY SUPPORTED SPECIMENS

FIG. 7 BALLISTIC IMPACT SPECIMEN CONFIGURATIONS
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CHARPY IMPACT

BLADE-QOVERALL RESPONSE
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FIG. 8 IMPACT SPECIMEN GEOMETRY
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min ENTUIP I WUVREIICPP DY ORMETNE E S E
i S

3600 - SR
. 3000}
~ 2400~
v
m
=
3 o 1800f
S
C 23170
o - 1200+ L L7 N b a1 any,
600
]
; 0 1 | | 1 | ]
0 0.02 .04 0.06 008 hon 012
E- DEFLECTION (1N
' 720 - o= - : - .
| i
600
) -
5 480
. @
: ’ -
3 ; =
o 3601
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FIG. 56 INSTRUMENTED IMPACT TRACES

105

PN R i

TS s W e T A TP T SETOATS e T T A



R

.
1
|

A
4] !

F1G. 57 NOTCHED AND UNNOTCHED Ti—6AI—4VIMPACT SPECIMENS

106

Lt AT SO e e T B S R R R 9 ( RN i




R

PMAX = 6500 LBS
EToTAL = 13:2 FT LBS

1600 LBS-
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a
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: LOAD 3
§
. |
! j
= :
: 400 LBS P~
b
! TIME
0,2 MSEC .
Ti—6Al-4V NOTCHED h 0.121 IN. ‘
t
; Pmax - 325 LBS
EroraL - '8 FT LBS |

‘ i
: .l
i LOAD i
"

160 LBS |-

—L —= TIME
0.2 MSEC

Ti—6AI-4V NOTCHED h  0.071 IN

FIG. 59 INSTRUMENTED IMPACT TRACES
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. A 6061-T6- NOTCHED |
i
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:
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-
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FIG. 60 ENERGY DISSIPATED AS A FUNCTION OF SPECIMEN GEOMETRY
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]
/!

o,

Pmax © 3060 Ibs

ETOTAL >23 ftibs

SPECIMEN
UNBROKEN

LOAD

800 ibs
TIME C-2384-1
0.5 msec
LT-CHORD-5.6 B/1100/Ti—6 Al-4 V
UNNOTCHED h = 0,381 IN
Pmax = 5150 ibs
EToTAL - 166 ftibs
LOAD
800 tbs

TIME C--2384-2
0.5 msec

LT-EDGE-5.6 B/1100/Ti—-6 Al--4 V

UNNOTCHED h=0.3961IN

FIG. 62 INSTRUMENTED IMPACT TRACES
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PMAX 1040 1bs

EyoraL - 661

C 2385 1

6Al 4V

LT CHORD 5.6 8/1100/T)

UNNOTCHEDh 0192 1IN

PMAX 370 lbs

ETOTAL 3.9 ttibs

TIME

0.5 msec

C-2385 3
6A 4V

TT-5.6 B/1100/T:

UNNOTCHEDh 0.196 IN

FIG. 63 INSTRUMENTED IMPACT TRACES




PMAX = 255 Ibs

ETOTAL 1.1 ftlbs

s 80 tbs

———

C-2386 1
LT CHORD-5.6 B/1100/T: 6 Al 4V

0.5 msec TIME

UNNOQOICHED h - 0.067 IN

J
> r PMAX = 84 ibs
[ ETOTAL_ 1.0 ft ibs
LOAD
H
4
.. b
.&¥ 801bs —
.‘ng
- - e TiME
; i 0.5 msec
g C 2386 4

Py
g
Lo

TT 56B/1100/T1 6 A1 4V

i Y

UNNOICHED h  0.067 IN

L4

£

FIG. 64 INSTRUMENTED IMPACT TRACES
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FIG. 66 ENERGY DISSIPATED AS A FUNCTION OF SPECIMEN
GEOMETRY FOR 5.7 BORSIC REINFORCED Ti-6AlI-4V IN LT ORIENTATION
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"MAX 4,000 1by

EroraL IARINITY

800 by p—

SN 139 2
LT CHORD 6.7 BORSIC/T: 6 Al 4V

NOTCHED h 0.333.IN

Pmax 5180 1
EIUIAL 114 11 s
T WY SN 139 5
(T CHOHD & 7 BOKSIC/T, 6 Al 4V
UNNOTCHED b 0,412 IN
FIG. 67 INSTRUMENTED IMPACT TRACES
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P

Pmax 3840
EroTaL 4 7FT/LBS
|
LOAD
73
800LBS o
‘ TIME
.2 M P
0 SEC SN 148 3 1
LT EDGE -5.7BORSIC. Ti--B6AI--4V
NUTCHED h 0.321
Pmdx 6.642 ‘
EroraL 7-9FT LBS i
LOAD
| ,
4
1600LBS =
i
' ' SN-148 5 ’i
.2 MSE - ;o
0 SEC LT-EDGE-5.7 BORSIC/Ti- BA! -4V |
UNNOTCHED h  0.396 !
i 1
]
FIG. 68 INSTRUMENTED IMPACT TRACES
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V4 = 1076

b M Vg = 1233

C-2479 ;
{+22]5 5.6B/6061 t = 0.069IN.

N V) = 898 fps i
M V2 = %0 :'
i

w va-1iie
w Va = 1297 j

5,

1
A - V51324 ;
5 132 .
— ¥
N——/ Ve = 1362 -

C-2480

D

[£22]5 5.6B/1100 t - 0.066IN.

FIG. 69 CANTILEVERED BALLISTIC TEST SPECIMENS (CLAMPED AT RIGHT END) {
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A

Vy = 846 tps
'.ﬁ V, = 933

1 O e ———— (3 - 1155

3 W Vg = 1160
s ) .
w Vg - 1245

C-2479

[*22]; s5.68/6061 + = 0069, :
‘ t ’
: vy 352 tos
| .\-———-—'—'—_— A
. 3
. V3 9
w— Vg 1193
C-2480
(225 5.68/1100 ¢ - 0.086iN.
FIG. 70 SIMPLY SUPPORTED BALLISTIC TEST SPECIMENS f
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t
g d
! SIMPLY SUPPORTED BALLISTIC TEST SPECIMENS
i
3 l V1 =190 'DS
{
= 439
!
2
L
SN-129-2
0°-5.7 BORSIC/Ti~6AI-4V t = 0,052IN,
A2 ) CANTILEVERED BALLISTIC TEST SPECIMENS (CLAMPED AT RIGHT END)

vy = 705 fps

*——h V, = 786 t

M v, - 816

T TP R e AT e T b

SN-129-1
0°-57 BORSIC/Ti-6AI--4V t = 0.052IN.

FIG. 71 BALLISTIC IMPACT OF BORSIC TITANIUM ‘
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Senca o o

Vy = 705 fps

vj = 845

Vg4 = 990

Vg = 1050

\'m-—-

Vg = 1270

C—-2475-76

0°-5.68/1100 WITH 0,009 Ti-6Al—4V
ON EACH FACE t —0.066IN.

FIG. 72 CANTILEVERED BALLISTIC TEST SPECIMENS
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PEP S

Vp = 718 fps

vy = 791

V3 = 856

V4=880

Vg = 1136

vg = 1179

C-2579

[+ 45/0,], —8.08/1100 t = 0.075IN.

V4 = 446 tps

A T o,

V2 = 6553

M V4 = 856
M V4=1096
\d Vg = 1116

C-2578

Vg 1359

|+22]4 -8.0B/1100 1t = 0.075IN.
4

FIG. 73 CANTILEVERED BALLISTIC TEST SPECIMENS (CLAMPED AT RIGHT END)
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Ty

V4 = 880 fps

Vg3 = 1488

Vg4 = 1562

Vg = 1645

Vg = 1838

C-2580
0°-8.08/1100 ¢ = 0.085IN.

WITH THREE LAYERS OF 0.008IN, THICK Ti~ 6AL—4V ON EACH FACE,

FIG. 74 CANTILEVERED BALLISTIC TEST SPECIMENS (CLAMPED AT RIGHT END)
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