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Abstract

The realization of the advantageous pro-
perties of composite materials in structur-
al components is mostly limited by the at-
tachment solution. For tension loaded
structures used at elevated temperatures a
shear load introduction type of attachment
seems not to be an optimal design.

In the sense of a more fiber conform de-
sign a new type of blade attachment, which
is even realizable with B/Al materials,
will be demonstrated. In this design two
blades are combined to a twin blade by a
loop in such a way that most of the fibers
are.running continuously from one blade tip
to the other. Bolts are provided for con-
nection to the disk.

The technology to realize this twin blade
design using B/Al, and tension tests of
B/Al loop attachment specimens as well as
first results of B/Al twin blade bending
fatigue tests will be shown.

Introduction

Rotating structures like blades and disks
are preferential applications for fiber
reinforced composites. These structures are
mainly loaded by centrifugal forces which
lead to a predominant load path direction
and allow consequently a high percentage of
unidirectional composite arrangement. Under
these conditions the outstanding properties
of advanced composites, i.e., high strength
and high stiffness to density ratio in
fiber direction, can be exploited with max-
imum benefit.

Background information

Depending on the type of turboengine a
substitution of existing metallic compres~
sor blades by composite blades offers a
total weight reduction between 15% and 30%,
including the wei?htsavings of thereby in-
fluenced systems(1). These weight reduc-
tions of connected systems like disks and
casings are not negligible. An essential
FAA requirement is, that any blade lost
by foreign object damage (FOD) or for
other reasons must be contained within the
engine nacelle so that neither nearby en-
gines nor the cabin are penetrated by de-
bris. Consequently current titanium fan
engines have large steel rings around the
fan stage which weigh as much as three to
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four hundred pounds. The reduced weight of
composite blades would permit reduced
weight of containment rings In addition,
the fracture characteristic of advanced
composites should minimize the containment
problem even more.

However, the mere substitution is only
the first approach using composites as com-
pressor blade material. The next step will
be a redesign of blades which can lead ac-
cording to Toth(3) to weight savings of
about 30% either by reducing the blade thick-
ness or the blade number per stage. The
full potential of composites with the
highest benefits can be achieved by a total
system approach, i.e., designing an engine
for the use of composites, fig. 1. That
would be a time and money consumptive and
risky way but there are some people who
believe the use of fiber composite mate
rials may be mandatory to make futural
STOL aircraft feasible, which require en-
gines with a thrust to wei?ht ratio twice
that of today's engines 2y,
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Fig.1: Benefits of composite design,
after Siegel(3) (4)

To reach these goals the confidence of
designers and project managers in composites
as a blade material must be increased by
hardware demonstration. Under all service
conditions, including foreign object damage,
the performance capability and the reliabi-
lity must be demonstrated, a quality con-
trol and accept-reject criterias must be
established and the cost efficiency factor
of titanium must be reached.



Present situation

A lot of work is already done going this
way. Almost every important company in the
field of turboengines has composite activ-
ities, fig.2.

Company | Engine| Compres. Exempl. |Composit]
bladetyp] Aircraft|material
General|[TF 39 |fan cC5Aa CFRP
Electr. BFRP
J 79 [1.stage F 104 B/AL
F 103/ fan DC-10/ CFRP
CF6~50 A-300
Pratt JT 9D | fan B 747 CFRP
and BFRP
Whitney(JT 8D |1.stage B727,DC9| B/AL
TF 30 |3.stage F111,¥14| B/AL
TRW F 1oo |3.stage | F 15 B/AL
TF 41 | fan A 7 B/TI
Rolls RB211 | fan L-1011 CFRP
Royce
Fig.2: Composite blade activities for the

cold part of turbojet engines

Most of these composite blades are al-
ready rig-tested even at elevated tempera-
tures and at these tests two problem areas
became apparent: FOD-resistance and root
attachment.

These results were not surprising. The
low impact resistance of composite mate-
rials related to titanium was known, and
especially in the last few years an en-
couraging increase in impact resistance
could be realized mostly for aluminum
matrix materials by using the matrix duc-
tility(5) (6), So it seems to become pos-
sible to fulfil the FAA~FOD-requirements
with Boron/Aluminum first stage or fan
blades.

However, no new root design philosophy
can be seen. The root attachment of
composite blades is more or less a modified
dove tail type of the existing metal
blades, fig.3. This may be an optimal so-
lution for metal blading but  that must not
be valid for composite blades. If we want
to take advantage of high strength and
high stiffness to density values in the
airfoil section of the blade, we may be
forced to pay for that by redesigning the
root section to use the full potential of
composite with the highest benefit.
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Titanlum

Aluminum

Wedge type root attachments (3)
for composite blades

Objective of investigation

The overall objective of these investiga-
tions is to develop for B/Al compressor
blades an alternative blade attachment to
the already existing dove tail solution.

This blade root concept should be veri-
fied using the first stage compressor blade
of the J79 engine as a demonstrator and
proved in close contact with the German
turbomachinery company MTU (Motoren- und
Turbinen-Union), Munich.

Beyond this hardware demonstration the
validity to transfer these results to more
advanced compressor designs should be
critically analysed.

Program approach

Because glassfiber/epoxy loop attachments
showed their performance and reliability in
high loaded structures it was intented to
transfer this fiber conform loop design to
compressor blades. Four years ago we pub-
lished the twin blade concept based only
on our experience with resin bonded com-
posites (7). However we stated, the reali-
zation of this concept, where two blades
are connected at the root end by a loop in
such a way that all or most of the fibers
are running continuously from one airfoil
section to the other, should be possible
using B/Al. We selected B/Al-material be-
cause it offers for this application ad-
vantages of temperature stability, erosion
and FOD resistance compared to organic
matrix composites.

Program tasks

The investigations can be classified in
three sections.

- First, the verification of a simple
B/Al loop with an acceptable joint
efficiency factor was a premise of
the whole program.



- Second, flankingactivities should char-
acterize the B/Al material in terms of
static and dynamic mechanical properties
(tension-tension and torsional fatigue),
hot forming possibility, damping behav-
iour,erosion and impact resistance. Also
a feasibility study about the applicabil-
ity of the twin blade concept to advan-
ced turbo compressor systems fits within
these activities.

- Third, a hardware realization of the re-
al size blade was necessary to prove and
improve this loop attachment approach.

Due to the fact that processing parameters

have a large influence to the obtained val-

ues the evaluation and improvement of fab-
rication methods to verify this concept was
necessary throughout the program.
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Fig.4: Short time values for unidirectional
reinforced B/Al and for metals ver-
sus test temperature
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Fig.5: Stress rupture properties(1000h) for
unidirectional reinforced B/Al and
metals versus test temperature
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Simplified loop attachment

The main advantage of a dove tail compos-
ite blade root is the interchangeability
with existing metal blades for testing pur-
pose. However, as in most airframe applica-
tions, the requirement to substitute metal
parts by composite parts implies also in
the case of compressor blades a restriction
in utilizing the full amount of fiber mate-
rial potential, because that means a shear
load introduction type of attachment.Fig.4
clearly demonstrates the tremendous differ-
ences in material behaviour under tension
and shear load conditions, especially for
temperature applications. Compared with
these short time values the differences at
long term loading, which is a more repre-
sentative design criteria for a blade are
even more aggravated because of creep ef-
fects, fig.5.

Contrary to a dove tail blade root, with
a loop attachment the fiber controlled high
tension strength should be utilizable at
least up to 350°C, which seems to be a tem-
perature limit for B/Al application due to
thermal cycling fatigue. The first goal was
therefore to fabricate and test simplified
loops to gain basic informations for the
twin blade concept.

Fabrication

The selected loop, fig.6, stands for a
simplified twin blade where the airfoil sec-
tions are verified by two flat plates posi-
tioned under an angle of 25°. These two
plates are connected by a circularly curved
loop. The loop radius R = 16 mm is adequate
to the minimum curvature of the original
size blade loop. The cross section of the
entire loop is constant, 60 mm wide and 1.8
mm thick. The unidirectionally arranged
fibers are running continuously from one
plate tip to the other.

imp 1‘iéd‘lbop as fabricated

The selected tape material is fabricated
by a French company, Sociéte Nationale des
Poudres et Explosifs (SNPE). The B4C coated
boron fibers with 100 ¢ um are spaced on a
6061 foil and plasmasprayed with 6061 pow-
der. The broad goods were characterized in
acceptance tests according to fig.7.
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Fig.7: Characterization of SNPE-material
BB4C/6061

The fabrication of the loop was performed
under argon atmosphere using a hydraulic
press with the main hydraulic cylinder in
the vertical axis. The main parts of the
die are shown in fig.8. The monolayers were
cut to size and clamped to the plunger be-
fore composition of the mold. After inser-
ting the die in the cold press it was heat-
ed 80 pressing temperatures of 6200C to
640°C with a heat-up rate of 150°C/h. To re-
alize the first pressing sequence the plung-
er was pressed by the horizontal cylinder
into the loop mold until the loop area was
completely pressed to the desired thickness.
This can be done without fiber fracture be-
cause the monolayers at the loop flanks are
not yet pressed and can move according to
the loop consolidation.

Fig.8: Pressing tool for fabrication
of the simplified loop

In the second sequence these loop flanks
are consolidated by pressure application
with the vertical main hydraulic cylinder.
This hot pressing and consolidation period,
which lasts about 30 min, is followed by a
cooling down period of two hours.

Testing

Prior to testing the simplified loop was
cut parallel to the fibers into four loop
sections with a width of 10 mm. According
to fig.9 these loop sections were tension
loaded in the as-fabricated condition, i.e.,
without any heat treatment prior to testing.
The crosshead movement was 2 mm/min for
room temperature tests and o.1 mm/min for
tests at 250°C.

Tension testing of the simplified
loop section

Fig.9:

Test results and discussion

The test results are summarized in fig.10.
According to the loop radius and the fiber
diameter a certain amount of fiber potential
cannot be utilized to carry external load
due to the inherent fiber bending stresses.
This penalty of the loop attachment concept
has been calculated by normalizing single
filament bending stress to a 50 vol% compos-
ite. In the present case this leads to
stresses in the order of 525 MN/mz. The col-
umns above this platform signalize the max-
imum amount of tensile stresses which can
be introduced in this loop by external
forces. According to the marked number each
column represents one to four test values.
The failure mode was fiber fracture within
the loop area without any delamination or
creep effects even at elevated temperatures.

Comparing the RT values it can be seen
that the stresszlevels could be increased
up to 1100 MN/m“ by refining the technology.
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Fig.10: Fracture stresses measured in loop

tests at RT and 250°C(short time
values)

These are quite acceptable values, especial-
ly compared with the highest stresses of a-
bout 80 MN/m<in an o?erating blade due to
centrifugal forces(8), A full consolidation
of B/Al material in the airfoil section area
could be demonstrated by bending tests. The
specimens for these separate tests were cut
out of the loop section flanks after loop
testing. The obtained Bending stresse§
range between 1900 MN/m“ and 2300 MN/m“.

The measured values at elevated tempera-
tures are very interesting. Stress levels
as high as 80% of the room temperature val-
ues could be sustained by the loop attach-—
ment during these short time tests at 250°C.
It can be deduced from results of stress
rupture tests at elevated temperaturés,
fig.5, that if the logp attachment proved
its usefulness at 250°C, the stress level
which can be sustained during long term
loading at 350°C would be about 20% less
with probably no change in failure mode.

Similar tensile tests, using specimens
with wedge root attachments at each end,
were conducted in a TRW program to increase
the FOD resistance of B/Al(3), This type of
tensile test specimen proved its ability
also in our own tests, measuring the joint
efficiency of wedge type blade root designs
in carbon/epoxy since 1972(7) (8) (9) | The re-
sults Melnyk and Toth found during the TRW-
program are summarized in fig.11, where
each column represents one test.

Because these design concepts were optimi-
zed to FOD resistance, fiber diameter, fiber
orientation and matrix material are repre-
senting a different B/Al material. However,
the large influence of test temperature is
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Fig.11: Failure stresses measured for B/Al
wedge roots at room temperature and
2320C (short time values)

obvious,not only regarding the obtained dif-
ferent stress levels but also the change in
failure mode.

Whereas the RT test specimens failed by
fiber fracture, all specimens tested at el-
evated temperatures failed by shear. Even
during this short time tests with constant
crosshead speed of 0.5 mm/min the specimen
elongations by creep effects were up to 7%.
The location of the shear failure points
out another problem area of the wedge type
root design. The shear failure starts at
the interfaces between B/Al composite and
the outer Ti-wedges. These Ti-wedges seem
to be necessary for a real blade applica-
tion, fig.3, due to high contact pressures
and fretting effects in connection with the
disk. Unfortunately during the diffusion
bonding process the formation of a brittle
reaction zone between the aluminum and
titanium surfaces cannot be prevented,
which decreases the shear transfer capa-
bility even more.

Intermediate balance

Comparing the results of the wedge-root and
the loop-root design it can be stated for
B/Al material, that the wedge type solution
may be applicable for first stage and fan
blades but restricts elevated temperature
applications, whereas the loop concept al-
lows to take advantage of the high temper-
ature potential of B/Al in realizing com-
pressor blades at least up to the third
stage.



Flanking activities

The results of the first section demonstra~-
ted a possible realization of the twin
blade concept. Concerning the flanking ac-
tivities one main aspect was a study about
the problems which may occur due to the
blade disk interface. The other main aspect
was the evaluation of material properties.

Part I: Feasibility study

The loop attachment may be an optimal de-
sign for composite blades but the advan-
tages may be more than balanced by possible
disadvantages on the disk side. These prob-
lems were evaluated in a feasibility study
by MTU, Munich. The basic configuration was
a modern concept of a three stage low pres-
sure compressor. All components including
the blades were built ih Ti6Al4V. This bas-~
ic Ti-configuration was redesigned, accord-~
ing to the requirements of B/Al blading,
with different root concepts, i.e., wedge
type single blade and twin blade concepts
with either bolt attachment or saw tooth
shaped fittings. With the assumptions that
the B/Al blades will fulfil all require-
ments and do not need midspan shrouds and
without fiber reinforcement in disks and
casings (containment rings), the possible
weight saving for all three attachment
types was about 25%, fig.12.

||/
/)

Weightreduction
B  BV%  238%

Fig.12: Possible weight saving of B/Al
blades with different root designs

First economic considerations showed that
the fabrication cost (without material cost
1400 DM/kg(2808/1b)) of a B/Al twin blade

in a serial production can be 400 DM(1608)
without, or 700 DM(2808)}with a cost efficienc
factor of 1500 DM per kg weight saving(3co0@
1lb). This seems to be realizable(3),

The results of this feasibility study can
be summarized as follows:

- The change in rotor design was not as pro-
nounced as expected in fitting twin blades
to the disk instead of single blades.

- The even number of blades which is neces~-
sary to realize the twin blade concept
is already a reality in a lot of modern
compressor concepts as CF6-50, ATF3,
ALF502, JT10D.
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- The possible weight saving of about 25%
compared to a titanium stage for almost
the same cost makes it worthwhile to
continue the way toward a hardware re-
alization of the twin blade concept.

Part II.: Materials evaluation

This second part of flanking activities
does not deal with static tests to control
the effects of variations within the pro-
cessing parameters. The main aspect of
these testseries is to gain own experience
asbout material behaviour under conditions
which were representative for a compressor
blade application.

Dynamic behaviour Beside the impact behav-
iour the most interesting material property
for this application is the fatigue behav-
iour. We started two series of investiga-
tiong to evaluate the torsional fatigue
and the tension-tension values for B/Al.

is essen-
edge area,

The torsional fatigue behaviour
tial for the leading and trailing
because the torsional layers in a composite
blade are normally cut there. The results
for BB,C/6061 are summarized in fig.13. All
speciméns were 50 mm long, 9 mm wide and
3 mm thick. The lay-up sequence was fgr °
curve (A) 26 layersooo, for curve(B)+45,-45",
22 layers O ,0-45 , +45°. The torsional
axis was in O~ fiber direction. Tests were
running at 25 Hz, a 5% stiffness drop was
defined as a failure. Contrary to the hith-
erto experience with composite materials it
seems to exist a real fatigue limit in this
dyn. torsional loading case. The obtained

stress levels are lower for O - laminates
but the ratio dynamic shear stress to stat-
ic shear stress is for both curves about
0.46.

100 102 W3 104 05 106 107
cycles to failure N —
Fig.13: Torsional fatigue behaviour
of BBAC/6061

The tension~tension fatigue behaviour can
render a first survey about the dynamic be-
haviour of the blade under high centrifugal
stresses and low bending stresses due to
gas flow loading. Therefore low A-ratios
are most interesting. The results for uni-
directional BB4C/6061 are summarized in
fig.14.
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Fig.14: Tension-tension fatigue
behaviour of BB4C/6061

The specimens had a free length of 85 mm
and a cross section of 2 mm x 9 mm. In the
gripping area aluminum tabs, which enclose
the specimen entirely, were adhesively
bonded to the composite. The test frequency
was 25 Hz, a complete fracture was defined
as a failure. For A-ratios A = 0.55 and

A = 1.0 pronounced delamination effects
were visible before this complete fracture.
These curves fit reasonable to values re-
ported in the literature(7) (10} (11),

except curve A = 1.0. The reason is not yet
clarified. All specimens for one A-ratio
curve were cut from one plate. Because the
acceptance tests did not show a change in
tape quality, it may be influenced by the
fabrication parameters that curve A = 1.0
signalizes a higher dynamic stress level
compared to the other two curves.
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Fig.15: Damping behaviour and dynamic modu-
lus measured at resonance frequen-
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Damping behaviour One of the factors in-
fluencing the damping characteristic of a
dynamic system is the material damping be-
haviour. Blades have to pass various re-
sonance frequency regions and should offer
high material damping capacity to limit
the blade amplitude. Test results for the
log. decrement of damping and for the dy-
namic modulus are summarized in fig.15.
These values are measured in the free-free
condition, i.e., the specimens (200 mm long,
9 mm wide and 3 mm thick) were supported
at the nodal lines. The lay-up sequence is
the same as for the torsional fatigue spec-
imens. It i% obvious that the damping ca-
pacity is higher for B/Al than for non
reinforced aluminum.

Erosion resistance First inhouse tests
concerning erosion resistance were made
with a modified sand blast equipment to
gain comparable values for different ma-
terials under the same testing conditions.
This simplemethod leads to very reproduci-
ble values¥2Some of them are represented
in fig.16, showing the weight loss versus
the mass of sand hitting the target area
normal to the surface with a velocity of
50 m/sec. The average diameter of the co-
rundum grains was 0.25 mm.

Corundum 70
m=29g/(s-cm?)
v=50m/s
x=90°

weight loss mg —&=
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Fig.16: Erosion behaviour of different ma-
terials under the same test condi-
tions

Fig.17: Centrifugal stand and erosion
test equipment
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The concentration of 2.9 g/S'cm2 is 4000
times as high as in a sandblast. In the
upper right corner the velocity influence

is demonstrated. It is clearly visible that
the erosion resistance of B/Al is almost as
good as in the case of Ti6A14V under these
conditions. To gain more realistic values

a centrifugal stand was constructed to eva-
luate the erosion behaviour of real blade
sections with and without protection, fig.17.
Impact resistance The largest obstacle on
the way to flight test and serial produc-
tion of composite blades is the FAA require-
ment about foreign object damage. Most of
the recent investigations in the field of
B/Al as a blading material are dealing with
the increase of impact resistance (3) (8) |

A real large progress is reported in improv-
ing the notched Charpy impact values four
times higher than those reached with Ti6Al4V.
This advance could be realized by optimizing
the material only with respect to high im-
pact values. This material is characterized
by a 8 mil diameter boron fiber arranged

in an alumingm gatrix A 1100 with a fiber
orientation -15° to the main loading axis.
The joint efficiency for this material was
already dicussed in connection with fig.11.
Based on these results I wonder, whether it
will be possible to combine high impact re-
sistance values with high dynamic and high
long term shear values for this type of ma-
terial.

Our own activity concerning the impact
resistance just started by instrumentation
of an impact pendulum equipment to record
load elongation curves. The unidirectional
reinforced unnotched BB4C/6061 specimens
were 45 mm long with a Cross section of
6 mm x 6 mm. The impact vector was normal
to the fiber direction and normal to the
pressing direction, thus simulating a blade
impact. An improvement of the hitherto ob-
tain@d impact strength in the order of 65
KJ/m® is a task for the near future.

The results of Part II, materials evalu-
ation, can be summarized as follows: Apart
from a necessary increase of impact resist-
ance which seems to be obtainable, all other
results are encouraging to use B/Al and
these fabrication methods to continue the
program.

Realization of a twin blade

The twin blade concept shQuld be verified
using the first stage compressor blade of
the J79 engine, fig.18. Several circumstan-
ces made it reasonable to select this blade
as a demonstrator. A large experience exists
with the original blade in service. The com-
pany MTU took part of this experience and
inhouse test equipments for this blades are
available there. The geometry of the blades,
as constant profile cord, distance and pitch
of the blades in the blade root area, are
favourable to gain first experience in re-
alization of a loop attachment. Moreover a
US-Air Force sponsored program for a substi-
tution of this blade type in B/Al can give
additional informations about the influence
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of different root designs.

Real size twin blade(BB4C/6061)
with Al-fitting pieces, "and
original J79 blade(steel 403)

Fig.18

Design aspects

Blade spacing, blade angle or blade set-
ting and rotor diameter, as well as the com-
plete airfoil geometry are the same for the
metal as for the composite design, which is
characterized by the following items:

(a) Within the airfoil section a spar-skin
concept is realized. At present the
outer skin is a pure aluminum foil, 0.2 mm
thick,due to fabrjcation requirements. Two
torsional layers -45° are increasing the
torsional stiffness and prevent transverse
fiber fracture in the leading and trailing
edge area. As the outer Al-skin these tor-
sional layers are disposed parallel to the
profile surface covering the entire airfoil
section, whereas the rest of the profile
volume is filled in the first approach with
0%9-layers. These 0°-layers are arranged
symmetrically to the profile axis forming
steps toward the blade tip due to the de-
creasing profile volume, fig.19. Because
no matrix flow can compensate surplus ma-
terial, a proper filling of the blade vol-
ume is absolutely necessary for a constant
pressure distribution and thus for a good
consolidation of B/Al material. However,
the number of 0°-layers and the shape of
each individual layer depends on the tape
thickness of the purchased material. There-
fore a computer program was developed to
plot the shape of the needed number of O -
layers, taking into account even a combi-
nation of different layer thicknesses in
one blade.

Shape and arrangement of Oo-layers
after the first pressing step

Fig.19



(b) The blade loop is built up only by
these O -layers which should bear centri-
fugal and bending loads. The realization
of the loop implies that each single 0 -
layer must be unrollable. Therefore the
blade profile has to change into a symmet-
rical profile. This transition is smoothly
done outside the airflow channel. The loop
itself can be shaped as a symmetrical
profile. The height of the loop arc is a
compromise between the largest possible
bending radius and the space needed for
the blade disk connection.

Fabrication

Technological problems but even more
quality assurance aspects were the reasons
to shift to a two step fabrication method.
In the first step the U-shaped unidirectio-
nal reinforced spar is pressed and consol-
idated. This load carrying member can be
controlled visually and by nondestructive
testing as well as in vibration before the
torsional layers and the outer skin are
brazed to this spar in a second fabrication
step.

The purchased B/Al tapes were smoothly
brushed after qualification tests with an
iron brush to remove surplus plasmaspray
material. The computer plotted contours of
the O -layers (about 52 pieces) and of the
four torsional layers were transfered to
the tapes. Cutting the layers to size was
done with a cutting tool mechanically or
by hand. After ultrasonic cleaning in freon
the individual layers were positioned in
a negative mould and sucked to the mould
surface by vacuum, fig.20.

Spot welding mould

Fig.20:
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Their fixation to a package was possible
by resistant spot welding. As filler addi-
tional pure Al-foils must be placed around
these O -layers because the first pressing
step was also done in the final pressing
tool and the spar has naturally a smaller
volume than the final blade. To transfer
the whole package from the fixing tool

to the pressing tool the blade sections
were clamped at the blade tips as shown in
fig.21. The tool, fig.22, was heated up in
an argon atmosphere with a rateoof 88 C/h
to pressing temperatures of 620 -630°C.
The pressing sequence was the same as in
fabricating the simplified loop attachment.

Fig.21: Assembled twin blade before the
first pressing step

Fig.22: Main parts of the pressing tool
for the twin blade fabrication



The pressure, related to the projection
area, was 65 MN/m2 for the loop consolida-
tion as well as for densifying the airfoil-
sections. The total time at pressing tem-
perature was 0.5 h, followed by a cooling
down phase of about 5 h. Using a nickel
foil as a separator it was possible to peal
off the additional Al-filler foils from the
pressed spar, fig. 19. The maximum tip dis-
placement of the single layers was up to
now -2 mm. This is a very encouraging re-
sult. However, contrary to our experience
in fabricating single airfoil sections with-
out a root it was almost impossible to re-
alize a proper filling of the twin blade
volume. The main reason is that the contour
of a slip cast molded twin blade, which
gives the basic values for the computer
program, is not exactly identical with the
contour of the pressed B/Al twin blade.
Obviously the contact areas of the mold are
displaced by heat and pressure. This has to
be prevented by a time- consuming modifica-
tion of the pressing tool. A short term so-
lution was to correct the obviously inade-
quate pressure distribution after the first
pressing step by non reinforced proper
shaped correction layers at the second pres-
sing step. The results gained with this tem-
porary, inadequate method were anyhow aston-
ishing. The lay-up sequence for the second
pressing step is demonstrated in fig.23.

Spar, preformed end caps, torsional
layers plus correction layers and
outer skin before the second pres-
sing step

Fig.23:

Testing

Normally, first tests are static tests.
However, composite minded people know te-
sting of unidirectional material in fiber
direction sometimes is a problem.This is also
valid in simulating centrifugal loads to
the twin blade loop. Before conducting low
cycling fatigue (LCF) tests in a centrifu-
gal stand, vibration tests were made on an
electrodynamic vibrator to prove the twin
blade under cyclic bending stresses in the
first resonance frequency, fig. 24.

Fig.24: Shaker test of B/Al twin blade Nr.2

The results of five twin blade tests are
summarized in fig.25, where the tip to tip
deflection is plotted versus the cycles to
failure. A drop in resonance frequency of
3% is defined as a failure. The numbers at
the different amplitudes are indicating
that most of the blades were tested at more
than one stress level, due to the limited
blade number.
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Fig.25: Shaker test results, valid for

BB,C/6061 twin blades tested at
resonance frequencx in first
bending mode (140 =20 Hz)

measured value amplitude a # fre-
qu??g¥ f according to the a-f-meth-
od for the original J79 blade

estimated value according to the
E experience of MTU with the a-f-
method for a fictive J79-Ti-blade

We found several effects which were re-
sponsible for a frequency drop during test-
ing:

(1) The design of the blade fittings had an
essential influence. Out of three configura-
tions the version which envelops the entire
loop with a tight fit showed the best re-
sults. For these first tests an Al-alloy
was selected as a fitting material shaped
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by simple sand casting to the geometry of
the loop.

(2) The tolerances between the cast fit-
ting pieces and the loop were equalized by
a low temperature melting metal. This fast
and simple solution had the disadvantage
that the contact pressure of this material
was very low. Thus the material was squeez-
ed out of the gaps during vibration, chang-
ing the resonance frequency by a change of
the clamping condition.

(3) A requirement to fabricate the blades
in a closed die under pressure,imposes

that the surface material must have a
higher melting temperature than the rest
o6f the blade material. Using the corrosion
resistant 6061-alloy, the realization of
this demand was only possible with a pure
Al -1100 outer skin material. However, pure
aluminum has a very low fatigue resistance.
Thus the utilization of the excellent fa-
tigue behaviour of B/Al is limited in
blade bending tests by early cracks in the
Al1-1100 skins followed by a frequency drop,
signalizing a failure.

Accepting point (2) and (3) as failure
criterias, the solid 3%-line in fig.25 re-
presents the obtained results, whereas the
dashed 3%-line signalizes an outlook to
futural possible blade behaviour.
line was obtained by testing a blade with-
out an Al-11o00 skin. This blade did not
fulfil the requirements of surface smooth-
ness but demonstrated excellentfatigue be-
haviour, if point (2) is not accepted as a
failure criterion.It could be clearly de-
monstrated by reembedding the blade, wheth-
er a measured frequency drop was caused by
a change of the clamping condition or by
blade failure. It stands only for a blade
failure if the resonance frequency was the
same before and after reembedding. Trans-
mitting the results of this first approach
to a second generation blade,the cycles to
failure could be increased by a factor 10.
The failure mode changed from skin cracks
to edge-parallel cracks within the torsion-
al layers.

Reviewing the dynamic results four as-
pects are very encouraging:

- The sustained stress levels are quite
high. A tip to tip deflgction of 25 mm
is corresponding with 37 /oo strain, mea-
sured in the highest stressed blade root
area. For B/Al this is adequate to 50%
static failure strain.

- It seems that cracks in the torsional
layers are not initiating cracks in the
O -layers. As soon as the stiffness in
the high stressed blade area is domina-
ted by the stiffness of the Oo—layers,
the cracks in the torsional layers stop-
ped and no further frequency drop was
noticeable.

- Even severe damage of the trailing and
leading edges have no strong influence
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The dashed

to the fatigue behaviour of the blade.
That was demonstrated by one blade which
was slinged off the shaker during vibra-
tion test caused by a fastener failure.

- It seems to be possible to reach the
high dynamic values realized with Ti-
blades also with second generation B/Al
blades, which offer additional advantages
due to their low crack propagation veloc-
ity.

B/Al twin blades as-fabricated,
ready for tests and already tested

Summary

(1) A loop type attachment for B/Al compres-
sor blades has been realized using a
J79 first stage blade as a demonstrator.

(2) Tests and fabrication of 10 simplified
loops and 14 original size twin blades
(fig.26) were performed under labora-
tory conditions.

(3) It could be demonstrated that a B/Al
loop attachment with a radius of
R = 16 mm can sustain external tensile
forces up to a stress level of
G, = 1000 MN/m2 at RT.

(4) At 250°C test temperature the short
time values obtained with this loop
attachment reached 80% of the RT values.

(5) Based on these results and on stress
rupture properties found in the litera-
ture the sustainable stress level of
this loog attachment is estimated to be
500 MN/m“ for a long term application
(1000 h at 350°C).

(6) The reached high stress levels combined
with a low density of B/Al material al-
low the realization of a hollow blade-
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loop concept.

Vibration tests with the original size
twin blades in the first resonance
bending frequency showed that a peak

to peak tip amplitude of 20 mm has been
endured by these first generation
blades up to 10/ cycles without any
frequency drop.

A possible weight saving of 23% was
calculated in a feasibility study by
redesigning a three stage low pressure
titanium compressor of a modern engine
according to the requirements of a B/Al
twin blade concept. The change in rotor
design was not as pronounced as expected.
The even number of blades which is nec-
essary to apply the twin blade concept
is already a fact in modern compressor
concepts.

Investigations of B7Al twin blades in a
whirling-arm test rig according to the
LCF-method, blade-loss and blade con-
tainment experiments as well as FOD
tests are planed for the near future.
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