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Abstract—A feasibility study of three-dimensionallyfiber-reinforced carbon-carboncomposites (3D-
C/Cs) for applicationto a turbine disk of ATREX (Air turbo ramjet engine with expander cycle) was
carried out. Spin burst tests at room temperature were conducted using 3D-C/C disks, and the fracture
behaviors were characterized. A 3D-C/C disk was totally fractured at a peripheral speed of 516 m/s
(r = 150 mm), which is sufficient for the ATREX application. However, fiber bundles at the disk
periphery prematurely suffered micro-scale damage, and fragments of the fiber bundle unit flew out
before total fracture occurred. In order to prevent the fly-out behavior, the disk was impregnated
with Si only near its periphery. Although this treatment increased the initiation speed of the fly-
out behavior, this improvement was considered insufficient for purposes of the ATREX application.
Next, a simplified analysis was conducted to characterize the fly-out behavior. Based on this analysis,
the following three measures were discussed: (1) decreasing bundle thickness (i.e. using fine fiber
texture), (2) increasing toughness of the fiber bundle interface, and (3) minimizing local curvature in
waviness of the fiber bundles in the circumferential direction.

Keywords: Carbon/carbon composite; turbine disk; spin burst; air turbo ramjet.

1. INTRODUCTION

A two-stages-to-orbit (TSTO) type space plane for a future space transportation has
been studied in the Institute of Space and Astronautical Science, Japan. In this study,
an air turbo ramjet engine was chosen as the most suitable candidate for the first

*To whom correspondence should be addressed. E-mail: hatta@pub.isas.ac.jp
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Figure 1. Flow diagram and high temperature structures of ATREX. The atmosphere and the
maximum temperature are also shown.

stage propulsion system of a perfectly recycled TSTO space plane [1, 2]. The air
turbo ramjet engine with expander cycle (ATREX) is expected to possess effective
thrust up to mach 6 at an altitude of 35 km. As shown in Fig. 1, the ATREX is
designed to use liquid hydrogen to cool intake air to the fan, and fuel gas (Hy) is
reheated up by combustion gas to drive the turbo-machinery. A high level of heat
resistance is required for the various engine components for the ATREX [1, 2].

Carbon-carbon composites (C/Cs) can maintain high strength and toughness up
to temperatures higher than 2273 K and simultaneously possess low density less
than 2000 kg/m?>. Based on these strong advantages, C/Cs have been expected to
be used for the turbine disk of the ATREX. The preliminary requirements of the
turbine disk for the ATREX are as follows: (1) disk diameter equal to 400 mm,
(2) peripheral speed at the disk tip faster than 390 m/s, (3) high temperature
atmosphere of hydrogen gas (>1500 K). Because of its axi-symmetric shape, an
r-0-z three-dimensionally fiber-reinforced C/C (3D-C/C) is considered to be a
promising candidate [3] for the turbine disk.

Over the last two decades, feasibility studies of a C/C turbine disk have been
carried out [4-8]; however, none of them led to actual use. Central to these
failures was the rapid strength degradation caused by oxidation; the final goal of
these projects was to develop a turbine disk powered by an exhaust gas containing
oxygen. To that end, industries are now attempting to use, for example, continuous
fiber-reinforced SiC matrix composites [6, 9], though the strengths and maximum
operation temperatures of SiC-based composites are lower than those of C/Cs. In
fact, oxidation is not problematic in the ATREX, because the operational gas is
heated hydrogen, and the period of exposure to severe temperature is less than 5
minutes per flight [1-3].
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Fracture behavior of disks comprised of brittle materials (e.g. polycrystalline
graphite or cast iron) has depended on the disk geometry, i.e. the ratio between
the inner and outer radii, r;/r, [10, 11]. When r;/r, = 0.5, fracture occurred
when the average stress in the hoop direction, oy, reached the tensile strength of the
material (average hoop stress criterion). However, the fracture speed of the disk was
degraded by the effect of stress concentration at the inner radius when r;/r, < 0.5.
In contrast, the fracture of CFRP (carbon-fiber-reinforced plastic) has been reported
to follow Hoffman’s law or maximum stress criterion [12—14]. Recently, Kogo
et al. studied the fracture behavior of a laminated C/C (2D-C/C) disk [15], and
showed that fracture occurred following the average hoop stress criterion even at
ri/ro = 0.2. In the rotation tests of 3D-C/C disks, micro-fractures are usually
observed before the total fracture [4, 5]. Ogawa et al. reported that small fragments
flew out from the surface of a 3D C/C disk during a rotation test, and the rotational
fracture test was abandoned due to extensive growth of disk vibration caused by the
flown-out fragments [8]. This fly-out behavior has not yet been analyzed, and no
effective preventive technique has been established.

In the present study, the spin fracture behavior of 3D-C/C disks was studied to
examine the applicability of such composites for the turbine disk of the ATREX.
Emphasis here was placed on explanation of the fly-out behavior. A semi-
quantitative model was constructed based on the experimental evidences. Then,
based on the model, attempts were made to prevent the fly-out phenomenon. Finally,
the fly-out behavior from the tail ends of turbine blades was also examined.

2. EXPERIMENTAL PROCEDURE
2.1. Materials

Two types of r-0-z 3D-C/C disks, Disks A and B, were rotation-tested. Disk-As
were fabricated to be 200 mm in diameter and 10 mm in thickness by Arisawa
Seisakusyo Co. Ltd. These disks were reinforced with a high modulus type carbon
fiber (TORAYCA®, M46J, Toray Co. Ltd.), and the fiber volume fractions in r, 6,
and z directions were f, = 10%, fy = 40%, and f, = 5%, respectively. Disk-Bs,
400 mm in diameter with a thickness of 10 mm, were fabricated by Aerospatiale
Corp. (now EADS, France). In these disks, a high strength type carbon fiber
(TORAYCA®, T-800, Toray Co. Ltd.) was used. The fiber volume fractions were
setto f, = 5%, fo = 40%, f, = 10%.

The 3D-C/Cs were produced by infiltrating matrix precursor into three-dimen-
sional fabrics by liquid processing routes. Coal-tar pitch was used as the precursor
for Disk A and phenolic resin for Disk B. The densification of Disk A was conducted
by Nippon Carbon Corp., and that of Disk B by Aerospatiale Corp. The infiltrated
precursor was converted to carbon at 1273 K (carbonization), and finally heat-
treated at 2273 K (graphitization). The process cycle (infiltration, carbonization
and graphitization) was repeated several times. The bulk density finally reached
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Figure 2. Shape and dimensions of the specimens and rotation fixtures for (a) Disk A, (b) Disk B,
and (c) simulated turbine blades. Fiber orientation of the simulation blade is also shown.

was 1640 kg/m? for Disk A and 1420 kg/m? for Disk B. The fabricated 3D-C/Cs
were machined into their final shapes by a milling technique, as shown in Fig. 2a
and b.

Specimens used for the simulation of turbine blades are shown in Fig. 2c.
The simulated blades were machined by conventional milling technique from an
orthogonally reinforced 3D-C/C plate impregnated by a liquid route using pitch
supplied by Toho Tenax Corp. (Tokyo, Japan). In order to examine the shapeability
of the blade tail-edge, the tip radius of the simulated blades was varied from
0.1 to 1.0 mm. The fiber for this 3D-C/C plate was of a high strength type
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Figure 2. (Continued).

(Besfite® IM-600, Toho Tenax Corp.), and the volume fractions of the fiber were
fx = 40%, f, = 15%, and f, = 3%. This plate was finally heat-treated at 2573 K
to attain a bulk density of 1800 kg/m?>. The orientation of the fiber in the simulated
blades was set to match with that in blades machined from the 3DC/C disks, as
shown in Fig. 2c.

The fly-out behavior was believed to be caused by poor adhesion between fiber
bundles. As a preventive technique against the fly-out behavior, partial silicon
impregnation was performed on Disk B, aiming at enhancement of bonding between
fiber bundles. Two different silicon impregnation processes were performed, one by
liquid Si infiltration (Nihon Gaishi Co. Ltd.) and the other by a chemical vapor
infiltration technique (Toshiba Ceramics Corp.).

2.2. Mechanical test

Cold spin tests were carried out in a vacuum chamber using a spin tester driven
by an air turbine (maximum test weight = 10 kg, Maruwa electric Corp.). Disk A
was mounted directly on a steel rotor (Fig. 2a) and Disk B was mounted on CFRP
fixtures (Fig. 2b). The simulated turbine blades were mounted on the spin tester
using a specially designed CFRP fixture, as shown in Fig. 2c. An assembled rotor
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Figure 4. Loading and constraint conditions for FEA.

Table 1.
Elastic moduli of Disk B assumed in analysis

* * * * * *
E, Eg E; Gro Go; Gy Vro Vrz Voz

19 156 39 7.0 7.0 5.1 0.05 0.3 0.09

*(GPa).

was adjusted to achieve rotation balance using a rotation balance tester (FH216,
Akashi Co. Ltd.). The rotation tests were conducted at room temperature with
a constant acceleration speed of 100 rpm/s under reduced pressure of less than
10 Pa. A fine copper wire was set around a specimen to detect large scale fracture
by cutting the wire with fractured fragments. Small fragments flying out from
a C/C were detected by an AE sensor (AE-901, NF Electric Corp.) adhered to
an aluminum plate target 1-mm thick and located around the specimen. Figure 3
schematically shows the spin tester with a specimen and the detection systems.

2.3. Finite element analysis

To understand the fly-out behavior, finite element analysis (FEA) of a debonded
fiber bundle located along the peripheral surface of a disk was conducted. Figure 4
shows the loading and constraint conditions used in the FEA. This model was
composed of 8-node quadratic elements. Stress analysis was conducted under the
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plane strain condition using ABAQUS version 5.7. The size of the mesh around
the debonded layer was reduced until the computed results showed a negligible
difference. The energy release rate at the tip of a debonded fiber-bundle was
estimated by this analysis. The anisotoropic elastic response was assumed in the
FEA with the elastic moduli as listed in Table 1, where E, G, and v represent
Young’s modulus, shear modulus, and Poisson’s ratio, and subscripts 7, 6, and z
represent the directions, respectively.

3. RESULTS AND DISCUSSION
3.1. Fracture behavior of Disk A

Figure 5 shows the fracture appearance of Disk A. This disk was finally fractured
into 6 segments at a peripheral speed at the outer radius (r, = 100 mm) of 516
m/s, and this speed satisfied the requirement for the ATREX turbine disk. Disk
A had an inner/outer ratio, ri/r,, of 0.8, and the hoop stress, oy, of the rotating
disk gradually decreased from r; to r,. The deviation of oy from the average was
within +15%. The average o, at the fracture was estimated to be about 360 MPa,
and the average hoop strain to failure was about 0.22%, under the assumption that
the stress—strain curve was linear [16, 17]. The maximum hoop stress appearing at
r; was 420 MPa. On the other hand, the tensile fracture stress of Disk A material
was 370 4+ 30 MPa. This strength was obtained using an orthogonally reinforced

Figure 5. Fracture appearance of Disk A after total fracture at peripheral speed of 516 m/s at outer
radius. Arrows indicate the boundaries of the fractured sections.
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Figure 6. AE event rate as a function of rotation speed. Average hoop stresses of Disk A are also
shown.

3D-C/C plate with the same carbon fiber, fiber architecture, and the same process
route as those of the disk [18]. Consequently, it was concluded that Disk A was
fractured under the average stress criterion [15].

Figure 6 shows the AE event rate and the average hoop stress as a function of
the peripheral speed of the disk. As illustrated in this figure, the rotation tests were
interrupted at speeds of 418 m/s and 446 m/s due to abrupt increase in the AE
event rate; dotted and solid bars represent AE event rates for the runs up to 446 and
516 m/s, respectively. At each run, the fiber bundles were observed to fly-out from
the surface of the disk. It should be noted in Fig. 6 that the AE event rate abruptly
increased from the maximum speed of the previous run. This result indicates that
there were unstable specific locations in the disk where the fly-out phenomenon
easily occurred. Simultaneous with the fiber bundle fly-out, shaft vibration slightly
increased because of the increase in rotational imbalance. The small number of
AE events before the abrupt increase were confirmed to be small carbon particles
ejected from the matrix pockets.

3.2. Fracture behavior of Disk B

Disk Bs were fabricated to confirm the feasibility of 3D-C/C at real size. However,
these disks contained strong local waviness, as shown in Fig. 7. Thus, the fly-
out of fiber bundles was detected at the speed of ~250 m/s (r, = 200 mm),
which was much lower than that for Disk As. The tensile strength of Disk B
in the circumferential direction was estimated to be at least 310 MPa under the
assumption that the fracture occurred at the average fracture strain in the hoop
direction was 0.2%. The average hoop stress (o) at 250 m/s was only 30% of the
expected minimum strength. Figure 8 shows the peripheral surface of the 3DC/C
disk (Disk B) after rotation test at the maximum speed of 270 m/s. In this figure,
fiber bundles oriented in the radial direction apparently protrude. This indicates that
fiber-bundles placed in the 6 and z directions were flown-out from the disk. As
was observed in the case of Disk As, shaft vibration simultaneously increased after
the onset of fly-out behavior. Nevertheless, rotation test was again attempted after
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(a) 3DC/C-CVD

Converted area
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| |

Figure 7. Surface of Disk B after the onset of fly-out behavior at peripheral speed of 270 m/s at outer
edge.

adjustment of rotation balance. However, the rotation test was finally aborted at 320
m/s because the shaft vibration became too large.

3.3. Fly-out behavior

Fly-out of the unit of fiber bundles from the peripheral surface of the 3D-C/C disks
occurred. Hence, debonding between fiber bundles is assumed to be precede the fly-
out. Observation of the disk after the fly-out was initiated revealed that debonding
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Figure 8. Disk B with partial Si conversionby (a) the gaseousroute and by (b) liquid Si impregnation.

of fiber bundles occurred at places in which a fiber bundle oriented in the 6 direction
(6-bundle) was heavily waved and sharply terminated by machining, as shown
in Fig. 9a. If the 0-bundles were wound without waviness, like those shown in
Fig. 9b, no cut fibers should appear on the outer peripheral surface. Thus, it can
be concluded that such local curvature of the textile causes debonding of the fiber
bundles and fly-out behavior. The local curvature of the fiber bundles in Disk B was
likely caused by inserting the r- and z-bundles during the 3D-preform fabrication
process and by shrinkage during carbonization of impregnated resin [4, 5].

3.4. Modeling of fly-out phenomenon

Based on the above observations, the fly-out behavior was modeled as shown in
Fig. 10. In this model, 6-bundles on the peripheral surface first assumed to be first
debonded at the bundle end primarily due to the hoop stress in the disk (Fig. 10a).
The bundle ends were actually formed by the machining of waved fiber bundles.
Next, this debonding is assumed to extend (Fig. 10b), and, finally, long debonded
fiber-bundle fracture occurs by bending caused by the centrifugal force (Fig. 10c).
At the interface of the fiber bundles, two types of force exert influence: hoop stress
generated in the disk and centrifugal force directly loaded to the debonded fiber
bundle, as shown in Fig 11. Considering these two loading modes, the total energy
release rate at the debonding tip, G, can be expressed as G = G + G,
where G and G are energy release rates induced by the hoop stress and the
centrifugal force, respectively. Hutchinson and Suo [21] made a numerical analysis
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Figure 9. Surface of Disk B with partial Si conversion by (a) the gaseous route and by (b) liquid Si
impregnation.

on the tip of a debonded layer under a similar loading condition with G for
isotropic material. According to their analysis, G%" decreases with increasing
debonding length and finally saturates. The saturated G" was given by

Gdebzéﬁzh’A (1)
2E, "’
A—1+4h+6<h)2+3<h)3 @)
o H H H/’

where 0y is the average hoop stress, p is bulk density, @ is angular velocity, and
h and H are the thickness of the debonded layer and the remaining substrate,
respectively. Equation (1) is effective only when the debonded length, a, becomes
larger than 10-times h. G**™ can be estimated by modifying the shape function of a
cantilever beam specimen [22] as follows:

1/2
cent | 3rip*otat 1 V2B Ey (=200 1
G = 5 — +—= + )
2h(1 —v;,) \2E0 E, E, 2 Ey Gro
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Figure 10. Termination of the fiber bundles after spin test at the sharply machined end (a) and the
gently machined end (b). Fiber-bundledebondinginitiated at the sharply terminated end and appearing
at the surface originates from large curvature of the fiber bundles.
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Figure 11. Fracture model for fly-out behavior, the initiation of the fiber-bundle debonding (a),
unstable debonding (b), and failure of fiber bundle to fly-out (c).
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Figure 12. Loading modes for debonded fiber bundle for first order approximation.

To obtain accurate G°®, FEA was also performed as functions of a and #, and the
calculation results are shown in Fig. 12. As can be seen in Fig. 12, G shows the
minimum. The onset of fly-out can be described by the condition that the minimum
G™ equals the critical energy release rate of the inter-bundle, G.. The minimum
G™ is near to the value from equation (1), as shown by the horizontal lines in
Fig. 12. The minimum G of the 3DC/C disk used in this study was estimated
to be ~33 J/m? (h = 0.8 mm), and this value was comparable to G for various
polycrystalline graphites (10 to 150 J/m?) [23].

As shown in Fig. 12, G*@! depends on the bundle thickness, #; G degrades
with the decrease of /. This means that a C/C disk with a finer texture (smaller /)
can sustain a higher rotation speed. To illustrate the effect of /4, the critical speed for
fly-out behavior was shown as a function of 4 for various G, in Fig. 13. This figure
indicates that G. must be enhanced to 200 J/m? to satisfy the operation condition of
the ATREX using fiber architecture identical to that of Disk B. If a disk possesses G,
identical to that of Disk B, & must be less than 0.2 mm, and if G can be improved
to the level of polycrystalline graphite, 100 J/m? [23], the fiber-bundle thickness
must be smaller than 0.5 mm.

3.5. Suppression of fly-out phenomenon
Based on the above discussions, three measures to improve the fly-out rotation speed
are considered:
(i) decreasing bundle thickness (i.e. using finer fiber texture),
(i1) reducing local curvature in the circumferential fiber bundle, and
(iii) increasing G. or improving bonding strength between the fiber bundles.

Disk Bs used #-bundles with 36 000 filaments, and Disk As 8-bundles with 12 000
filaments. The thickness / of Disks A and B were 0.45 mm and 0.8 mm, and the fly-
out initiated for Disks A and B was 370 m/s and 250 m/s, respectively. Thus, from
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Figure 13. Total energy release rate, G'%!, at the debonding tip versus debonded length as a function
of the thickness of fiber bundles at the onset of fly-out behavior for Disk B. The results from equation
(1) are also shown.

Fig. 13, the reduction of the fly-out speed in Disk B can be understood in terms of
the effect of 4. The minimum size of commercially available fiber bundles is 1000
filaments. If this fiber bundle can be used, /& will be reduced to 0.13 mm. In view of
Fig. 13, this value of # is sufficient. However, it is rather difficult to use fine fiber
bundles in large-size 3D-preforms. Thus, an alternative approach must be explored.

The largest improvement is expected if effective measures are taken to reduce
the local curvature. For reduction of local curvature, the weaving process of the
preform is most important. The other source of local curvature in 3D-preform is
shrinkage of the matrix precursor in the carbonization process. The deformation of
the 3D-preform during carbonization can be minimized by using appropriate jigs.
However, it is difficult to evaluate both effects quantitatively.

For bonding strength enhancement of the inter-fiber bundles, impregnation of
more carbon matrices or carbides might be effective. In the present study, an
attempt was made to impregnate C/Cs with molten Si into for the enhancement
of inter-bundle bonding strength [19, 20]. To examine the actual effect of this,
molten Si was impregnated only near the peripheral surface of Disk B. Figure 7a
and b, shows Disk B treated with partial Si impregnation by (a) the gaseous route
(3DC/C-CVD) and (b) by liquid Si impregnation (3DC/C-Si), respectively. As
shown in these photographs, 3DC/C-CVD was converted into SiC at a thickness
of 10 mm and 3DC/C-Si at a thickness of 40 mm from the peripheral surface.
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(a) 3DC/C-CVD (205 m/s) (b) 3DC/C-Si (307 m/s)

Figure 14. Fracture mode mapping of 3DC/C disk. Fly-out behavior or disk fracture as a function of
fiber-bundle thickness and critical energy release rate between fiber bundles.

(c)R=0.1 mm

. blade tip 4.0 mm
blade tip blade tip ]

() (b) (©)

Figure 15. Edges of simulated turbine blades machined from 3DC/C by conventional milling
technique with changing tip radii, R, of (a) R = 1.0 mm, (b) R = 0.5 mm, and (c¢) R = 0.1 mm.

An ideal impregnation is only 3 or 4 bundles from the surface so as to avoid
serious degradation of tensile strength. The cold spin tests of these disks resulted
in the onset speeds for fly-out behavior of 188 m/s for 3DC/C-CVD and 307
m/s for 3DC/C-Si. The fragments flown-out from both disks were Si-converted
fiber bundles. The observation of the surfaces after fly-out behavior revealed that
most of the debonded surface of the 3DC/C-CVD did not include much of the
converted SiC, as shown in Fig. 14a. This fact implies that the bonding strength
between fiber bundles was not sufficiently enhanced. Thus, the fly-out occurred at
lower rotation speed than that in the case of pristine Disk Bs because of the mass
gain resulting from the Si conversion. On the other hand, 3DC/C-Si sustained a
higher rotation speed than that of Disk B by enhancement of inter-bundle bonding
strength (Fig. 14b). Estimated bonding toughness in this case was slightly lower
than 200 J/m?. Thus, toughness improvement was about 7-fold. However, the
onset speed for fly-out behavior of 3DC/C-Si was still low for used in the turbine
disk of the ATREX.
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3.6. Machinability of 3DC/C for turbine blades

The sharpness of the turbine blade tip is another key factor in turbo machinery;
a sharper edge contributes to higher performance of a turbine system. To avoid
problems associated with thermal mismatch stress and/or vibration, it is preferable
to form the turbine blades by direct machining of a 3DC/C disk. As a result of
the machining, high strength can be expected at the root section of the turbine
blades, since fibers in the blade can continue into the disk. However, 3D-C/Cs
usually have a coarse bundle texture, so that an extremely sharp edge might exclude
reinforcing fiber. Thus, the sharp edge formed by a conventional milling technique
easily fractures. Figure 15 shows the edge of the simulated turbine blades with
tip radii, R, of 0.1, 0.5, and 1.0 mm. As shown in the figure, the edge could be
machined down to R = 0.5 mm, and was locally broken at R = 0.1 mm. A
spin test was conducted on the simulated turbine blade with R = 0.5 mm, and it
maintained its shape up to 470 m/s without local failure. This speed is high enough
for used in the ATREX.

4. CONCLUSIONS

A feasibility study of a carbon-carbon composite turbine disk for used in ATREX
was conducted and the following conclusions were drawn.

(1) Fracture speed of 3DC/C was 516 m/s, which speed is high enough for use in
ATREX. However, fiber bundle fly-out behavior accompanying the increase in
shaft vibration occurred before the total fracture of the disk. The average hoop
stress criterion can be adapted to the fracture of the 3DC/C disk used in this
study.

(2) The fly-out behavior was characterized as stable/unstable debonding behavior
of the fiber bundles from the 3DC/C disk. This behavior was initiated as a
result of the sharply terminated edge created by machining of locally curved
fiber bundles. A first order approximation based on the simplified fiber-
bundle debonding model gave a semi-quantitative understanding of the fly-out
behavior. Effective preventive measures against fly-out behavior are the use of
finer fiber texture and enhancement of inter-fiber-bundle bonding strength.

(3) Liquid Si impregnation of the surface area of the 3DC/C disk was shown to be
effective for preventing fly-out behavior. Although the Si-impregnated 3DC/C
in this study exhibited higher resistance to fly-out behavior than did the pristine
3DC/C, the maximum rotation speed was still low for use in ATREX.

(4) Turbine blades made by 3DC/C could be machined by a conventional milling
technique with a tip radius = 0.5 mm, and the blade maintained its shape after
rotation up to 470 m/s at room temperature.
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