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Ceramic matrix composites (CMC) have higher heat resistance and specific modulus than Ni-based alloys,
thus they are desired to be more applied to aircraft engine parts such as turbine parts. As engine parts are exposed
in the condition over the heat durability, multiple holes are generally made on them in order to cool their surface.
However, there are few research results on small hole effect for CMC fatigue life. This study focused on this
phenomenon. Fatigue tests were conducted using flat plates manufactured with a single hole and multiple holes. As
aresult of tests, different fracture and crack propagation modes were observed between single-holed and multiple-
holed types. A life prediction model was considered to explain the life degradation. The strength parameters were
calculated by averaging stress fields, which were predicted by finite element analysis (FEA), in area of CMC unit
cell. By using the life prediction model developed in this study, fatigue lives of all types of test pieces with hole can

be predicted based on the S-N curve obtained from a smooth-shaped test piece without hole.

1. Introduction

The International Air Transport Association (IATA) has set a
goal of achieving net-zero carbon emissions from civilian
aircraft by 2050V, To that end, there has been an effort to
improve engine performance by increasing turbine inlet
temperature (TIT), for which materials with higher heat
resistance are required. Figure 1 shows material performance
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with respect to heat durability and specific strength. Ceramic
matrix composites (CMC) have higher heat resistance than
Ni-based alloys and are expected to be applied to aircraft
engines including turbines or other parts, for performance
improvement and weight reduction.

The Japan Aerospace Exploration Agency (JAXA) initiated
the Environmentally Compatible Core Engine Technology
Research (En-Core) project in 2018 to demonstrate the core
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(Notes) FRP : Fiber reinforced plastics
MMC : Metal matrix composites

Fig.1 Relationship between heat durability and specific strength®
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engine technology®. In the project, JAXA and IHI have
collaboratively proposed a concept for a next-generation
engine turbine and have undertaken the development of
design technologies along with their verification. The
proposed concept for the next-generation turbine vane is
illustrated in Fig. 2. There have been many studies on cooling
systems for prospective application of CMC to high-
temperature parts®. In contrast, there have been very few
cases of study on the relationship between small holes in
composite materials for cooling purposes and their
mechanical characteristics. In this study, focusing on the
relationship between the specifications of cooling holes
(sizes, shapes, and pitches) and fatigue life, a fatigue test
was conducted using flat plate test pieces prepared by
providing simple flat plates with small holes.

2. Tests

2.1 Material

The test pieces were cut from CMC plates made of continuous
SiC (silicon carbide) fiber fabric, featuring a three-
dimensional weave structure. The CMC plates were formed
by bundling fibers into fiber bundles at a submillimeter
scale using the chemical vapor infiltration (CVI) method,
followed by solidification of the fiber bundles with rare
earth materials through the melt infiltration (MI) method.
Mechanically processed CMC plates were used as the test
pieces.

2.2 Shapes of test pieces

The typical dimensions of a test piece are as shown in Fig. 3.
The holes in the test pieces were created using laser
processing. Figure 4 schematically illustrates the hole
shapes and the positional relationship between the holes and
the fiber bundles. In the figure, the hole inclination angles
are measured from a test piece’s upper surface, and the load
is applied to the y-direction. In this study, one or more holes
were positioned at the center of the fiber bundles, considering
the significant role of the positional relationship between a
hole in a flat plate and the fiber bundle constituting the CMC

Fig.2 Next-generation turbine vane concept proposed in En-Core
project

12
]
|
_e—
]

100 | I
1 Z X

A-A cross section

N | 90.4+0.05

Fig.3 Dimensions of single-holed test piece (unit : mm)

in the mechanical characteristics of a test piece. Additionally,
to confirm the strength reduction resulting from stress
concentration in hole sections, a test piece without holes was
prepared for comparison. The test piece without holes had a
smooth surface in accordance with ASTM C1275-18%.

2.3  Test conditions

In this study, a stress survey at room temperature was
conducted to study deformation of the test pieces and a high
temperature fatigue test was also conducted to confirm the
fatigue characteristics. Table 1 shows the test condition and
Fig. 5 shows the measurement system.

The stress survey was conducted to study the relationship
between the load values on the test pieces and the amounts of
deformation and strain. To that end, the test pieces were
subjected to a small load at room temperature and the
amounts of deformation and strain between gauge points on
the test pieces were measured using an extensometer and a
strain gauge.

The fatigue test was conducted to determine the fatigue life
of the perforated test pieces under high temperature
conditions. The test was conducted under load control at a
target stress ratio of 0.1 in an atmosphere of 1 200°C.

3. Life prediction method

3.1 Stress prediction models

The distribution of stress around hole sections was predicted
using finite element analysis (FEA). Assuming that CMC
can be modeled as an orthotropic material on a microscopic
level, the values obtained through fundamental material tests
that we conducted separately were used as input for material
models.

The shapes of the analysis models followed the nominal
dimensions shown in the design, except for that of the test
piece with diffuser holes. The shape of the diffuser holes was
reproduced with actual dimensions in the FEA model because
dispersion between the dimensions of the manufactured hole
and the nominal dimensions was found.

3.2 Life prediction models

To confirm the accuracy of life prediction concerning the
perforated test pieces, the strength of these test pieces was
compared with that of a test piece without holes. The
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Fig. 4 Properties of all types of test pieces

Table 1 Test Conditions

Item

Condition

Atmospheric environment

In atmosphere

Temperature

Stress survey : room temperature
Fatigue test : 1200°C

Stress ratio

R=0.1

Load control method

Load control

Cycle type

Sine wave

Cycle speed

1Hz

comparison was conducted by plotting and comparing the
log(o)—log(Nf) regression line of the test piece without

holes and the evaluation stress-fracture cycle relationships of

the perforated test pieces under a test load.

The evaluation stress used in the life prediction of the
perforated test pieces was calculated by averaging the stress
values obtained through analyzing specific areas of specific
cross sections of FEA models. Figure 6 illustrates the
relationship between an evaluated cross section and the area
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(a) Measurement system
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(b) Measurement position
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Fig.5 Measurement system and measurement position

(a) Stress distribution (FEA result)

(b) Internal structure of CMC
in meso-scale
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Fig. 6 Section size and direction on calculation for evaluation
stress

utilized for stress averaging in the case of the test piece with
a vertical hole. The cross-sectional direction was
perpendicular to the load direction. The size of the area
utilized for stress averaging was equivalent to the size of the
CMC unit cell.

4. Test results

4.1 Stress survey

Figure 7 depicts the strain history obtained with a strain
gauge and the FEA prediction values for each test piece. The
measurement values of the strain gauge positioned at a
distance from the hole sections agreed well with prediction
values. Figure 8 depicts the strain history measured with an
extensometer and the FEA prediction values for each test
piece. The measurement values of the extensometer
positioned close to the holes of the test pieces with a single
hole agreed well with prediction values. In contrast, the
measurement values of the extensometer for the test pieces
with multiple holes were higher than the prediction values.
This was thought to be caused by possible damage occurred
during processing in the adjacent holes.

4.2 Fatigue test

Figure 9 shows images of the area around the holes before
and after the fatigue test. It was confirmed that each test
piece fractured at the center of the hole.

Figure 10 shows the cycle history of strain measured with
the extensometer. The maximum and minimum strains under
cyclic loads are plotted in the figure. It was confirmed that
the strain on the test pieces with a single hole increased
monotonously and continuously over time, and then
increased suddenly and discontinuously when fractured. In
contrast, it was confirmed that the strain on the test pieces
with multiple holes increased in a step-like manner over
time. Furthermore, by comparing the cycle history of strain
and loads, it was confirmed that the loads decreased after the
strain increased. Based on this information, it is estimated
that the test pieces with multiple holes underwent
development of internal damage when the strain increased in
a step-like manner. Therefore, in this study, the first
discontinuous increase in strain was defined as the initial
damage to a hole section and the decline in loads was defined
as the final fracture. Additionally, in this study, fatigue life
was determined by using the number of cycles when the
initial damage occurred.

5. Discussion

Figure 11 illustrates the relationship between evaluation
stress and the number of cycles when the initial damage
occurred, which were obtained through the fatigue test of the
perforated test pieces, overlaid on the S-N chart of the test
piece without holes in a 1 200°C environment. The vertical
axis in Fig. 11-(a) represents the results using the cross-
sectional average stress applied on the minimum cross
sections of the test pieces. Also, the vertical axis in Fig. 11-
(b) represents the results using the average stress calculated
using the method explained in Section 3.2.

In the case of the evaluation method shown in Fig. 11-(a),
the strength of the perforated test pieces is lower than the
regression line of the strength of the test piece without holes.
In contrast, in the case of the evaluation method shown in
Fig. 11-(b), the strength of the perforated test pieces falls
within the range of £10% of the regression line of the
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(a) Test piece with single vertical hole
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(¢) Test piece with multiple diagonal holes
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(b) Test piece with single diagonal hole
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Fig.7 Strain measurement with strain gauge

(a) Test piece with single vertical hole
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(c) Test piece with multiple diagonal holes
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(b) Test piece with single diagonal hole
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Fig. 8 Strain measurement with extensometer
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(a) Test piece with single vertical hole
Before After

(b) Test piece with single diagonal hole
Before After

(¢) Test piece with multiple diagonal holes
Before After

Fig.9 Fracture pattern after fatigue test

(a) Test piece with single vertical hole
0.6

0.5

0.4

Strain (mm/mm)
=3
w
{e3
8

0.2

0.1 5

1 10 100 1000 10 000
Number of cycles (cycles)

(b) Test piece with single diagonal hole

S

%)

<)
‘O@

Strain (mm/mm)
[=3
[353
(=]

1 10 100 1000 10 000

Number of cycles (cycles)

(¢) Test piece with multiple diagonal holes

0.002 5

0.0020 r’

0.001 5

0.0010

Strain (mm/mm)

0.000 5

o 0 | 0 0 00000000V B |
0.000 0 — — .
1 10 100 1000

Number of cycles (cycles)

(d) Test piece with diffuser holes
0.001 4

0.0012 ’ !
0.0010 ssmET————

0.000 8

g
=]
S
S
o

Strain (mm/mm)

0.000 4

0.000 2 f}
0 | 0 0 000X ”l R mEnyll 7 |

0.000 0 Ll L L1 !
1 10 100 1000 10 000

Number of cycles (cycles)

Fig. 10 Strain history along with load cycles
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(a) Evaluation with cross-sectional average values
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Fig. 11 S-N chart after reconsideration of strength parameters

strength of the test piece without holes. Within the scope of
this study, it was confirmed that evaluating the fatigue life of
the perforated test pieces using stress averaged within a unit
cell size as a result of FEA enables predicting fatigue life
from the test result of the test piece without holes, even when
the perforated test pieces have holes of different shapes or in
different positions.

However, in the stress survey, verifying the strain
distribution around hole sections poses a challenge to be
addressed in the future. Analyzing strain using high-
resolution images is thought to be an effective approach to
addressing this challenge.

6. Conclusion

In this study, test pieces with perforations acting as cooling
holes were designed to examine the relationship between
hole specifications and fatigue life. This study defined

fatigue life as the number of cycles corresponding to the
discontinuous increase in strain at the initial stage in the
strain history. It was confirmed that using stress averaged in
the unit cell size as a result of the FEA enabled prediction of
the fatigue life for the four types of perforated test pieces to
be predicted from the S-N chart of the test piece without
holes.

However, the reason why stress averaged in the unit cell
size as a result of FEA enables the fatigue life of multiple
types of perforated test pieces to be accurately predicted has
not been clarified yet. Thus, it is necessary to understand the
mechanism of damage to these test pieces in the future. To
achieve this, the effective approach is to observe damage to
the hole sections of perforated test pieces during predicted
fracture cycles and to identify the fracture mode for each test
piece. To observe slight damage around hole sections, using
equipment with higher resolution is considered effective.

Also, introducing a homogeneous body capable of
expressing the reduction in stiffness of CMC as a damage
model is considered to be an effective means of improving
the prediction accuracy of strain and stress in analysis
models. In contrast, using stress predicted from a
homogeneous body model may pose a risk of overestimating
the strength of CMC, which has a microstructure comprising
a series of fiber bundles and matrices, depending on the
actual positions of holes. Considering the absence of fatigue
life prediction on the dangerous side, future discussions will
need to address the aforementioned risk and the necessity of
efforts to evaluate it.
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