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Nozzle extensions made of ceramic matrix composites (CMCs) have shown the potential to replace heavy superalloy nozzles
and improve the performance of future upper-stage and orbital rocket engines. Gas permeability has been reported to be a criti-

cal issue during the manufacture for CMC nozzles. This work shows the manufacture of a dense radiation-cooled C/C-SiC noz-
zle demonstrator. A multi-angle fiber architecture was applied using filament winding technique to reduce the incidence of
delaminations during the manufacturing process under high temperatures. Additional efforts were made to improve the final gas
tightness and reduce the amount of residual silicon by means of an adapted liquid silicon infiltration process. The manufacture,

the material, and structural characterization as well as a finite element analysis of a performed internal pressure test are pre-
sented.

Introduction

Carbon fiber-reinforced silicon carbide matrix com-
posites are one of the most promising material alterna-
tives to the heavy superalloys for applications in rocket
propulsion, such as rocket nozzle extensions. Due to
their excellent thermal and mechanical properties at high
temperatures and due to their low material density, they
will increase the payload capacity and improve the per-
formance of future upper-stage and orbital rocket
engines.1–5

A variety of different ceramic matrix composite
(CMC) processing routes have been studied intensively
during the last 10 years, including chemical vapor infil-
tration (CVI),6–9 liquid polymer infiltration and pyroly-
sis (PIP),10,11 and reactive melt infiltration,12–16 and
combinations of these. Processing costs and durations are
significantly high using CVI or PIP fabrication routes.
These CMC materials require a complex fiber coating
(fiber–matrix interface) to obtain a damage tolerant frac-
ture behavior, and they usually also exhibit high open
porosity because of their specific processing. On the
other hand, CMC materials made by LSI feature short
processing times (3–4 weeks) and cheap raw materials
(C-fiber, C-precursor and silicon) which are commer-
cially available. Within adapted C/C-SiC materials made
by LSI, no fiber coating is needed because carbon fila-
ments are embedded in a dense carbon matrix which is

surrounded by silicon carbide and residual silicon.17–19

This results in low open porosity values which are favor-
able as dense CMC materials are usually required for
most nozzle skirt applications.

The Institute of Structures and Design of the Ger-
man Aerospace Center (DLR) has been working on
advanced C/C-SiC composites for future thermal protec-
tion and space propulsion systems.20–22 Within the last
years, a processing route has been developed to manufac-
ture novel high-strength C/C-SiC rocket nozzle exten-
sions using filament winding technique in combination
with an adapted liquid silicon infiltration process which
leads to dense axisymmetric CMC structures. The main
advantage over comparable standard tape-wound struc-
tures is that using a wet filament winding technique, the
nozzle fiber preform and carbon precursor impregnation
with subsequent curing is performed in one efficient pro-
cess, whereas the dry tape-wound approach needs an
additional infiltration process that usually requires com-
plex molds. Also, most tape-wound structures use ther-
moplastic resins, whereas for C/C-SiC materials in this
study, phenolic precursors are required to produce the
desired microstructure to provide good mechanical per-
formance. Another recent example of carbon fiber-rein-
forced silicon carbide composite nozzle material was
presented by Kumar et al.23 In contrast to the material
presented by Kumar et al., which showed a rather high
material density of about 2.3 g/cm3 and a lower overall
mechanical performance due to carbon fiber degradation
during siliconization, the presented C/C-SiC material in
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this study provides an improved microstructure suitable
for highly mechanically loaded CMC nozzle structures.

This work presents the design and manufacture as
well as the main material and structural characterization
results of a partially double-walled radiation-cooled C/C-
SiC nozzle extension. The main goal of this work was to
show the advantages and the viability of a C/C-SiC noz-
zle structure made by LSI, which was demonstrated with
preliminary hot-firing tests within DLR’s experimental
full-ceramic thrust chamber test campaign.

Manufacture

At DLR, the C/C-SiC nozzle structures are currently
manufactured using the filament winding technique, and
an adapted liquid silicon infiltration process (Fig. 1).
The main steps in the manufacturing process are as fol-
lows:

• Design of the fiber architecture,

• Wet filament winding of the nozzle green body
and curing,

• Carbonization (pyrolysis),

• Re-infiltration with a polymer and carbonization,

• Liquid silicon infiltration (siliconization),

• Final machining,

• Application of an environmental barrier coating
(optional).

The nozzle follows a truncated ideal contour with a
total length of about 200 mm and an exit diameter of
about 220 mm, which corresponds to an expansion
ratio1 of about 120. The nozzle start area ratio is 12.

Cadwind V9 Expert filament winding software
(Materials, Brussels, Belgium) was used to design and
develop the desired fiber architecture because it has a
complex divergent wall contour that consists of increas-
ing diameters in axial direction. The fiber preforms were

Wet filament winding
of green body & curing

Fiber architecture design Re-infiltration

Carbonization Siliconization

Final machining

Fig. 1. Manufacturing process scheme of DLR’s C/C-SiC nozzle extensions.

1Expansion ratio e, also called nozzle area ratio, is the cross-sectional area of the nozzle exit

divided by the cross-sectional area of the nozzle throat, e;¼ Ax=Athroat
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fabricated using a three-axis filament winding machine
by Waltritsch & Wachter.

The contour geometry of the winding mandrel is
provided to Cadwind, and it generates a model with sev-
eral fiber layers with varying fiber orientations. Filament
winding theory places limitations on the number of dif-
ferent fiber orientations that can be used.24 Figure 2
depicts the geometry of the mandrel contour used to
manufacture the double-walled nozzle.

Generally, the design of the fiber architecture is a
compromise between structural design requirements (me-
chanical and thermal loads, etc.), the processing-related
effects such as shrinkage, and the limitations of the
winding technique.

To mitigate the risk of shrinkage-induced delami-
nations, the fiber architecture was adapted to process
the shrinkage effects of the fiber preform during the
carbonization processing step. Note, two consecutive
layers with the same fiber orientation theoretically result
in a gap (delamination; Fig. 3). The circumferential

shrinkage of each fiber layer depends on the winding
angle a, which is here defined as the fiber orientation
with respect to the axis of rotation (Fig. 4a). The cir-
cumferential shrinkage DU/U can be calculated from
the local shrinkage values (Dx/x, Dy/y and Dz/z), which
can be estimated from experimental shrinkage values of
wound C/C-SiC plates with an small fiber orientation
(e.g., �15�), resulting in an approximation to an unidi-
rectional composite. The circumferential shrinkage
increases with decreasing winding angles (Fig. 4b);
therefore, each consecutive fiber layer should have a
smaller winding angle than its predecessor. This multi-
angle fiber architecture approach reduces the incidence
of delaminations among the fiber layers as outer fiber
layers tend to shrink onto inner layers, applying com-
pression. However, winding boundary conditions associ-
ated with the mandrel’s complex geometry or load-
specific design requirements may limit the extent to
which this favorable fiber architecture design can be
implemented.
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Fig. 2. Mandrel contours (a) and design sketch of mandrel assembly (b).

Fig. 3. Illustration of the general theoretical shrinkage phenomena during carbonization of filament wound structures.
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The nozzle preform was made of nine nongeodesic
cross-winding fiber layers (Fig. 5). Layers 1–3 represent
the inner nozzle shell that was wound on the inner man-
drel contour; and layers 4–9 provide the outer shell for
the interface and also contribute to the wall thickness
toward the nozzle exit. Table I presents the specifications
of the multi-angle fiber architecture that was used in the
nozzle preform; the desired multi-angle fiber architecture
with decreasing winding angles for each consecutive layer
was achieved. The choice of winding path and the wind-
ing angle, between the nozzle exit and the interface posi-
tion, were provided by Cadwind, which performed the
non-geodesic winding calculations.

The nozzle preform was manufactured by wet fila-
ment winding, using a Toray T800 12K continuous car-
bon fiber tow (Toray Industries, SOFICAR, Paris,
France) and a phenolic resin. The resulting high-strength
C/C-SiC material, using the combination of T800 fibers

and a phenolic resin, provides a better microstructure
and consequently superior mechanical properties than
those made using the less expensive T300 fibers, as pre-
sented in other studies.14,25

The fiber tow was impregnated with a high carbon
yield phenolic precursor immediately before being
wound on the mandrel. After winding layers 1–3, an
expansion element was used to provide the outer man-
drel contour for continuation of winding layers 4–9
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Fig. 5. Exemplary cross-winding pattern for layer no. 1 (a) and layer no. 4 (b).

(a) (b)

Fig. 4. Theoretical gap size during carbonization of layers with identical winding angles (a) and simplified evolution of shrinkage values
for different fiber orientations (b).

Table I. Multi-Angle Fiber Architecture With Exem-
plary Winding Angles a for Each Fiber Layer at the

Interface and Nozzle Exit Position

Layer no. 1 2 3 4 5 6 7 8 9

ainterface=� 60 55 50 60 55 50 45 40 45
anozzleexit=� 28 28 28 45 42 40 38 35 35
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(Figs. 2 and 5). After the winding process, the wet noz-
zle fiber preform was cured at 200�C for 3 h at 8 bar in
an autoclave, producing a carbon fiber reinforced plastic
(CFRP) green body. Note that no outer molds were used
for additional consolidation to provide a simple and effi-
cient curing process. Delaminations between layers and
voids during curing are mitigated by a well-defined
wound fiber architecture, and effective impregnation of
the fiber tow. The mandrel was removed after cooling to
room temperature.

Then, the CFRP green body was pyrolyzed into a
C/C body. Carbonization was performed at a maximum
temperature of 1450�C in inert gas conditions during a
period of 3 days. During carbonization, the polymer
matrix was converted to amorphous carbon resulting in a
volumetric contraction and mass reduction of the poly-
mer, creating a porous C/C composite. The volumetric
carbon yield of this phenolic precursor is about 46% at
1450�C. Generally, this process forms small C/C seg-
ments inside the material where carbon fibers are embed-
ded in a dense carbon matrix and are interconnected by
a pore and crack system, which constitutes the open
porosity. To avoid any nozzle contour deformations and
ovalization due to the shrinkage effects during pyrolysis,
the inner nozzle contour was supported with graphite
cores with the same shape and size as the mandrel.

The C/C-skeleton undergoes re-infiltration after the
first pyrolysis to reduce the open porosity and thereby
reduce the amount of residual silicon that will remain
after the liquid silicon infiltration process, consequently
improving the CMC’s microstructure and mechanical
properties. The re-infiltration process is based on a vac-
uum-assisted resin infiltration method using a vacuum
bag to form a net-shape mold. The C/C composite was
then infiltrated with an other phenolic precursor based
on furfuryl alcohol and cured at 150�C for 3 h at 8 bar.
The second pyrolysis was performed under the same con-

ditions as the first. The volumetric carbon yield of the
second phenolic precursor is about 30% at 1450�C.

During the last processing step, the C/C nozzle
structure was infiltrated with liquid silicon by means of
capillary forces at a maximum temperature of 1450�C
within 3 h during a period of 2 days. Porous reaction-
sintered silicon carbide plates were used as part of a wick
infiltration method to provide silicon granulate at the
top and at the bottom of the nozzle to ensure a homoge-
neous silicon infiltration. When the silicon melts, it infil-
trates the nozzle structure and immediately reacts with
the accessible carbon surfaces to form silicon carbide.

In general, the final microstructure is characterized
by carbon fibers embedded in carbon matrix segments,
surrounded by a layer of silicon carbide; for this reason,
the material is named C/C-SiC.17 Depending on the
morphology and open porosity, some unreacted silicon
remains in the material. Mechanical properties and the
damage accumulation behavior of comparable C/C-SiC
material were recently published in Breede et al.26

The C/C-SiC nozzle extension was truncated to the
desired nozzle length and interface position. To improve
the oxidation resistance of the C/C-SiC material during
hot-firing tests, a environmental barrier coating (100–
200 lm) was deposited onto final nozzle structure at
MT Aerospace, Augsburg, Germany. The final nozzle
structure is illustrated in Fig. 6 and Table II summarizes
same general specifications.

Characterization Methods

This section provides a short overview of the meth-
ods used to perform the material and structural charac-
terization of the manufactured nozzle extension.

The material density and the open porosity were
measured after each manufacturing step using the Archi-

Fig. 6. Final partially double-walled C/C-SiC nozzle extension with CVD-SiC coating.
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medes method. The evolution of these material proper-
ties were used to assess the manufacturing process, and
will also serve as reference data which will be used for
comparison during manufacture of future nozzle struc-
tures.

Computer tomography (CT)-based analysis was per-
formed to study the pore morphology and void distribu-
tion after carbonization and siliconization, respectively.
The generated CT data were also used to investigate the
inner wall contour accuracy with respect to the required
nozzle geometry as well as the wall thickness distribution.
CT analysis was performed using VGStudioMax visual-
ization software (Volume Graphics GmbH, Heidelberg,
Germany). The final C/C-SiC microstructure was stud-
ied using an SEM; the polished specimens were cut from
the nozzle exit, and interface section.

An internal pressure test with helium was carried
out to demonstrate the mechanical integrity of the C/C-
SiC nozzle under at least 5 bar abs. and also to deter-
mine a sufficient gas tightness with a helium leak rate
lower than 1 � 10�3 mbar L/s. The C/C-SiC nozzle
extension was eventually tested in preliminary hot-firing
passenger tests at the test bench facility P6.2 in Lam-
poldshausen, Germany.

Results and Discussion

The material density and open porosity along the
fabrication process are important material parameters
that were determined after each processing step. Due to
the wet filament winding technique, the open porosity
was 10–12%, which is higher than for fabric-based
CFRP processing routes, such as resin transfer molding,
where CFRP specimens usually exhibit values below 5%.
Within the filament winding process, issues such as par-
allel fiber overlapping, fiber bridging, quality of fiber
impregnation, and curing without any outer molds for
consolidation lead to an open porosity of the CFRP

green body. During carbonization, the open porosity
increased due to carbon conversion as explained in sec-
tion “Manufacture”. Open porosity values higher than
15% typically result in a high amount of residual silicon
after the siliconization step. For this reason, the C/C pre-
form was re-infiltrated with a second phenolic carbon
precursor to reduce the amount of open porosity and
consequently the amount of residual silicon. The open
porosity was decreased to about 12% after the second
carbonization. The final open porosity after siliconization
was <3%, which resulted in a dense C/C-SiC nozzle
structure with a material density of about 1.9 g/cm3.
The mass increase during siliconization was about 40%.
The evolution of the material density and open porosity
during the nozzle manufacture is depicted in Fig. 7.

Figure 8 presents the characteristic microstructure of
the C/C-SiC nozzle material. The desired segmentation
in carbon–carbon blocks was successfully realized. Note
that the silicon carbide pattern (distribution and width of

Table II. Specifications of the C/C-SiC Nozzle
Extension

Length L 200 mm
Diameter DStart 68 mm

DExit 220 mm
Expansion ratio eStart 12

eExit 120
Wall thickness t 2.5–8.0 mm
Apparent density q 1.9 g/cm3

Open porosity e 0 � 3%
Mass m � 900 g
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Fig. 7. Evolution of density and open porosity during the nozzle
manufacture.

Fig. 8. Polished micrograph of the final C/C-SiC microstructure
extracted from the nozzle exit (axial view direction). Phase compo-
sition (grayscale analysis): C-fiber, 55%; C, 23%; SiC, 17%; Si,
3%; and Porosity, 2%.
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the former inter- and intralaminar pore systems after car-
bonization) varied for different fiber orientations within
the nozzle structure. Due to the re-infiltration of carbon
after the first carbonization, the amount of residual sili-
con was reduced and most trans-laminar pores exhibited
an increased amount of silicon carbide as a result of addi-
tional accessible carbon. The phase composition of the
micrograph was determined by means of grayscale analy-
sis using ImageJ (http://imagej.nih.gov/ij/).2 Here, dark
gray areas correspond to carbon fibers and carbon matrix.
Light gray areas correspond to silicon carbide and white
areas indicate residual silicon. The area fraction values are
summarized in the caption of the micrograph image of
Fig. 8.

Computer tomography imagery is a useful tool to
investigate complex composite structures. Here, the per-
formed CT analysis was used to evaluate any contour
deformations that may occur during high-temperature
processing, for flaw detection as well as for wall thickness
determination.

The first CT analysis was performed after the first
carbonization with a resolution (voxel size) of about
140 lm. A basic overlay of the CAD nozzle contour and
the corresponding C/C nozzle structure is presented in
Fig. 9; it demonstrated good agreement in the axial and
radial directions, and no ovalization effects were
observed. In addition, three enlarged regions of interest
are shown in more detail, which illustrate some notice-

able flaws. Area I is characterized by a high degree of
fiber overlapping, which increases with decreasing nozzle
diameters; this phenomenon created cavities. Voids
detected in area II resulted from fiber bridging effects
due to small winding angles in the outer fiber layers.
Note, as mentioned above, that no outer molds were
used for consolidation of the CFRP green body during
curing, which would minimize the degree of flaws in
areas with fiber bridging issues. No major imperfections
were identified in areas toward the nozzle end, repre-
sented by area III which showed only minor voids that
correspond to entrapped air.

Figure 10 illustrates the detected pore system after
the first carbonization and in the final C/C-SiC state
and visualizes the reduction of open porosity due to the
liquid silicon infiltration process. Within the final C/C-
SiC nozzle two areas with an increased degree of pores
were detected, which were already identified as imperfec-
tions within the axial CT images (area I and II) of
Fig. 9. No porosity was detected in the outer shell of the
cylindrical interface area. In general, porosity was only
observed in the outer layers. Figure 11 shows a circum-
ferential CT image that demonstrates the successful man-
ufacture of axisymmetric C/C-SiC nozzle structures
without any significant delaminations or imperfections.

Figure 12 provides an overview of the procedure of
superimposing CT data with the CAD target nozzle con-
tour for a subsequent variance analysis. The consistent
manufacture of a desired inner nozzle wall contour is of
particular importance. Any wall contour discrepancy can

Fig. 9. Axial computer tomography images of nozzle structure after the first carbonization (C/C-skeleton).

2ImageJ is a public domain Java image processing program.
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be visualized with a high resolution using this superim-
position technique. Figure 13 shows the result of the
inner wall contour variance analysis. The manufactured
contour demonstrated a very good agreement
(�100 lm) for a wide surface area. Some nozzle contour
deviations of more than 400 lm were identified in small
nozzle diameters due to overlapping fibers. The variance

analysis of the outer nozzle contour is only of minor
importance.

The results of the wall thickness determination
based on CT imagery are illustrated in Fig. 14. This
extracted data will be used for mechanical strength esti-
mations and FE analysis. Most parts of the nozzle
showed a wall thickness in the range of 4–5 mm. The
smallest wall thickness was measured in the region just
before the inside shell meets the outer one. Here, the
wall thickness was 2.0–2.5 mm, highlighted with red
colors. With the connection of both shells, the wall
thickness increased to its maximum of about 6.5–
7.5 mm, marked with light blue colors. During the first
carbonization the wall thickness decreased by about 10%
due to the characteristic shrinkage behavior mentioned
in section “Manufacture”. There were no geometry
changes during siliconization.

Prior to the hot-firing tests internal pressure tests
were performed to demonstrate the mechanical integrity
and also to determine helium leak rates from C/C-SiC
nozzle structure. Furthermore, an finite element analysis
(FEA) simulation of the internal pressure test was con-
ducted to estimate the mechanical loads. Experimental
data and FEA simulation were compared.

To perform an internal pressure test of the C/C-
SiC nozzle structure, an adapted breadboard was
designed. The experimental setup is depicted in Fig. 15.
The test required an absolute pressure of 5 bar helium.
Two austenitic stainless steel plates (material:
X5CrNI18-10/1.4301) were used to close the nozzle

(a) (b)

Fig. 10. Global pore morphology of the C/C body (a) and the C/C-SiC structure (b) using computer tomography (CT) imagery (CT resolu-
tion: 140 lm).

Fig. 11. Circumferential computer tomography image immedi-
ately after the connection of inner and outer shells of the final C/
C-SiC nozzle structure.
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structure at the bottom and top. Silicone rubber pads
were used to seal the interface between the bottom and
the top end face of the nozzle and the steel plates. The
top plate was equipped with two pressure ports. One
was used as a helium feed line and the other one was
used to attach a piezoresistive pressure transducer (Type

33X; Keller, Winterthur, Switzerland) for in situ pres-
sure measurements. The leak rate was measured using a
helium leak detector (Leybold UL-200; Oerlikon Ley-
bold Vacuum GmbH, Cologne, Germany). The axial
load was applied by means of a torque wrench and 12
threaded steel rods (M10). The actual axial load applied
to the nozzle structure was estimated by a piezo load
washer (Type 9081; Kistler, Kistler Instrumente GmbH,
Ostfildern, Germany).

At four different axial positions and three different
radial positions (every 120�), strain gauges were attached
to the outer surface of the nozzle. The first axial position
was outside of the inner shell, close to the interface (not
visible in Fig. 15). Thus, in total twelve rosette strain
gauges provided experimental strain measurements in
axial as well as hoop directions. The test procedure was
split into two load cases. The first load case only
included deformations due to an applied axial force
(t = 1). The second load case included the axial load as
well as the internal pressure load (t = 2).

Strains were measured during the entire test proce-
dure. Figure 16 gives an example of the experimental
strain values in axial and hoop directions for the second
axial position (x = 42.9 mm, with respect to the top) of
the internal pressure test. In the first part of the test, an

Fig. 12. Procedure of superimposing computer tomography (CT) and CAD data for variance analysis of nozzle structures.

Fig. 13. High-resolution variance analysis of the manufactured
inner wall contour compared to the target wall contour (best fit
using visualization computer tomography software).
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axial load was applied which led to an initial deforma-
tion; this represented the first load case when the
required axial force was reached. This was followed by
the introduction of helium gas into the nozzle, resulting
in a quick increase of the internal pressure. The three
strain curves of each axial position were in close range to
each other, which indicated a homogeneous axial load
distribution.

Average values were then calculated from the set of
three strain gauges on the same axial position (men-
tioned above) for the first load case (t = 1: final axial
load of approximately 7 kN) and the second load case
(t = 2: axial load of 7 kN and an additional internal
pressure of 5.3 bar abs.). The summary of the experi-
mental strain results in which they are compared to sim-
ulated strains using FEA.

The helium leak rate during the performed internal
pressure test was in the range of 1 � 10�3 mbar L/s,
demonstrating the viability of dense C/C-SiC nozzle
structures.

The main goal of analyzing the nozzle under internal
pressure load in detail was to demonstrate that the struc-
tural behavior of wound C/C-SiC structures with a com-
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Fig. 15. Experimental setup for the internal pressure test of the
C/C-SiC nozzle structure.
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plex fiber architecture can be computed using finite ele-
ments. This is not self-evident, considering the complex
layup produced by filament winding, the related varia-
tions in microstructure and macroscopic porosity (com-
pare Figs. 10 and 11). As the nozzle was designed
conservatively using Barlow’s formula for 5 bar abs. pres-
sure, it was not expected that failure would be indicated
by FEA. Starting point for the FE model generation was
a 3D-CAD file (Catia, Dassault Syst�emes, V�elizy-Villa-
coublay Cedex, France) of the nozzle, which was gener-
ated based on the CT analysis depicted in Figs. 13 and
14. Due to the computational efficiency at complex lay-
ups, the nozzle was modeled with shell elements. There-
fore, the 3D-nozzle geometry from CT analysis had to be
reduced using Catia into a shell body with zero wall
thickness (see nozzle shell contour sketch in Fig. 17).
Each of the nine cross-wound plies was modeled as two
equivalent unidirectional plies. That means instead of
nine orthotropic plies, 18 unidirectional plies were mod-
eled for the CMC nozzle structure. The local fiber orien-
tation was imported from Cadwind software by a python
script into the ANSYS Composite Preprocessing tool
(ANSYS Germany GmbH, Darmstadt, Germany) (ACP).
The local ply thickness was determined by dividing the
true wall thickness from CT measurements (Fig. 14) by
the number of UD plies at the given location. In that
way the original Catia file from CT analysis was divided
into 18 geometries, each representing one ply. Those
CAD-geometries were then imported in ANSYS prepro-
cessing to define the local ply thickness (Fig. 17).

The elastic input data for the UD plies was com-
puted by inverse laminate theory27–29 from tensile and

shear tests of cross-wound �15� C/C-SiC plates. Then,
laminate theory was used to compute the elastic proper-
ties for other winding angles in order to check whether
the results were persistent with further mechanical tests
on cross-wound C/C-SiC plates (�30�, �45�). The only
parameter changed for data fitting was the shear modulus
of �15�. A true shear modulus for C/C-SiC with T800
fibers was not available, therefore a shear modulus for
T800 composites was estimated from �15� C/C-SiC-
HTA shear modulus. Figure 18 shows a good fit
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between the experimental and computed Young’s and
shear moduli. There are some deviations in Poisson’s
ratio at �30� fiber orientation; however, this was
accepted as a good fit of moduli was prioritized over the
Poisson’s ratio.

Following the experimental test procedure the FEA
was also divided into two load cases:

• A preload of 7 kN on a central steel rod, repre-
senting the twelve steel rods in equivalent cross
section, was applied. The ANSYS functionality of
screw pretension was applied on the cylindrical
surface of the rod.

• Keeping the predeformation of the steel rod con-
stant, additionally a pressure difference of 4.3 bar
across the nozzle wall was defined.

All boundary conditions are visualized in Fig. 19.
The interface between steel plates and C/C-SiC nozzle
was modeled as frictionless contact. Figure 19 also pre-
sents the FE meshing of steel plates and C/C-SiC nozzle.
Shell 181 elements (4 nodes) were used for the C/C-SiC
nozzle within the commercial FEA code ANSYS 15.0.
Solid 187 elements (10 nodes) were used for all steel
parts.

Figure 20 summarizes the FE results in comparison
with the averaged strain gauge measurements around the
circumference (3 strain gauges). The stress distribution
shows the hoop stress at load case 2. Overall, there is a
good correlation between the strain gauge measurements
and the predictions from the FE model. Particularly,
good agreement was obtained in load case one. In the
second load case, the FEA slightly underestimates the
experimental strains, especially at the nozzle exit. This
may be because of the complex boundary conditions in

the experimental setup, using thick rubber pads between
the steel plates and C/C-SiC nozzle structure.

Considering the complexity of the structure, the
layup, and the load case, it was demonstrated that this C/
C-SiC material can be modeled using an FE shell approach
with virtual unidirectional C/C-SiC plies, despite varia-
tions in microstructure due to varying fiber angles.

As mentioned above, the nozzle was designed con-
servatively; this is proven by the FE results: The maxi-
mum strain is about 0.06%; <10% of the tensile failure
strain of the equivalent cross-wound C/C-SiC plate
material (�60�: 0.75%).

Relatively high strain values were reached at the
intersection of inner and outer shells (risk of buckling
due to low wall thickness) and at the nozzle exit caused
by a stress increase with increasing diameter under inter-
nal pressure load. Those locations have to be considered
if further weight reduction is aimed for.

The C/C-SiC nozzle extension was tested in prelimi-
nary hot-gas conditions for the first time within DLR’s
experimental full-ceramic thrust chamber test campaign
at the test bench facility P6.1 in Lampoldshausen, Ger-
many in 2013 (Fig. 21). The oxidizer/fuel ratio of the
thrust chamber was expected to be 5.5 (LOX/H2) at a
chamber pressure of 60 bar with a hot-gas duration of
30 s for a single test. Due to difficulties during the oper-
ation of the thrust chamber, the actual hot-gas time was
drastically reduced. The accumulated hot-gas test dura-
tion of the C/C-SiC nozzle extension was about 1 min.
The performed passenger tests gathered practical experi-
ence on the mounting to the thrust chamber, the inte-
gration of measurement instrumentation, and the
thermomechanical performance.

(a) (b)

Fig. 19. Boundary conditions of two step finite element analysis; strain gauge locations from internal pressure testing are indicated (a);
meshing of steel plates and C/C-SiC-nozzle (b).
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Temperature measurements were taken via nine
thermocouples (Type K, NiCr–Ni) and an infrared ther-
mometer. The thermocouples were positioned at three
different radial and axial positions. The tip of the ther-
mocouples had a distance of about 2 mm from the inner
wall. Due to the transpiration-cooled nozzle throat, a
certain film cooling effect was provided throughout the
throat and into the nozzle extension. Therefore, relatively
low maximum temperatures of about 300–450�C were
observed within the C/C-SiC nozzle structure. A fully
attached nozzle flow including stationary temperatures at
the nozzle structure was not reached during this test

campaign. Comprehensive hot-firing and erosion tests
with a successor C/C-SiC nozzle are planned for 2016.

Conclusion

For the first time, DLR demonstrated the successful
fabrication of a dense, complex C/C-SiC nozzle exten-
sion using filament winding technique and an efficient
adapted liquid silicon infiltration process. The inner C/
C-SiC nozzle wall contour showed good agreement with
the target nozzle contour, successfully demonstrating a
net-shape fabrication. The manufactured C/C-SiC nozzle
exhibited a density of about 1.9 g/cm3 and an open
porosity of <3% after siliconization. CT analysis identi-
fied some characteristic voids related to the filament
winding technique process and curing. Improved fabrica-
tion measures, such as high shrink tapes, will reduce
flaws in designated areas in future nozzle structures.
Within other parts of the nozzle, no delaminations were
detected. The micrograph analysis also demonstrated that
the applied multi-angle fiber architecture in combination
with an additional re-infiltration step leads to an
improved material composition with a reduced amount
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(a) FEA hoop stress distribution.

(b) Hoop strain results.
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Fig. 20. Stress and outer surface strain results from finite element
analysis (FEA) in comparison with strain gauge measurements.
The experimental strain gauge locations are indicated in the upper
stress plot (load case 2). The strain results were generated from
path results on the corresponding surface.

(a)

(b)

Fig. 21. C/C-SiC nozzle extension at the test bench facility P6.1,
DLR Lampoldshausen, Germany.
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of residual silicon, and low helium leak rates of about
1 � 10�3 mbar L/s. The FE analysis showed that
despite microstructural variations and voids, a detailed
computation of such complex C/C-SiC structures is pos-
sible. It was shown that the input data from even plates
with one winding angle are consistent with the behavior
of the whole structure with its multiple winding angles.
The demonstrated computational approach can be used
to optimize layups and further reduce component
weight.

The presented manufacturing process of dense, com-
plex CMC nozzle structures demonstrates high potential
for small- and mid-size rocket nozzle applications, such
as orbital engines or small upper-stage engines.
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