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ABSTRACT

Advanced ceranne bonding and inregration technelogies play o curical tole in the fabnication
and application of silicon carbide based components for a numiber of aerespace and ground bosed
applicatious. Cie such application is a lean direct injector for a turbine engine o achieve low NOx
ennssions. Ceraniic o ceramic diffusion bonding and ceramivc 1o metal brazing technolegies are being,
developed for this injecior application. For the diftusion honding technology, titanium interlayers
{coalings and Tnils) were used 1o awd in the joining of siticon carbide ¢5iC) substrates. The influence of
such variables as surface fimish. interlaver thickness, and processing lime were investigated. Electton
microprobe analysis was vsed 1o identify the reaction formed phases. jn the diffusion bunds, an
intermediate phase, Tiz51:C,, formed thal is thennally incompatitde in its thermal expansion and
caused thermal strevses and cracking during the processing cool-down. Thinner interlayers of pure
titanium andfor fonger processing vimes resulted 10 an optimized microstruciure. Tensile tests on the
Joined materials resabred in strengths of 13-28 MPa depending on the SiC substrate material. Non-
destructive evaluation using ulirasonic immersion showed welt formed bonds, For the joining
technology of brazing Kovar fuel tubes ro silicon carbide, preliminary development of the joining
appioach has begun. Various technical 1ssues and requitements for the injector application are
addressed.

INTRODUCTION

Silicon carbide ceramics ore a very pronusing material for use in high-tempevature. structural
applications. The beneficial properties include high crecp resistance, corrosion resistance, and high
(emperature sitength amd siability over long durations, e such application is for a ceramic injector n
jet engines tha enables more efficient fuel combustion and lower emissions during sub-sonic and
super-sonic crtise, The cerainic lean-direct injector which is to be fabricaied from 5iC laminates is
illusteared in Figure 1. Each laminate section contains its own disiinet hole patiern for channeling the
fuel and combustion air separately, When the laminates are stacked in order, fiud cirenits for the fuel
and combustion air are Formed. At the exiting surface, the Niel and combusiion air roix o provide
efficient combustion with low emissions and low NOx.

The diffusion bonding of 5iC laminates and the brazing ot Kovar tubes w SiC are enabling
lechnologies for developing thie injector. The diffusion bonding allows for the fabrication of 2
malilayered component with complex internal pasvages. The braxing technology sliows the injector
component 0 be inlegrated into the surrounding engine sysiem through the adjoining fuel system.
Requirements of the $iC7 lanunate hunding technoiogy meiude the ability to join relatively large, fla
peometries (e, 110 cro diamessr discs), leak [ree operation, and chemical and mechanical stability
for long durations at operation conditions. Technical challenges in developing the diffusion bonding
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and brazing approaches include cheniical incompatibility and the formation of 1esidual siresses during
the coal-down after processing. The residual stresses are due to thermal expansion mismialches
between the two joined materials andfor the bonding imerlayers. The proper selection of joiring
interlayers and peocessing conditions can help alleviate these challenges.

Key Enabling
Technologies:

*® Bonding of SiC to
SiC
* Brazing of SiC to

Metallic (Kovar)
Fuel Tubes

Sy FLOw

Figure 1. Rlustcation of the lean-direct injector design (LDIY.

The use of titaninm interlayers was selected a8 the bonding aid for joining SiC suhstrates. The
{itanium intetlayer ¢an be utilized in several different formns such as folls and coatings. Tn previous
studies??, Ti alloys (Ti-6A1-4V) and physically vapar deposited {PVD) pure Ti coatings were
investigated as interlayers for bording SiC. The reswling diffusion bonds were uniforns, had high
strengths, and were leak free. The ditfusion bonds were well adhered to the SiC sabstrate with no
delarpinations observed between the SiC lavers. However, microcracks were observed in all bonds
formed from using the alleyed Ti foil imeriayer. Microcracks still formed despite efforts w alleviate
crackirg by varying the SiC substrate (ype {i.e. alpha-5iC and chemically vapor deposited SicC) and by
varying processing conditions {i.e. applied pressure, temperature, and cooling ratey. The microcracks
may have been due to a singhe facior of a combination of factors. However, the primary factors appear
Lt be the formastion of the Ti8iyC, phase and high concentrations of alpha and beta Tt alloy phases.
The titanium silicide (Tis8izk phase is anisotropic in its thennal cxpansion"'s. The coefficient of ihermal
expansion (CTE} in the a-direchion is 6. 11 ppm/&K and in the c-direciion it is 16.62 ppr/K which gives
& ratio of CTE(cYCTEA) equal to 272, Other researchees have reporied the anisotropy to give a ralio
as high as 4.39 *. The {ormation of alpha and beta Ti ailey phases is also believed 1o be a contributor to
cracking. The central core of the diffusion bonds had concentrated alpha and beta Ti alloy phases. The
alphs phase has an antsotropic thermal expansion which s 20 % greater along the c-axis’. Also, the
beta phase has » thermal expansion that is 6 x higher in the temperature range of 600-100K])°C (5.8x10-
5/°C) compared the thermal expansion helow 600'C (2.2x10-6/C). These anisotropy and CTE
mismatches comld cause the microcracking due to thermal stresses forming dunng the cool down step
after hot pressig. Due to the formation of complex diffusion bonds that consisted of several reaction
formed phases and due to the formation of microcracks, the alloyed Ti foil was not considered for
further investigation,

in the study of diffusion bonds formed with the PYD T coating as the interlayer, mixed results
were obtained depending on the interlayer thickness. Diffusion bonds with Ti interlayer thicknesses of
10 and 20 microns were fabricated. Uniforn and well adhered diffusion bonds were formed and no
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debonding was observed. However, niicrocracking occurred in the diffusion bond formed with the
thicker 20 micron intedayer due to the formation ) the TigSis phase.

Tn the current study, precessing optimization and diffusion bond charactetization were the primary
focus. Pure Ti interlavers (PYD coatings and foils’ were down selected as thie preferred interlayer. The
resulix discussed in the previous paragraph will be prosented in this paper to seeve as an incoduction 1o
the characterization and processing optimization thal was conducted. Additional joint fabrication was
conducted using pure Tt foils m Jifferent thicknesses and al different processing times in an elfor to
berter uaderstand the formation of the reaction formed phases in the diffusion bond and the conditions
which comribuied to erack and void formation. Forther characterization was conducted through nos-
destructive evaluation (NDE), suengih tests, oplical microscopy. scanning etectron microscopy (SEM),
and electron microprobe anatysis.

EXPERIMENTAL

Silicon carbude was diffusion bonded to siheon carbide with the aid of Ti interlayers. The
siticon carbide muatcrial was fabricated by Rehim & Haas through the method of chemical vapor
deposition (CVDY). Pure Fi was used as the interlayer. For the prehiminary study {discussed in the
imnduction}, physicatly vapor deposited (PVD) Ti coatings with a thickness of 10 microns were
applied to the SHC suhetrates. In one case, coated and ancoated substrates were matched to provide a 10
micron interlayer. in snother case, two coated subsirates were matched 1o provide a 20 micron
inlerlayer. Procvessing of the diffusion bonds was carvied out in a hot press with an enviconmental
chamber. The paired substraics were processed it the [olfowmyg conditions: $250FC, vacuum, 31 MPa
applied pressure, and a 2 hr hold, followed by a cooling rare of 2 °C per minwe. The joints were
analyzed vzing a JEOL JXA-B200 Superprobe electron microprobe o provide scapning electron
microscopy and EDS aualysis 1o identify the quality of the bonds and o ideniify the reaction formed
phases,

in arder 1o oblain samples for NDE and strength (ests, two sets of 2.54 om diameter dises were
also bonded af the above conditions. A 10 micron tuck PYD coating had been applied 10 the inner (.66
cm diameter of the one of the matching discs. The two paired sets of dises had different surface
finishes. I one case, the matching discs were highly pelished and had a black. mirror like finish. In the
other case, the matching discs were unpolished so that they had a duit, non-reflective, grey fnish. The
sets of dascs are shown in Figure 2. Belure the discs were bonded, the surfaces and applied coatings
were evaluated under an optical micnuscope. &fier bonding, these sets of joined dises were non-
destucuvely evaluated using the metheds of pulsed thermography and ulirasonic immersion. Finally,
the discs were fracture tested to determine the strength of the bonds. The fracture surlacexs were
analyzed under an opticH microscope.

Unpolished SiC Highly Polished SiC

#—=  Discs Before Bonding =i
1.66 cm Diameter PVD Ti— 1
Ceating

Figure 2. Photos of the coated and uncoated sets of SiC dires betore bemding. The less polished dises
arg on rthe fefi and the more polished discs are on the right,
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In anather study, the effects of processing vime and Ti interlaver thickness were invesiigated.
The Ti foils were oblained frem Goodiellow Corporation. The foils were placed between the SiC
substrates and processing was carried out at the same conditions as ahove except the hoid times were
varied. The foul thicknesses and processing times that were mvestigated were 10 miicron at 2 hours, 20
nlicrons at 1, 2, and 4 houes, and 50 microns at 1. 2. 4, 5. and 16 hours. Polished cress seciions of the
diffusion bonds were prepared for analysis under an optical microscope. In the future, analysis with
scamning electron micoscopy {SEM) and electron dispemsive x-ray spectromietey (EDS) will he
conducted.

For a final study. a final pair of subsirates {Hexoloy 51C) were bonded with & Ti foil inierlayer
that had a hole paitern cus cut of it to simulate debonded arcas. The parpese was o determine the size
Jimsations for detecting flaws and debunds using NDE. The jomed substrates were analyzed with the
NDE method of nhirasonic immersion

RESULTS AND DISCUSSION

Polished cross-sections of the diffusion bonds that were formed with the PYD Ti interlayers with
thicknesses of 20 microns and 10 microns are shown in Figures 3 and 4 respectively. In both cases, the
reaction formed diffusion bonds are well adhered 1o the SiC substrates. However microcracks were
ohserved in the diffusion bond formed with the thicker 20 micron PVD Ti interlayer. The
corresponding microprobe analysis of the reaction formed phases is given m Table 1. The presence of
the phase. Tis8i:0, (Fhase C in Figure 3 and Tabie T}, is observed which was also one of the phases
believed 10 comtribute 10 microcracking when the Ti-6A4V alloy foil was used as an inlerla_ver:""_
The Tis5iaC, phase was suggesied by Naka ¢f ol” to be an intermediate phase that will not be present
when the phase reactions have gone 1o completion. Therefore, in onr approach for forming srable fully
reacted diffusion bonds, the Tis8i;C, phase can he avoided in the fmai diffusion bond by either using a
Ti miterlayer that is thinner than 20 microns or by processing for tonger durations. This appears to be
the case as seen in the hond formed from the thinner 10 micron PV} Ti interlayer. The micrograph in
Figure 4 shows a well formed diffusion bond. Two phases are present as seen from the microprobe
analysis i Table 1. The absence of micracracking is because the detrimental phase of TisSi; was not
present. The use of a thinner interlayer whils maintaining the same processing time resulted in a stable
diffusion hond with no intermediate phases. The sowee of the dark pores in the bond still has to be
determined. 1t may be due to the formation of more dense phases during the diffusion bonding process.
The presence of the pores may not have a signitican effect o the mechanical and leakage properties
of the bond, since the pores are very small and isotated. Future tests and analysis will determpine if the
amall, sotated pores have an effect on leakage through the bonds.

The two sety of discs thar were bonded were apalyzed by NDE fullowead by strength tests. The two
sets of discs that were bonded had different surface finishes as shown in Figure 2. Greater detail of the
discs and coatings is shown ia Figure 5. The highly polished subsiraie has a more dense surfave which
aliowed for a more dense PVE coating, to be applied. For the less polished substrate, the applied
coming is less dense. The tansition between the coated and uncoaied sections on this substrate was
difficult {o distinguish due to the rough surface. The first NDE approach that was investigated was
prlsed thermography faltemarely referred o as flash thermography). A description of the pulsed
thermaography method s illustrated 1 Figure 6. Since the coating was only applied o the inner 1.66 cm
diameter of the 2.5 oin diameter dises, it would he expected that NDE would detect a bonded inner
diameter and a non-bomded outer ring, However. pulsed thermography was not able to clearly detect
these bonded and non-bonded areas as shown in the NDE results in Figure 7. The general region where
bonding was presuined to have veourred was detected; however, the image was not very sharp. The
results regarding the bonding quality are inconclusive due ur high surface refllectiviey.
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\ ' Yr ¥ ; A Bond

Diffusion

Figure 3. Diffusion hond when a 20 micren thick PVD Ti coating was used as the inlerlayer between
the Rohm & Haos SiC substrates. The top is aL a magnification of x 1000 and the bottom nicrograph

is a1 a magnification of x2000. Microcracks and the presence of three phases are ohserved.

Table ). Microprobe analysis of the atomic ratios for the reaction formed phases in the ditfusion bond

as shown in Figure 3 {wemic rutios are an average from five lieations for each phase).

Fhage Al Fe Ti §3 < <r Tetal
Phiase A 0.011 0.0al 54,424 7,792 25,757 0,014 1o0, 0ea
Fhase B 0.007 0. 005 35,704 &S .621 1.570 0,003 100, 0¢(
Fhase C 0027 O LE L TeT 33851 7140 G003 Lt nag
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Figure 4. Diffusion bond when a 1) micron thick PVD Ti coating was used as the interlayer hetween
the Ruhm & Haas 51C substrates. The top is at 2 magnification of x 1004 and the bottom micrograph
is ot a magnificanion of x5000. No microcracks and the presence of three phases an: observed.

Table IL Microprobe analvsis of the atomic ratios for the reaction formed phases in the diffugion hond
as shown w Figure 4 {atemic ruios are an uverdge from jive locations for each phasel.

Mhase . c I -5 S v S AL . LK Telal

SiT 45 .89 S54.094 n.0rl BLnan G, Gog L. ann
Fhase A 24,088 18,459 N&.621 - 0.0g% 10000540
thase R 3,028 fl.217 387592 - [ Gul 1040, 030
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Less Polished SiC

Highly Polished 5:C

i

more polished SiC (right). Macroviews of the discs are shown for reference.

—: Flash lamps

o t—H = |

j Sample

Y ﬂﬂﬂ "ﬂ"

Light pulse uniformly heats Thermal ensrgy diffuses into Increase IR radiation at the
sample surfaca the sample and is aniformly surface due to the presaane of 2
emitted from surfaca subsurface defect

Figure 6. Hlustranon and description of the fash thermography NDE method.
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Polished
_ Back

Unpolished
Front Back.
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Fn #1 1331967 (0 106 Mint Hot Press) i Ry # T
‘Thermal Derivative Toagae (07 <) Thermal Peri Image (W7 5t

Figure 7. Results from pulsed thermuography for the less polished pair of joined substrates {left) and for
the more potished pair fright).

The second method of NDE that was investigated was ultrasonic immersion. This method is
iNustrated and described in Figure 8. Ulirasonic immersion gave much better NDE results, 2¢ seen in
Fig. 9, compared 10 using pulsed thermography. The intier diameter of the honded surface and the
outer ring of & non-honded area are very clearly vistble, The ultrasenic immersion resuits for the more
palished set of substrales resulted in a sharper image than for the Jess polished set of substrates which
appear as slightly blurred. The sexults suggest 1bat the more polished substrates gave a more dense and
higher quatity bond.

* A high frequency ultrasonic puise XoY-Zusge L4 Computer L § Pulse generaior

{L)) enters specimen,

*  Some of the signal is reflected back ] o
at the bond Interface {R) while the Focusiug Transducer
remaining energy is transmitied (T}
and evanlually reflacted at the back Ponding

surface of the sampie. Tnterface

*  The amount of energy refiected at
the interface degends on the (a
acoustic impedance (zj mismatch
between the materials at the u

- Water
a- Spevimen L// ank

inerface. R

*  Wall bonded, simiiar materials will N |
result in very littte or no reflection at [T f 22
the interface whila a disbond or air Boadu T
gap will cause more of the energy at tnerfsor
the interface to reflect back.

ih}

Figure 8. Tlustration and description of the ulirasopic tmmersion NDE method.
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Lilvrasonie C-seam Dmage of Bonded Dises Ultrasonis U -scan Image of Ronded Dises

Prak Amplitude FPeak Amplhitude

Figure 9. Results trom ulirasonie anmersion for the less polished panr of joined subsiates (lefty and for
the more polished pair fright).

After completion of the NDE analysis on the two sets of joined discs, they were tensile tesed
and analyzed wider an optical microscope, An lustration of the <amples under strexs is hown in
Figare 10 along with the configuration frr additional square samples that were previously tested. The
stress versus strain cucves are shown in Figure 1 (or the joined dises. The tess polished set of joined
discs had a strength of 13.4 MPa and (he more polished et had a strength of 15.0 MPa. This was lower
than previous strength test of two sets of joined square S1C substrates with dimensions of 2.54 cm x
2.54 ¢m. The joined square subsirates had sirenglhs of greater than 23.6 MPa and 28.4 MPa. Failures
nceurred in the adhesives used to attach the text fixtures 10 the substrates. Despire the discrepancy in
sticengihs fremy the two sample configurations, the strengths are much higher than those required for the
application which is 3.45-6.89 MPa. The stress versus strain curves fot the dises in Figure 11 shaw that
the more polished dises had a slightly higher siength. Although the limited testiog may not be able to
identify a true trend in strength, the tigher strength for the imore polished samples coubd be due 1o such
effeets as swronger bonds due 0 the simeother finish and more dense coating or due to the more
polished Si material having fewer sucface Maws. Optical micrographs of the fracture surlaces are
shown in Figure 12, For the less polished sei of joired discs. failure was in the $iC subsirare rather
than the beind. The buod was pulled out intact from the foiling $iC subsirate. For the more polished set
of joined discs, failure wag primarily in the $3C as tailure surted in ane substrate crossed through the
bord region and continued i the other SiC substrae,
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2.54cm x2.54 cm 2.56 cm Diameter Discs with a
Bonded Substrates 1.66 cm Diameter Bond Area
Pull test tensile strengths: Pull test tensile strengths:
= 23.6 MPa (3.4 ksi)* 13.4 MPa (1.9 ksi)
> 28.4 MPa (4.1 ksi)* 15.0 MPa (2.2 ksi)

* failure in the adhesive to the test fixture

Figure 10. Mustration of the ensile lested samples and the resulting strengths.
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Figure 11, Stress versus strain curves for the two sets of juined discs.

The limitations of (aw identification with ultrasonic immersion were investigated through the
analysis of joined Hexaloy SiC substrales that had simulated flaws and disbonds. The Ti foil interlayer
had cut out shapes as shown in Fignre 13a. The shapes were of circles, riangles. and squares. The
widths/dtameters of the shapes wele 0.51 em, 1.27 cm, 2.54 cm, and 3,51 cin. Dueing processing of the
bond, SiC hamding will only oceur in regions where there is Ti. The general pattern of the flaws was
distingnishable 1 the vitrasonic immersion resulis as seen in figure 13b. The simulated flaw areas
appear as nonbonded regivns. However, the resolution was much lower than for the bonded CVD dises
tha had a reduced bond area. The lower resolution is belicved 10 be primarily due to the use of
Hexaloy 5iC which had three factors ihat ould hinder good resulos in olicasonic immersion. These
factors are: thicker 516 substrates of 0.257 compared w the 60 mill thick CVD SiC, a lower density of
31 g;’cm'1 vs. 321 gJ’CiTI'\ for the CVD SiC, anit higher porosity (2-3% closed porosityd va. no porosity
for the CVD 8iC
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Less Polished SiC Highly Polished SiC

Il
vl

¥

Figure 12, Optscal micrographs of the failed surfaces in the tensile tested discs. Failure on the less
polished set of discs is shown an the Jefl and the: faiture tor the more polished set of dixcy 1s on the
Tight.

B

{liustration of Ti foil (grey} Ultrasonic C-scan @ 10MHz.
with cut pattems (white).

A

Figure 13a and 13b. Ultrasonic ismersion of the bonded Hexaley 5iC with simulated flaws. An
itasiration of the Ti foil with cutow sections is shown in figure a. The resuliing C-scan image from
ulirasonic immersion ix shown i figore b,

The diffusion bonds that were oblained froto variations Ti iterlayer thickness and diffusion
bond processing times are shown in Figure 14 - 16, Figure 14 shows similar resulis for the diffusiom
bond formed from the 10 micron Ti foif at 2 hr as compared to one formed from the 10 micron PVD T
coating ai 2 hr {Figure 43, No microcracking was observed. For the 24 micron interfaver, an
intermediate phase was observed in the core of the diffusion boend in the bond formed during the 2 he
hold. However the imlermediate phase was not seen in the bond processed for 4 hr, For the bonds
Tormed witlt the thick 30 micron T foil, microcracking, porosity, and Lhe intenmediate phase are
ohserved as the processing time increased up to 16 b, Fowre analvsis with an SEM will further
evaluate the diffusion hoads obrained in this study,
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Figure 14, Optical micrograph of the SiC substrates joined with a 10 microa interlayer for 2 by

Frzure §5. Optical micrographs of the SiC substrites joined with a 20 micron interiayer for | br(a}, a
20 mieron mterlayer for 2 hrib), and a 20 micron interiayer [or 4 hr ().
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Figure 16. COprical micrographs of the SiC subsirates joined with 2 50 micron imterlayer for | hr (a), a
50 micron interlayer for 2 hr (b} a 50 micron interlayer for 4 he (cj, 2 30 micron interlayer for 8 hr (d),
and a 50t micron intertaver for 16 hr (e}
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CONCLUSIONS

A diffusien bonding approach that is well suited for {abricating a low emission ceramiv mjector
was developed anid characterized. Pure Th interlayers were used to juin SiC substrates. The resalting,
diffusion bonds were well adhered to the 51 substrates, with no delaminatinns. Microcracking was
observed in some diffusion bonds due to the formation of TisSixCy which is highly anisotropic in its
thermal expansion. [t was shown that inicrocracking could be avoided by preventing the Formation of
the intermediate phase of TisSi:C,. The use of tiin interlayers and longer processing times resulted in
uniform. crack free bonds, The NDE method of wlirasenic immersion proved to be a very good methad
for analyzing the bond guality and for detecting small flaws and debonded areas. A polished surface
finish was shown 10 have a positive effect on bond quatity and sirength compared to a more dull finish,
The opiimization of the processing of the diffusion bond and the resulting properties suggest that
ditfusion bonding is a goud processing approach for fabricating complex shaped components.
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