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(54) Title: CERAMIC-CERAMIC WELDS

(57) Abstract: A method of producing a ceramic weld, including identifying
a ceramic first surface an a ceramic second surface to he bonded together,
maintaining a non-oxidizing atmosphere over the first and second surfaces,
and engaging the first and second surfaces to define a joint, An arc is gener-

fdentifying a ceramic first surface 108 and a ceramic
second surface 11040 be joined fogether

Preheating the caramic first surface 105 and the ceramic
second surface 100 at & predelefmined first ramp rate 125
10 @ prex ined scak 120

Helding the ceramic first surface 105 and the ceramic
second surface 100 at ihe predetermined soak
120 fora p ined first scak time 123

i
Inserting a thin. volume 187 of a first weld assistive material 180 betwesn
the ocerbimic first surface 105 and the ceramic second surface 110

Urging 195 the ceramic first surface 108 and the ceramic second
surface 110 together to define an interface volume 185
T

Tiniroducing a second weld assistive material 191 to the intertace voluma 150

Applying additional heat 150 to the interface volume 155 at a
predelermined second emp rate 185 1o heat the interface
yolume 155 to & predetermined fusion 170

irig the fusion 0 tora ined
period of time 175 to at least partially liquefy the interface
volume 155 to define a fusion volume 160

Reducing the additional heat 170 at 5 predetesmined rate
180 upon disengagement o { the additional heat 170

1
Coaling the fusion volume 160 at a predetermined cooling rate 130
o yield a solid fusion joint 115 and a newly weided unitary body 138

Fig. 1

ated between an electrode and the joint to create a liquid phase, and the li-
quid phase is cooled to yield a solid fusion layer, wherein the first and
second surfaces are joined in the fusion layer.
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CERAMICCERAMIC WELDS

This patent apphication claims priovity 1o copending U8, Patent Application Ser. No.

P4 405, filded on July 28, 2014,

LU The present novel technology relales generally to the field of materials sclenee

and, more paeticaiardy, 1o a method for welding cevamie bodies together

BACKGROUND

fagoz] Cennpics are inberently nttle matenials, While very strong under compression,

Y,

cermmie matenials are bvpically weak under tension and forsionad stresses. Thus, while ceramic

'’ ey
i ¥

materials governily exhiba high elastic modudi values, they sre prone 1o britte facture and thennal
Pan R o

10003} Coeramic yuaterials are typicadly joined together through the application of »

cement af the fnterface between two bodies, While this techedgue works well for joining two ceramic
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matenials together, it s loas useliad for jolning a conumic & ancther roatenial, such as & structiral metal
body, that has a substmntially differers cocffictent of thermal expansion, Further, coments ae lew
usefad for joining materials that will experieace significant tonsion ar flexure, since coments are alsg
sons fo brittde fractare.
{004} Purther, as-formed ceramic bodies are typioally Tsted o siimple shapes, hoth
because i 18 difficalt tr cast or form: ceramic materials divectly into conplex shapes and it i squadly

ex shapes alfier they are fonmed.  Attempts have boen

o

diffioult o machine brijtle bodiss nte compl

T

madle 1o produce coamie bodiss having complex shapes, sach as by cementing or otherwise fustening

¥

the sumple bodies Wogether, Only lited sucoess bas been actieved o date uxing cements, due o their

-

fikewise inherent rittfeness. Glues likewise do not offer sufficient bond strength 1o connect ceramics
ivto more complex shapes. The ose of fasteners, such as serews or bolis, is lkewise fimited becauss
dniling holes through brittle ceransies introduces eracks that sot as stresy concentraiors, thes giving
rise 1o fatlure mechanisms in the coramic bogdies. Further, the fastuners themselves becone focal
profs for stress concentration.

0051 Welding ceramic bodies o themselves o to nem-ceramics has thos far met with
tittle success, The welding process typieally includes the application of heat o the ceramic, thus
intraducing mivrocracks through thenmal shoek. Such coramie welds have been hard to form, and

IR

those that have been formed bave badd very fow bond strength,

{6006] Thus, thers remains 2 need for s method of welding coranue hodies thgether
andfor w nov-oeramie bodiss, without experiencing detrimental thermal shock or other damage at and

avcund the weld stte. The present invention addresses this need.
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SUMMARY
00071

The present avvel technology relstes gonoraliy 1o muaterials sclence. Owe obiect of
the presemt povel techuology 16 10 provide an improved wethod of joining two coramnic bodies

Related objeots and advantages will be apparent from the following description



WO 2016/018507 PCT/US2015/033449

BREIF DESCRIPTION OF THE BRAWINGS

HEEE FHE T v e diggrannatio view of g ceraimic W ceranmie welding method according
0 one embodiment of the present novel technclogy.

100081 FiG. 21 a phowmiorograph of & welded body including two SHC pleces joined

with & fusion weld acomvding to the embodiment of B 1
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BETAILED BESCRIFTION

00181 For the purposes of promoting an understanding of the panciples of the sovel
fechucdogy and prosenting iy cwvently anderstond best mode of opeeation, reference will now he
made o the orbodireents ustrated in the drawings sod specific languags will be used o deseribe the
same. Howill nevertheless be understood that so Hmitation of the seope of the novel techuology
thereby intended, with such alterations and further modifications 1y the Hhstrated device and such
fusther applications of the principles of the aovel technology as Wostrated thoreln belng contempliied
as winnld normatly oovur 10 one skifled i the art 1w which the noved technology relates,

{0011} FIGs. 142 iHlustnate a first embodiment of the present novel technotogy, & method for
soining electnioally condustive coramics and ceransio composites by are welding 10 Caramies we
sherently brittle materials that are susceptible 0 thermal shock during the rapid heating and cooling
cyeles encounterad during fusion welding, The application of properdy selested preheat and posthest
restments enables the joining of conductive cermmios and corarniv composiies 1o themselves as well
as o metad struchwes. The novel jolung process cuables the jolng of components of varied size
from find pressed, PYEY sputtered, OV, plasma deposited, ave cast, sintesed, and the HRe, ceramics,
cermets, and coranmie matrik composties. Ceramue welkding enables the produstion of large, complex

ompoeund forms 20 o precursor bodies having the strnple shapes that sve commen of sintered and
hot pressed ceranics , while retaining the strength and thughness inherent in the starting materials,
The novel welding process can produce joints that exhibit the same therrophysical and mechanicyd
hehavior as the parent material. I addition, are welded joints are abde to withstand the same

chenscally covostve, oxidizing stmospheres, and high toroperaiae envivonments as the materials of

the parent boglies
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H01RY Some potential wees Include jining of thermad protection systems {TPS) 0 strachral
crmponety, praducing exotic thermooruples, repatring aad prodacing hybend batlistic anmew
systerns, geining of wiar noesstunt or heat rosistant swriaves W load bearing components sach as those
found mengines (ntemal combustion, Stirling, and turbine), jolning vefractory solar-absorptive
ceraniic surfaces 1o stroctuval components for concentrated solar thermal gpplications, joming of wear
resiatant components to refractory alloys 1o produce bearings for highy temperatiwe apphications

N

(= 00°C), and the like. Ceramide welding enables the production of comples shapes from sirnple B

pressed wnd siered shapes. The precursor bodies are typleally nearly theovetioally dense, move

typieatly at least abowt 98% dense (no mwve than 2% porosity), still mone typically al least 89% deuse

(o rore than 1% povous), vet more typieally at least 9955 devse (no more than 0.5%% porosity), and

sttt ynore typically st teast sbout 99.99% dense no more than §.1% porosity), The ability to weld

strple shapes into more complex stracturis seduces machindng ooty aud decregses the time reguired
tor achieve o finished compiment. fn some cases, cennmie weliing iy usefud for tmproving mechanical

behavios by refindng graiy sizes and producing thermodynarnically stable grain boundiries which
form from the melt in the jont region. Ceramic welding also enables the repair of cevamic
componeny and composits structures,

{0013] Ceramics generably exhibit high clastic muodull values and are susceptible wo britle
fracture and thermal shock, In order o manize mechinical fallure ieising Hrom thormal shock of
harge componerts during the fuston weliding progess, the precorsors are subjecied 0 a prebesting
thermal protile and the compound steactures so Tormed are subjecied o a post-welding thenmal
prefile, as, iy general, coravsie materials lack the aufficiently hgh thermad shoek resistance andfn

sificant ductility below the systen’s meling temperture to avoid material fatlure from thermad

shock. Alternately, the properties of the precursor pisces may be ratlored o have very low
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onefficients of thermal expansion anddor sufficionmiy bigh ductility 1o offer superiow thermaal shock

sesistanice. The emperatire and duration of pre- and post-hoating treatments are different for sach

muaterial, In order to predeternine the proheat and the post-we nEREML fenperaiy
recpuared 1o plastioally solieve strosses ave investigated, Bach cessrnic, coramic particle compaosite,
Cermvie IYRINR OTRBPOSHE, Of Cotmiel Systern 18 chavacterized by its ability 1o refiove stregses that
accunndate duving the novel welding process. Processes lending fo stress reliel at high temperasure
mnclade microcracking, grain boundary sfiding or seftening, dislocation motion, twinning, grasm

b

growth, recrystathzation, combinations thereof, and the fike. The pre- and post-heat treatisent prodiles

are tfipencsd by the teniperstures at which appreciable stress yedief occur by the aforementioned
mechanisms,

{0014] In general, dislocation motion, teinming, grain growth and recrystaliization noour st or

above a homologous lmperature (T =00 of G405 For materials ¢ ing gratn boundary

softentng, mucrooracking, and grain boundary sliding. the pre- and post-heat regtment fompesgurs
X

will be largely influenced try recursor body composition and material processing before welding, To

sinimize the vartability of the bigh remperators plasticuy found in coramics, B roay be useful to

ey

conduct charicterization (such as muchanical testing, veutron o x-ray diffracting, or the ke siudies

of the materials to be welded at high tomperaiure prior o welding o identify the proper pro- and post-

feat conditions for the spectfic compouent bodies, Theae atulies will be uywecessary 1 1t is possible

o condduct welding wiads andfor i plastie deformation ocous at tomperaturs slightly above Tl

&

{15

HES] I gonerad, lrge component bodies are preheated to higher remperatuses 1o prevess
wearping and cracking, More typieally, for larger precussor bodies fower heating snd conding ramp

rates are chosen for the prebeat and post-weld thermal profifes. Furthey, conductive cerammos ofien are

3
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susceptible 1o oxidetion at high temperature, so ronductive coramie precursor bodies are typially
shieided trom oxidiving condifions at elevated iompreratures 1n ord to pressrve the tegrity of the
CIMPOnEH,

R FiGe, 12 dlustate one ambodiment of the present novel technology, 2 method ¥ for

owmning twvo (ypically composivonally stmitlary ceramic surfuces 105, 1H in a weld or fusion hond

IR As coramucs ane inherently brittle materials and as sach are susceptible o thermal shock damage

during the rapid heating and cooling cyeles, the swrfaces 103, 10 are typically prebeated to a fimt

elevated soak temyperature 120 and held thore for a first sogk time 1230 The first ransprase 125 from
amisient & the first slevaiesd soak temperatare 120 by typioally slow sough so as to avoid of minnuze
thermad shook damage. Likewise, & post welding slow rarop down to smblent emaperatare at a second
slovw vamp rate 130 s typleally emploved s mintmize thermal shook dansage to the newly welded
prece 135 and the newly formmed joint 113 The application of properly selected preheat and posthest
freatrents assists in the jolning of covansic sarfaces 103, THY

00171 Once the surfaces 108, 1 Hi e ot the fiest soak tomperstars 120, the surfaces are urged
wgether to defive an buterface vohume 155 therehetween and additions] heat 130 such a5 fromi s
plasma torch or the like, s applied gt twe intorface vohane L35 between the surfaces 198, 118w form
an af least partially Hquetied fusion volurme 160, which 1 thenvooted (upically at a predetermined
cooling rate 161 1o a predetermined end womperators 163} o define & fwion joint 115, Mowe typicadhy
the cooling rate 161 13 sulficient 1© anneal the fosion joirt 118 angd adjacent swfaves 105, 0ol
thevmatly indocerd strosses, The sdditionad heat 180 iy sufficient to Bauely the fasion volume (68 by

1 ot sutficiently great andfor of such durgtion o significuntly decompose the coranic surfaces 185,

HE Typically, the additionad heat 130 is gquickly ramped op at s firstwelding heat vanp rate 185 108



WO 2016/018507 PCT/US2015/033449

nominal weliing lovel VR held at the nonanad welding level 170 for a predotermined second soak
tivne 175, and ramped down at g second welding rate 13 apon disengagenent.

{00181 Depending on the composition of the surfaces 105, THY, the fiest soad tomperatave 120
v be from about 700 degrees Celsios w about 1100 degrees Celsius and the sdditional heat 150
may be represented by a welding curvent of belween abowt 25 Awmperes and 73 Amperes with a
duration 155 of between abowt 3 seconds gad about 20 seconds.  In other words, depending on the
composition of the surfaces 108, 110, the first soak wmperators 120 may be frowm about 780 degrees
Celdsiss o about 1800 degrees Celsius and the additiomal heat 15 may result in finad, noar surface
iempentture of 1400 degrees Celsivs 10 3500 degress CUslsius with g duration 135 of between sbout 5
seconds and abowt 20 seconds for spot welds or short (1.2 omy) Hinear welds, and longer for longer
Hoear welds,

{8 The noved Jolning process W enables the prodoction of large, complex compound

fae

i

Bodize 135 froan precarsor surtaces 105, 113 having the sumple shapes that wee crwnmen of sintersd

and bot pressed ceramtes, while retaiving the compressive strength, tonghuess and chemical durability

%

inherent fi the starting matertals, The novel welding process 10 can produes joints 1S that exhibit

the same thermaphvsical and mechanical belavior as the parent matenal. In addinon, the welded

AT

soants 1S ave able o withstand the same chepucally corrosive, oxidizing atmosphernzs, and high

rra
-,
S

temperatue gvironmenis as the materials of the parent surfaces 105, 1
HI020T Duing the welding process HEE some materiad decomposition may ooour and i miay

bo advantageous o grovide a thin volume 187 of filler or additive muterial 190 at the interface {55

having a compostiion that meay offset or otherwise nunimize the thermal decomposition effects. The

filier or additive matenial 190 may have the satne composition as one of both surfaees 135, 1 the

composition of one of the consituents of one or both murfaces TS, 11, or 2 differsnt composition
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compatible with one o both sugisces 103, 10 50 86 (o strenyzthen the joint 115, The tun vohume 187
of additive material 197 s typtcally provided as o pressed sheet or the ke, more typieaily having
horpogenesus and predeternuned thickness and composition, Typically, a second weld assistive
urateral 191 may be added to resct with the surfeces 108, 110 andor the first weld assistive material
190 while the fuston volume 160 iy at least partially Hguefied, The sccond additive material 191 &
typically ntvoduced 1o the interface 133 a5 a powder, or a5 a sepirate pressed film or sheet, oras a
constituent of the pressed sheet imtroducing the st weld assistive matenal B0 Thus, the joing 118
may be compositiomally the same ar simidar te that of the suefioes 108, 110 or it way be differsnt yet
connpatible with the sarfaces 105, 110,

{0021] Weld quality nay Bhewise b improved by providing an urging force 195 on the

FHY i the dection of the interface 155 o order o nunimize dnft or widening of the

surfaces HIS,
Joint 115 during welding H¥)

00227 Weld quality may also be improved by selection of an appropriate stsnnsphere that
may rotard thermal degradation of the surfaces 108, PO anddor the weldd 115, for example an
ersadizing stmosphere for oride cormies or 4 nonreactive or seducing atmnsphiers for carbide o
nitride ceramics.

{0023] The welding technigue M0 may be performed as 2 apot weld, or may be a vesr weld
accornphished by moving the source of additional hest 150 along the interfson 1535, typically at i
predetermined rate.

{0024] Coramie welding 10 enables the production of hodies 135 having complex shapes
frons simply shaped precursoy surfaces 105, T The precorsor surfsces 105, HO are typically nearly
theoretically deree, moore Dypieally &t least about Y8% dense (oo mose than 2% porosityy, still more

typicadly atleast 89 dense (o move than 190 porous), yet move yprcally at foast 99.5% dense (no
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more than $.5% porosity), snd still more typically at least about 989.9% dense no move than 0.5

porosity). The ability to weld 100 simple surfaces 105, 1HY into mowe coanplex stnictures 135 reduces

m
;;

achinig vosts and decreases the thne requived to achieve g finished component 133 In some cases

cermmnic welding 100 is usefn! for improving mecharion] behiavier by refining grajy siees and

producing thenmodynamically atable grain boundaries whuch fonm from the melt i the joint region
S wrie wekding 0 alsp enables the repair of ceramic components and composiie structures

{0025] In operation, coranue welding W00 may be sccomplished Iy fost identifying 200 a

ceyare first surface 108 and a cerangic second surface 11 1o be joinad together and then preheating
205 the ceramic first surface 103 and the coramiv secomd serface 1K at & predetermined first ranip
rate 125 10 a predetermined soak temperatore 120, Next the ceransie Got surface 108 and the cevamic
:oond surfuce H0 ane held 210 &t the predetormined soak temperatore 120 for a predetermined fist
soak tme 123, and o thin vohume 187 of & first weld assistive matenial 190 b serted 215 bebween the
eramic first surface 105 and the coranic seeond surfsce FHYL Neow, the cevanme Srst surface 105 and
the cevarnie second surface V0 are arged 195 ogether &0 define an terface volme 135,

00261 A seoond wild assistive material 191 i introduced 220 o the imterface volume 188,
ared scddifional heat 1301 applied 225 to the interface volome 135 at a predetenmined second ramp
rate 103 by heat the interface volume 155 o & predeternuned fusion tomperature 170, A fosiown
temperature 170 s maintained 230 for @ prodetormined pertid of tine 175 0wt keast pavtially Bauefy
the interface volume 135 o define g fusion volume 160, and thon the additions! heat FADY i reduced
235 at w predeterained rate {30 spo diseagagoment o §ihe additional beat 170 The final sep is

cooling 240 the fusion volume 160 ai a predetermined cooling rate 130 1o yvield g solidd fusion joing

{15 and a newly wekded unitary body 135,

11
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(2T Bxample 1 Two S0 ceramie spriaces 105, Hwene positioned adjacent one
another o define an interface 155, The surfaces 105, 110 were heaterd at g rate 125 of ahout two (3)
degrees Colsivs per minuie and maintained gt a fest soak femperatire 120 of abowt one-thousand

(IO degrees Celstas A fivst carbon addinve material di the formy of a ten nl thick pressed carbon
sheet 190 was inserted into the iitorface volume 135 and a secnnd sdditive muaterial 190 was added to
the surface of the surfaces 135, 110 adpacent the intorface 155 so as @ wick into the interface 133
doring welding, The surtaces 105, 1 H} were clamped together s provide urging fores 195 during
walding WX, Addigonal beat 155 was applied plasma welding torch current, ramped up 1o SSamps a1

&3

arate 168 of five (81 Amps por second from a pilot are of twenty-five (28) Awmps 1o a welding curvent

3 Amps and mamtained for s duration 175 of ton {10} seconds, followed by a five
(5} second vamp down 180 1o vield an at least partially HBauid fusion volume 1600 The fusion vohume
wias cooled atarate 161 of sbow 2 degrees Celsius per minuie untld it reached a predetenmingd end
teruperatire 163 at which poirtt the fusion volume 160 had solidiBed o weld g jomt 1S

I0028] While the novel technology has been dlustrated and described i dotad] in the drawings

and foregoing descuiption, the same 1810 be considered as Hlostragve sod not resteiotive o character.
It 1 undenstood that the embodiments have been shown and desoribed o the fovegoing specification in

sapsfacton of the best mode and enablement requirernents. 1 s understood that one of ordinswy skill
n the art could veadily make a wigh-infinite number of insubstantial changes and wodifications to the
above-described erobodiments and that i woudd be impractical to sempt o deseribe &l such

sivibodinent vagiations in the present specification. Accordingly, wis undersiood that all changes and

modifications that cone within the spirit of the novel ehnology are desired o be pravected.
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i A method of welding twe coramic bodies together, woanprising the steps of:
&) identifving a coranme st surface and & ceramic secowd surface o be joined

fogathern
b} prohieating the cerame first surfacy snd the ceramie second sarface at 8
predeteriined first ramp rate to 8 prodetermined soak temperature;

tive moterial hetween the ceramic first

first weld ax

¢-,.

¢ mserting o thin volwme of &

surface and the ceramue second sweface;

iy urging the ceramic first surface and the coramic second surface ogether fo define

an uerface volome
£} applying additional heat to the interface volume at a prodetermined second ramp

rate to heat the interfuce volume o 8 predetornnned fosion temperatars;

) at Jeast partially hguefving the juterface volume to define a fusion volume; and

g} cooling the fusion volume at a predetermined cooling rate to yield a sohd {usion
Joint;

wherein the first and second sarfaces gre melted together nto the fusion joint

2. The method of claim | whereln the coramie seoomd surface has the same

e .
i

3 Uhe misthod of claim | wherein the cevamic first surface and the coramic seeond

surface ave hoth 5wl

s
2
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4, The method of claim 3 swhessin the first weld assistive material is a pressed

carhon shest,

A The method of olatm 1 and further conywising the step of bl after b} and belore e,

introducing a second weld ssxistive material to the imtorface volume,

£, The method of claim 4 whersin the first weld assistive material s a thin carbon
sheet: seonnd weld assistive material 18 stlicon powder; wherein the ceramie first surface and the
cergmpic second surface arg SO whereln the fivst ramp rate is gbout 2 degrees Celsius per
sipuie, whersin the seak tomperatore is about 10U degrees Celstus) and wherein the cooling

rate 1w abowt 2 degrees Celsius per minute.

7. A method for fusion welding a ceramic body to another ceramic body comprising

the steps of:

8} prevviding a first veramie body having a fivat bonding sutface and a second
seramic body having a second bonding surface woobe welded together;

o positioning the first bonding sorface tn contact with the second bondng surfacs o
define an unwelded jointy

¢} heating the first bonding surface 0 o femperatire wherein Ty has 2 valoe of g
feast abomu .3

¥

i} slectyothermatly creating a figeid fuston rone ab the jownt having 8 thickness of at

i

Teast abont 1.5 Centirpeiers: @i

14
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L2

cooling the fusion zong sulficiently slowly 1o vield a solld welded joing
wherein the solid welded joint is contigvons with the first and second coramic bodiss,
8, The method of claim 7 and fonther comprising ) afer ¢ and before d),

emveloping the vespective bonding surfaces with 2 pon-oxidiving atmosphere.

8. The method of clalm 7 wheretn the fusion weld shares the phvsical properties of
both ceramie bodies.
Hy The method of clairn 7 wherein step 1Y mcludes followig g conhing profile for

relioving dress tuough merbanisnes including morovracking, grain boundary shiding or

&

soflening, dislocagion wotion, beinaing, gratn growih, recrystallivation, and combinations
therent,
i The wethod of claim 7 whesein step o) inchudes heating the fivst bonding surface

i g tempenure whevein T has 8 value of bedtween 0.4 apd U8 and wherein step ) includes a

profonged isothermal soak nesy 8 temperatore wherein Ty has g value of about 8.5

i2. A method of bonding two refractory bodies, compridiug:

SY sefecting a first refractory veramic body having a fivet bonding surfacs;
53 sedecting a second refractory body having o second bonding surface;
<l gEncrating @ non-oxidizing aimosphere over the first and secomt refraciory

bodies;
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d} heating the bonding surfaces 0 a tevoperature wherein Fiy has a value of at least

aboet £.3;

e} engaging the respective bonding surfaces fogether to define a jnint intertace; and

) thermally cetablishing 4 mohen Tasion zone baving a thickness of at least about
1.5 contimeters and contiguous with and between the fiest snd second refraciory bodies, joining
the first refractory cevamic body to the second refractory coramic body:

g cooling the molten fusion zong to vield 8 fusion boad fayer contigangs with the

fivet and second refractory bodiss; and
i) thermally relieving strees froam the frst and second refractory bodies and from the

b

fusion bond layer,

3. A welded bond between a first coramie body and a second ceramic body,
COTRPUISINgG:

a first ceramic body surface;

# second ceramic body swrface: and

s ntermediate weld layer joining the first eevamic body and a second ceramiv body,

wherein the first coramie body surface and the second coramic body surface are both
cosmposed of a first material compositionm
wherein the idenmediate weld layer has 2 second matesiad composition similar wo the st
matertal compasition,
i, The welded bond of claim 13 whorein the intermediate weld laver includes «

plurality of discrete reglons composed of constituent materials of the first materia! composition.
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The walded bond of claim 13 wherein the fivst material composition 1 SKC and
wherein at feast one of the plurality of disorete regions s composed of silicon,

16 The weldad bond of claim 13 wherein the first coranie body surface, the second
cergmie body sarfgee, and the intermadiste welid laver are substantislly anncaled of thermadly
tnduced stresses.

17
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identifying a ceramic first surface 105 and 2 ceramic |
second surface 110 to be joined together

oy

Freheating the ceramic first surface 105 and the ceramic
second surface 100 at a predetermined firgt ramp rate 125
o a predetermined soak temperature 120

Holding the ceramic tirst surface 105 and the ceramic
second surface 100 at the predetermined soak |
emperature 120 for 2 predetermined firgt soak time 123

¢

inserting a thin volume 187 of 8 ‘%‘Ersfweﬁd assistive material 180 batwesn
the ceramic first surface 105 and the ceramic second surface 110

Urging 195 the ceramic first surface 105 and the ceramic second
surface 110 together o define an interface volume 188

It

Nntroducing a second weld assistive matenial 191 to the interface volume 1551

A&

Applying additional heat 150 o the interface volume 158 at a
predetermined second ramp rate 185 {o heat the interface
volume 155 {o a predeiermined fusion temperature 170

Maintaining the fusion temperature 170 for a predetenmined
pariod of time 175 to atl least partially liquefy the interface
volume 155 to define a fusion volume 180

v
Reducing the additional heat 170 at a predetermined rate
180 upon disengagement o { the additional heat 170

Cogling the fusion volume 180 at a predetermined cooling rate 130
{0 vield a solid fusion joint 115 and a newly welded unitary body 138

o
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