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FIG. 1A

(57) Abstract: A method and associated system for joining workpieces formed of neutron absorbing materials. The method includes
positioning first and second workpieces together to form a joint, heating the first and second workpieces at the joint to a plastic con -
dition, intermingling plastic material from the first and second workpieces together at the joint, and cooling the intermingled plastic
material to a solid state forming a welded fusion zone comprised of material from the first and second metal matrix composite work -
pieces. The workpiece material at the joint is not melted by the heating. The heating may be perforated by frictionally heating the
materials with a rotary tool, in one non-limiting embodiment, the neutron absorbing workpieces may be formed of metal matrix com -
posites comprising aluminum or aluminum alloy and boron carbide.
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JOINING PROCESS FOR NEUTRON ABSORBING MATERIALS
CROSS-REFERENCE TO RELATED APPLICATIONS
16001} The present apphcation clabns the benefit of United States Provisional Patent
Application Serial No, US 61/746,294 filed December 27, 2612, which 15 incorporated herem
by reference mn s enfirety.
FIELD OF THE INVENTION

{80621 The present invention relates to matenal joming processes, and more particelarly o a
welding process suitable for joining materials usable in the nuclear power generation industry
having newtron absorbing properties.

BACKGROUND OF THE INVENTION

190031 Metal matnx composites {(MMCs} made with ahninum or aluminum allov powder
mixed with embedded panticles of boron carbide have become gquite popular as neutron
absorber matenials in the nuclear power mdustry becawse of their essentially porosity-free
body and their ability o hold a large percentage of horor carbide (2 neutron poison). For
example, Metanuc disclosed in ULS. Patent Number 6,042 779, incorporated hervam by
reference in is entirety, is routinely manufactured with boron carbide loadings wn excess of
32% by weight. A newer pano-patticle based MMCs called Metamic-HT (see LS. Patent
Number & 158 962, incorporated heremn by reference in its entirety} maintamns excellent
strength properties at elevated temperatures, making it a saitable stryctural as well as neutron
ahsorber matenial. Both Metamic and Metamie-HT are examples of MMCs that are being
successlully used in the nuclear power industiy for neutron aifenuation purposes.

{6004} The most conunon application of MMCs 15 in the so-called “fusl basket” used to store
unsed nuclear foel n a dry storage cask. The MMCs, however, suffer from a serious hputation
- lack of weldability - which has prevented designers from fully explotting their potential in
designing compact nuclear fuel storage devices. Because the MMUs could not heretofore be
joined by welding, they must be held in place by a weldable support matenial, such as for
example stainless steel. This is an unsatistactory aspect of the state of the art for several
regsoms, wchuding: (1} the thermal conductivity of the fuel basket is reduced by the presence
of stainiess steel: and (2) stainless steet cocupies valuable cross section space where the
boron bearing MMC would be, thus reducing the overall nentron capture capability of the
fuel basket.

100051 There have been attempts to create a monolithic MMC basket design that relies on

strength joining of the MMC panels to themselves. Linfortanately, tests show that welding by
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classical MIG or THG processes fals to produce a high quality joind, which 15 sttnibated to the
boron carbide particles sitnated on the gramn boundaries iy the MM plates. A joining
miethod that produces & high strength butt or corner joint is evidently critical to the
manufacturing of & monolithic MM basket.

SUMMARY OF THE INVENTION

16006} The present invention provides a process and apparatus whereby a Metal Matrix
Composite (MMC) material may be jomed to iiself or other matenial such as without
fimitation alesunom, to form a wniform, or near wiatform, oross section of composite matenal
by means of mechanical string in the plastic state. Accordingly, embodiments of the present
mvention provide a system of tooling, fixtuning, and particular operating parameters whereby
the MMC material {e.g. Metamic or Metamic-HT) components or paris may be joined to
other MMC components or parts, of in some embodiment o other non-boron containing
naterials sach as withoot hinvtation shoaninuwm for example. In certain embodiments, this
may be done with or without the use of pre-placed filler material i the jomts.

{8007} The joining process may use a specially designed tool as further described herein that
apphes pressure while simultaneonsly melting and stirring the MMC material in the plastic
state by using unique operating parameters, [ixtoring, and optionally filler materials i such g
manner as 1o produce weld joints which are themselves comprised of the MMC material of at
least sinlar strength and ductility as the parent material.  In some embodiments, the welid
joint has greater strength that the metal matrix composite base materials,

160081 According to one exemplary embodiment, a method for joining neutron absorbing
materials together inchudes: providing a first and second metal matrix composie workpiece
each comprising a neutron absorbing material; posttioning edges of the first and second metal
matrix composite workpieces together to form a joint; heating the first snd second metal
matrix composite workpieces at the joini (o a plastic condition; intermingling plastic matenial
from the first and second metal matrix composite workpieces together at the jont; and
cooling the iptermingled plastic matenial 1o a volid state forming g welded fusion zone
vomprised of material from the first and second metal matnx composite workpieces, wherein
the first and second metal matri compostie workpieces ave fused together at the joint.

{80091 According to another exemplary embodiment, a method for welding neutron
ahsorbing materigls together includes: providing a first and second metal matnix composite
workpiece each comprising material mcluding bovon carbide; positioning edges of the first

and second metal matrix composite workpieces together to form a jomt; fricionally heating
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joining portions of the fivst and second metal malrix composite workpieces at the joint fo a
plastic condition, whergin the jomning portions are not melted by the {rictional heating;
mtermingling plastic material from the first and second metal matrix composiie workpieces
together at the jomnt; and cooling the mtermingled plastic material to a solid state forming a
welded fusion zone comprised of material from the first and second metal matng composile
workpieces, wherein the first and second metal matrix composite workpieces are fused
together at the joint.
{60108} According {o another exemplary embodiment, a method for wilding neatron
absorbing materials together includes: providing a first and second metal matrix composiie
workpiece each comprising & neutron absorbing muatenial; providing a rotary tool having a
head configured to enzage the {irst and second metal matrix compostie workpieces;
positioning edges of the first and second metal matrix composite workpieces proximate to
each other o form a joint rotationally engaging the first and second metal matiix composite
workpieces at the joint with the head of the rotary tool; frictionally heating the first and
second metal matrix compostie workpieces at the joint to a plastic condition with the rotating
head of the rotary tool, wherein the joining portions of the first and second metal matrix
composite workpieces are not melted by the frictiong! heating; intermingling plastic matenal
from the first and second metal matrix composite workpieces together at the joint; and
cooling the mternungled plastic matarial o a solid state forming 8 welded fusion zong
comprised of material from the first and second metal matrix composite workpieces; wherein
material of the first and second metal matrix composite workpieces at the joint are heated to a
temperature between and including 400 to 100 degrees Fahrenheit. In one embodinent, an
sterface of the fivst and second metal matrix composite workpieces at the joint s subjected
to pressure in the range of approximately 20-60% of the yield strength of the metal matrix
composite material by the rotary tool during the welding process.

BRIEF DESCRIPTION OF THE DRAWINGS

6011} The features of the exemplary embodiments of the present invention will be described
with reference to the following drawings, where like elements gre labeled similarly, and in
which:

{8012} FIG. 14 15 an elevation view of a butt joint w accordance with an embodiment of the
present imvention;

[8013] FIG. 1B is g three-dimensional perspective view of the butt jomnt of FIG. 1A,

¥
i
¥



WO 2014/106044 PCT/US2013/077979

{6014} FIG. 24 is an elevation view of a corper joint in accordance with an embodiment of
the present invention;

{0015} FIG. 2B is a three-dimensional perspective view of the comer joint of FIG. 24,
{8916] FIG. 3A 15 an elevation view of a corner joint with fillel in accordance with an
embodinent of the present invention;

{6017} FYG. 3B 158 a three-dimensional perspective view of the comer joint with fillet of FIG.
IA;

{6018} FIG. 4A is an elevation view of a socket tvpe joint in svcordance with an embodiment
of the present mvention;

16019} FIG. 4B is a top plan view thereof;

180201 FiG, 4C 15 a three-dimensional perspective view of the socket type joint of FIG. 44A;
{8021} FIG. S is o general side cross-sectional view of a joming tool in accordance with an
embodiment of the present invention making a weld joint between two adjoining workpieces.
[8022} FIG. 6 is a three dimensional iHusiration of the tool of FIG, 3 in motion during
formation of a bett weld such as in FIG. 14;

160231 Al drawings are schematic and not necessarily to scale. Parts given a reference
mumerical designation in one figure may be considered to be the same parts where they
appear in other figures without a numerical designation for brevity unless specifically {abeled
with a different part number and described heretn. References herein to a figure number {e.g.
FIG. 1) shall be construed to be a refevence to all subpart figures i the groop (e.g. FIGS. 1A,
1 B) unless otherwise indicated.

DETAILED DESCRIPTION OF THE EMBODIMENTS

{0024} The features and benefits of the iyvention are iHastrated and desenbed herein by
reference to exenplary embodiments. This description of exemyplary embodiments 1s
wmiended to be read in connection with the accompanying drawings, which are to be
considered part of the entive written deseription. Accordingly, the discloswre expressly
should not be limited (o such exemplary embodiments tlustrating some possible nos-limiting
combination of features that may exist alone or in other combinations of features,

{237 In the description of embodiments disclosed herein, any reference to divection og
orientation is merely mtended for convemence of description and is not intended 1n any way
wpper,”

“top” and “bottom” as well as

"o

to Hmit the scope of the present invention, Relative terms such as “lower,

“h(}l‘i}’ﬂﬁ{ﬁh“ “‘\:'ef{ii:ﬁh”, e‘ca'h‘u\;esn “be§0\¥,‘“ ;r.]‘u}?n “dﬂ\'&'ﬂ:

dertvative thereof {e.g., “horizontally,” “downwardly.” “apwardly,” etc.) should be construed
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i refer to the ortemtation as then described or as shown i the drawing ander discussion.
These relative terms are for convenience of description only and do not require that the
apparatus be constructed or operated in a particular onientation. Terms such as “attached,”
“affixed,” “connected,” “coupled,” “interconnected,” and similar refer to a relationship
wherein structures are secured or attached to one another either directly ot indivectly through
ttervemng structures, as well as both movable or rgid attachments or relationships. unless
expressly described otherwise.

{6026} A new joming method for MMC plates is provided in one embodiment thal relies on
stmultaneous appheation of substantial axial pressure at the ntended joint bnerface along
with frictional heating of the mterface by a rotating tool which generates heat by friction
effects while actuating a plastic mixing of the material it the two bodies. The temperature of
the plasticized mass is mainiamed o below 85% of the melting point of the base meials being
joined which advantageousty eliminates the undesirable effect of migration of the boron
carbide particles from the grain boundaries. Low joining temperature also protects the parts
from heat induced distortion. In its fimdamental aspects this present joining process may be
classified as a devivative of “friction stir welding” {FSW), a term of art that has taken hold
the literature even though 1t lacks a hasic atiribute of welding, namely melting and resultant
coalescence of the base materials 0 join the base materials together at the joint interface.
Friction stir welding 15 3 sobid-s{ate joining process which does not meli the workpisce melad
and uses & rotary non-consanable tool to mstead soften the adjoining metal fo be joined by
generating fictional heating, The metal 15 softened to a plastic state and coalesced from each
MMUC plate at the mterface 1o join and fuse © join or fuse the workpieces.

160271 The present MM joinung process can be used to make full penetration, partial
penetration, fillet, and socket welds utilizing different joint designs (for example butt joing,
teg toint, corner joint, edge jomnt) as shown in the FIGS. 1, 2, 3. 4, and 3 {inclusive of all
subparts}. In addition to using the present joining process and apparatus to jom MMC
material in a variety of joint configurations asing components of the same, the process and
apparatus may further be used to join MMUC to snother type of non-boron metal such as
without limitation alenuinem or other metals. In some embodiments, pre-placed filler
material may also be placed strategically in the joint to provide added strength, shielding,
structural integrity, or component shape.

{8028} The present process and apparatus produces a joint which can be non-destructively
evaluated with conventional methods such as radiography, and which achieves similar

mechamcal properties to the original base MMC material.
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{6029} In exemplary embodiments, the squipment used in a joiing system for jorming MMC
naterials may inchrde a conunercially svalable Fiction st welding (FSWY or milhin
machine equipped with special tooling, special robust fixturing, snd special process
parameters to account for the unique properties of the MMC material. In one embodiment,
without hinutation, the special fpoling mav iwhude a rotating joinming tool powered by the
FSW or milling machine, as farther described berein.
[6638] FIGS. 1 and 1A depict an exemplary joining system 100 and equipment sefup
configured for making a butt joint. The system 100 generally mnclades rotary jomning lool 110
powered by a motorired rotary machine 102 and a base 120 for supporting workpieces 150
and 152 to be joined together. In one embodiment, the workpieces 150, 152 may be
comprised of a metal matrix compeoste base material containing a neutron absorbing material
such as particles of boron carbide. In some pon-limuting exemplary embodiments,
workpieces 150, 152 may be a conmpound made of shunimum or alaninum alloy mixed with
embedded particles of boron carbide,
[8031} Rotary tool 11} is configured and operable to frictionally heat the workpieces 156
152 1o a sufficient temperature and plastic state along the mterface for joining by fnction stir
welding (FSW), The rotary mactune 102 mncludes an elecivic {or other power driven) motor
14 which drives a spindle or shafl 106 coupled to and operable to impart rotational motion
to the rotary tool 110, In addition to imparting rotary motion to tool 110, rotary machine 102
s further operable to create an axial force acting along shaft 106 {e.g. via hydraulic force
rans, ef¢. ) to force the tool 110 against the workpieces 150, 152 a1 the joimt 154 with
sufficient force and pressure for creating {rictional welding pressure to join and fuse the
workpieces.
16032} Referning to FIGS. 1A, 1B, 5, and 6, rotary tool 110 may have a civewdar shape in top
plan view and generally includes a head 113 having a rotating round shoulder defining a
bottom and downward {acing terminal end surface 112 configured for abuttingly engaging
surfaces of the metal mainx composite workpieces 130, 132 during the welding process.
The shoulder end swriface 112 of ool bead 113 may have any suable transverse cross-
sectional shape in side profile, mchiding flat (see, e.p. FIG. 1A}, angled, concave, convex, or
other. End surface 112 assists with {forming the outer profile of the fimished weld by pwiding
and pooling the plasticized wetal matrix composite base material during welding, Head 113
may bave any soitable diameter and shape, includimg cylindrical as shown n FIGS, 1A and

1B or other.
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{6033} Head 113 may further include a welding probe {profrusion) such as a ool pinn 111 that
projects axially outwards from terminal end swrface 112 tto the stirring vone in the jomnt 154
during the frictional welding process (see, e.g. FIG. 5). The tool pin 111 heats the
workpieces via friction and moves or stirs the softened plastic state workpiecs base material
around m the fusion zone 2 at joint 154 o form the welded jomt. Accordingly, tool pam 111
ts preferably fully inserted into joint 154 (see, e.g. FIG. 3) such that the end surface 112 on
the underside or bottom of head 113 abuts the surfaces of workpueces 150, 132 adjacent the
soind 134 (L Sjoming portions™y. Tool pin 111 has an axial length defining a plunge depth D
as Hostrated in FIG. TA measured from the termanal tip of pin 111 o end surface 112 of the
toof head 113

10034} 1t should be noted that in the drawings other than FIG. 5, the tool pin 111 15 shown for
conventence above the workpieces 150, 152 before being plunged into the joint 154 {see, e.g.
FIGS. 1A, 1B, etc.) 1o not obscure details of the joind being described. Therelore, # is
pnderstood that during the friction stir welding (FSW) process, the ol pinn 111 would
normally be positioned between the workpieces 1M, 152 and mserted m joint 134 with the
bottom end surface 112 of tool head 113 contacting and traversing the opposing workpiece
surfyces along the joint. The weld joint formed may therefore have 8 width and side profile
that ssseatially complements that of the tool pin 111, In some partially ems, the toolpin 111
miy be partiaily phinged inio the joint 134 during the FSW process,

{80351 Tool pin 113 may have any sutable geometry or configuration, including without
Himitation cylindrical, tapered, comeal, frustoconical, or other. Although ool pin 113 may be
shown with a frustoconical shape herein, i 15 expressly undersiood that the invention is not
homted i thos respect. Tool pin 113 may firther be Duted or threaded in some embodiments.
16036} Rotary tool 110 may be detachably conpled at & mounting end 114 to votating shaft
106 of rotary machine 102 by any suitable locking means so that the tool rotates in unison
with the rotary machipe shaft. Rotary tool 119, particalarly bead 113 and pin 111 may be
made of a suitable metal used in the ant for fiction stiv welding . such as without limitation
steel or steel alloy which is commonly used.

18037} With contimuing reference to FIGS. 1 and 1A, the base 120 may have vanous
configurations and sizes depending on the final configuration of the joined workpieces o be
completed, One or more bases 120 may be provided as needed and arranged in any suitable
crientation and relationship to hold the workpeces 1560, 1352 tn proper position to accomplish

the intended matenial joint configuration.
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{80381 One or more movable and adjustable fixtare clamps 130 may be provided which are
configured and operable to tightly hold workpieces 150, 152 together during the joining or
fusing process. Clamps 130 may be movably affixed to the base 124 in one embodiment for
{ingar movement in opposing directions to fock and unlock workpieces 150, 1532 from the
base. In one embodiment, each clamp 130 includes jaws 132 configured for gripping
workpieces 150, 152 and an adjoming base portion 134 configured for slidably engaging the
top surface 122 of base 120 in some arrangements. Clamps 130 may have a steppad side
profile with jaws 132 being vertically spaced apart from top sswwface 122 of base 120 forming
a pap for receiving a portion of a workpiece 150, 152 therein.

160391 In one embodiment, jaws 132 may include one or more parallel elongated slots 136
which are arranged perpendicular to the joint 154 formed between the two abutied
workpieces 180 152, Each slot 136 may receive a portion of a threaded locking fastener 137
therethrough which is vertically adjustable (as ortented in FIG. 1) in relation to the top
surface 122 of base 120 to lock the clamp in horizomtal position with respect to base 120 and
workpieces 150, 152, Accordingly, fasteners 137 are vertically orviented and perpendicular to
top surface 122 of base 120 (as depicted in FIG. 1).

160407 Ta one excmplary non-limiting cmbodiment, the threaded fasteners 137 may comprise
a thweaded stud 135 having a mounting end 1353 engaged with base 120 and an opposiie free
end 135b recervinng a combination nut and washer assembly 138 thereon as shown. The
mounting end 135a of stud 135 may be rigidly attached to base 120 in one embodinent so as
0 pot rotate when threading the nut and washer 13% onto the stud. In other possible
embodiments, the threaded fasteners 137 may be machine bolis such as a hex head bolt with
end 1352 engaging a threaded socket formed i base 120, Either of the foregoing fastener
arrangements or other types of fasieners, or others may be used. The fasteners 137 remain
stationary in horizontal position with respeet to base 120 and clamps 130,

{8041} With continaing reference to FIGS. 1 and 14, base 120 may further include fixedly
attached lugs 131 having a threaded through hole recetving a threaded tightening fastener 133
therethrough. Lugs 131 extend verically upwards from top surface 122 of base 120 and may
have any suitable configuration. In one non-limiting exemplary embodiment, fastener 133
may be a machine bolt such as 8 bex bead bolt baving a head 133z on one end and an
opposite end 133b abuttingly engaging base portion 134 of clamp 130, Fasteners 133 are
horizontally onemted {e.g. parallel {0 top surface 122 of base 120} and arranged perpendicular

sy
7
;

to fasteners 137, The fasteners 133 are operable via rotating or turping the fasteners {o push

clamps 130 towards joint 134 between workpieces 156, 152 in order to apply compressive
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force acting mn a horwontal divection against the workpieces and joint. loint 134 may
therefore be placed under laterad pressure using tightening fasteners 133

160421 Tn operation, workpieces 150, 132 may be tightly and releasably attached 1o base 120
by loossung locking fasteners 137 and inserting a portion of the workpieces beneath a
portion of the jaws 132 as shown in FIGS. § and TA. The position of jaws 132 may be
adjusted hortzontally back and forth 1 opposing hnear directions by shiding the jaws so that
the fasteners 137move through the slots 136, The position of jaws 132 may be adjusted
vertically by loosening or tightening the fasteners 137 by an appropriaie amouni. Once jaws
132 are approximately in the proper position, the fasteners 137 are preferably loosely
tightened to allow some horizontal movement of the clamyp 130, The adjusting fasteners 133
are then rotated by a sufficient amount (o0 move the move the clamps 130 horizontally
towards joint 134 between the workpieces 130, 1532, Horizontally opposing pairs of clamps
130 are preferably adjusted sufficiently using fasteners 133 to apply a hovizontal compressive
force or pressure at joint 154 between the workpieces 150 and 132, When this is
accomplished and the desired horizontal positional adjastment of clamps 130 15 complete,

3
7
i

locking fasteners 137 may then be securely tightened to apply a vertical force on the
workpieces 1530, 152 and maintain the compressive force o keep the wovkpieces i abutied
contact for welding.

{80437 1 will be appreciated that other means for clamping workpieces 130 and 132 m
position for joining and fusing may be ased. Accordingly, the mvention i3 not limited to the
clamiping arrangement disclosed herein which Hustrates one or many possible approached for
riziing the workpisces.

16044} As shown for example in FIGS. 2 and 3 (nclusive of all subparts), one or more fixiure
supports 160 may be provided to help temporanly hold workpieces 150, 152 in proper
position for friction stiv welding, Fixture supports 160 may be used separately or in
conpunrction with clamps 130 to support the workpieces. The workpieces 150, 152 may have
any configuration or shape to form a joint 134 of any suitable shape amenable to friction stir
welding, I some embodiments, joint 154 may be linear in shape extending in a single
divection, or rectilinear or polyvgonal comprised of two or more Hnear joint segments
extending i two or more orthogonal andf/or oblique directions. In yet other embodiments,
joint 134 may be non-polygonal or non-hinear in shape {e.g. circular, oval, ete). Any
combination of the foregoing jomnt shapes may be used.

{80451 In some embodiments as shown i FIGS. 1-3 (inclusive of all subparts), the

workpreces 150 152 may each be substantially flat plates having opposing major surfaces.
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The workpiece plates miay be arranged and onented in any manaer relative to each other. In
FIGS. 1A-B, the workpiece plates may be arranged substantially parallel o each other. In
ather embodiments as shown in FIGS. 2A-B and 3A-B, the workpiece plates may be arranged
at an angle to each other between 0 and 180 dewrees. In some smbodiments, the angle may
be about 90 degrees as shown where & square edge metal mainx composite conmponent 15 10
be created by friction stiv welding,

[8046] 11 will be appreciated that various shapes of workpieces 150, 152 may be used and
joned via FSW other than the plate forms shown which represent some non-lmuting
configurations. For example, as shown in FIGS. 4A-C, a socket weld may be produced using
workpieces 130, 152 having tubular forms that are joined together at a conumon end. In this
embodiment, workpiece 150 may form an inner member which is axially inserted mio
workptece 152 which forms an outer member. The joint 154 in this example is circular, as
opposed fo linear in the examples shown m FIGS. 1-3. Tt should firther be noted that in some
embodiments, both tubular workpieces 130, 152 mav be rotated in unison instead of or in
addiion to rotating the rotating tool 11} during the FSW process.

160471 A method for joining nevtron absorbing materials together sach as without hnatation
mctal matrix composite workpicces will now be described in the following friction stir
welding (FSW) process. [n some embodiments, the workpieces may be aluminum matrix
composites melading boron carbide.

[0048] First and second metal matrix conposite workpieces 150, 152 cach conymising a
neutron absorbing material are provided. The workpieces are then articulated and securely
held in the desired position for FSW with an appropriate welding setup assembiled using a
combination of bases 120, clamps 130, and fixture supports 160 described hevein. The
fixtures are of adequate size and robust in nature as to apply even, steady pressure on the part,
not allowing material movernent or expansion during the joining process. FIGS. 1-4
{inclusive of subparis A and B) show various exemplary welding setups for creating different
types and configurations of welded joints. The fixture placement and accompanying applied
pressure direction 10 workpieces 130, 152 created are shown by directional arvows. Other
arrangements are possible to create other types and confipurations of welded joints.

8049} The edges 1531, 153 of the two workpiece matertals 150, 152 respectively to be joined
are positionad proximaie to each other {see, e.g. FIGS. 4A-C), and in some embodiments may
be abutied together as shown n FIGS, 1-3. Preferably, the edges 151, 133 are at least close
enough to allow the plastic state metal matrix composite base material to intermingle during

the FSW process for fusing. The abutting edges may be as cut {roueh) or ground, and may be
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anedized, bat preferably otherwise arg not coated to prinade good weld quality. No flaxing
agent of any kind or any special atmosphere is generally required for friction stiv welding.
160307 The FSW process will now continue to be described with reference to FIGS. 1A-B for
convenience, recognizing that the same methodolouy and process applies to the joint
configurations shown in FIGS. 2-4.

[6051} The rotating rotary tool 110 18 axsally advanced (e, parallel to the rotary machine
shaft 106} mto contact with the joming portions of workplaces 130, 152 (defined as the
porizons of the workpieces at and adjavent o edges 151, 153 along joit 154). Tool pm 111
stowly enters into a part of the joint 154 while rotating, preferably until bottom end surface
112 abuttingly contacts the exposed surfaces of the workpieces adjacent joint 154 (see FIGS.
1A and 1B). The rotating tool head 113 and tood pin 111 heats the metal matrix composite
workpiece 1530, 132 base materials by friction to the desired joint temperature. The rotary
tood head 113 will be raversed along the mterface discontinuity at joint 154 generating heat
while the joint is under pressure. The interface that is intended to be joined (Le. edges 131,
153 of workpieces 150, 152} 1s preferably subjected to pressure in the range of approximately
20-6(% of the vield strength of the MMUC matersal at the target joint temperature. The
advancing speed of the toel 110 along the jotnt and votational speed of the tool 15 adjusted to
ensure that the joint temperature les in the approximate range of about and mcludmg 400 to
100 degrees Fahrenbeit (for neutron absorbing alumiman MMCs with boron carbide). It
should be noted that the wol 110 matenal and specific designs may be specially developed
for the specific metal matrix composite material, joint type, and depth of penetrstion into the
material desired for the weld jomnt to be made.

160521 Tn the joining and fusing of workpieces 150, 132 together, the rotary machine 10218
generally operated to bring the rotary tool 110 to the starting vevolutions per minute (RPMs)
before mitially plunging the tool into the joint 1534 and workpieces, or alternatively a
sacrificial “start area” provided {exira material or a temporary start tab which may later be
severed [rom the workpieces after welding}. After contact is made with the joint and
workpieces, the process continues by then holding the position of votating tool 110 stationary
and bring the workpiece matersal to the plastic state {e.g. approximsiely 10 seconds as a non-
hnuting example). The delay time may vary depending on the material of the workpisces
150, 152, depth of weld to be formed, and other process parameters. The weld pressure 1s
gradually applied at this time by tool 110 and will be sustained dwring the entire FSW process

to maintain a plastic condition of the workpieces 150, 152 base materials at the joint

-7 -



WO 2014/106044 PCT/US2013/077979

mterface. Once the plastic matenial state 1s reached, the toeol 110 may then be progressed and
wansiated gradually forward along the joist 154 for the desired length of weld to be created at
a specific welding speed suitable to properly convert the workpiece base material to a plastic
state for proper weld formtion. It is well within the ambit of those skilled in the art o
determine a proper rate of speed for advancing the rotary ool 110 along the jomnt 134,

{8033} During the FSW process, plastic base matertal from workpieces 150, 152 the weld
fusion zone £ created at joind 154 will intermingled or stirred by tool pin 111, thereby
coalescing and forming a weld comprised of material from each workpiece., As the rotary
tool 110 advances along the weld jomnt 154, the ntermingled plasticized material in the weld
fusion zone Z behind the tool will cool and harden, theveby permanenily joining the
workpieces together along their respective edges 151, 153, The two workpieces 130, 152 are
welded together at the joint forming a unitary monolithic sinucture and cannot be separated
without the use of destructive means {e.g. mechanical or torch cutting, grinding, ete)).

[8054] In some embodiments, a sacrificial “run off tab” may be provided where the tool 110
pressare can be then relieved and the tool may be extracted from the weld joint and
workpieces 150, 152 The run off tab is not part of the weld or workpieces intended to be
retined in the final component or part formed by FSW,

{86551 1t should be noted that the metal matrix composite workpiece maienal never reaches
the melting temperature during the FSW process, only a suffictent elevated temperature
combined with sufficient force o bring the material into 8 plastic state for joining and fusing.
Advaniagecusly, the weld may have a mechanical strength at least the same as or greater than
the base materials of the workpieces 150, 152 joined. It will be appreciated that the FSW
process may be performed with rotary ool 110 in any suitable ontentation or position peeded
to make the weld, Further, the FSW process may be controlled by a properly programumed
processor-controlled rotary machine 102,

8036} Numerous types of welds may be formed using the foregomg FSW process. FIGS.

1 A-B show a welding setup for making a butt weld. FIGS. 2A-B show a welding setup for
making a corner jomt weld, FIGS. 3A-B show o welding setup for making a corner fillet
weld, And FIGS. 4A-C show a welding setup for making a socket weld.

{80571 FIG. 5 is a detnled cvoss-sectional view of a weld joint being formed with rotary tool
11} in the welding position,  The rotary tool 1H} in motion during the FSW process is shown
in FIG, 6 with the axial force, rotation, and welding movement along joint 134 shown by the

directional arrows provided.

§
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{6058} While the foregoing description and drawings represent exemplary embodiments of
the present disclosure, 11 will be understood that vartoas additions, modifications and
substitutions may be made therein without departing from the spirit and scope and range of
equivalents of the accompanying claims. In pacticular, it will be clear to those skilled in the
art that the present invention may be embodied m other forms, struciures, arrangamenis,
proportions, sizes, and with other elements, matenials, and components, without departing
from the spirif or essential characteristics thereof. iy addition, numerous vanations m the
methodsprocesses described herein may be made within the scope of the present disclosure.
One skilled in the art will further appreciate that the embodiments may be ased with many
modifications of structore, arrangement, proportions, sizes, materials, and components and
otherwise, used i the practice of the disclosure, which are particalarly adapied to specific
envivonments and operative requirements without departing from the principles described
herewn. The presently disclosed embodiments are therefore to be considered in all respects as
dlustrative and not restrictive, The appended clabms should be construed broadly, to include
other variants and embodiments of the disclosare, which may be made by those skitled in the

art without departing from the scope and range of equivalents.
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CLAIMS

What is claimed s
b A methad for joining neutron shsorhing materials topether, the method comprising:

providing a first and second metal matrix composite workpiece each comprising a

neutron absorbing material;

positioning edges of the first and second wetal matrix composite workpieces together
to form a joing

wating the first and second metal matnix composite workpieces at the jownt to a plastic

heating the first and second metal matnix composite workpieces at the jount last
condition;

mtermingding plastic matenal from the first and second metal matnix composite

workpieces wgether at the joint; and

coohing the internungled plastic material to a solid state fornung a welded fusion

zone comprised of material from the first and second metal matrix composite workpieces,

wherein the first and second metal mairix conmposiie workpieces are fused together at
the joint.
2. The method according to claim 1, wherein the fivst and second metal matrix
composite workpreces at the joint are heated to 4 temperature between and including

400 to 1000 degrees Fahrenheit,

3. The method according to claims | or 2, wherein the first and second metal matnx

composite workpieces at the jomt ave heated frictionally to the plastic condition,

4. The method according to claim 3, wherein the frictional heating is created by arotary
tool engaging the first and second metal matrix composite workpreces at the joint with
sufficient force to form the plastic condition in the joining portions.

5. The method according to claim 4, wherein the rotary motion toel includes a tool pin
having a conical or frustoconical shape which engages the joint during the heating
step,

6. The method according to claims 4 or 3, wherein the rotary ool rotationally engages
the first and second metal matrix composite workpieces st the joint to create the

frictional heating,

- 14 -
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7. The method according {o claim 6, wherehs the rotary tool contacts the joint with an
axial pressure force concurrently with rotationally engaging the first and second metal

malrix conposies.

% The method according to any of claims 4-7, wherein an interface of the first and
second metal matrix composites al the joint s subjected 1o pressure in the range of

approximately 20-60% of the vield sirength of the metal mninix composite material,

9. The method according to claim 8, wherein the jomning portions of first and second
netal matrix conposite workpieces adjacent the joint are heated {0 a temperature

between and inchuding 400 to 1000 degrees Fahwenheit.

t}. The method according to claims 1, 2, or 3, wherein the portions of the first and second
metal matrix compostte workpieces in the plastic condition at the joint are not mehed

by the heating step.

t1. The methad according to any of the foregoing claims, wherein the material in the
fosion zone has a strength at feast as great as base material of the first snd second
metal matrix composite workpieces.
12, The method according to claim 1, wherein the metal matrix composite workpieces are
comprised of aluminum or alumunum alloy powder mixed with embedded particles of
boron carbide.
13. The method according to clanm 1, wherein the edges of the first and second metal
matrix composite workpieces are abutied together at the joint.
14. A method for welding neutron absorbing matenials together, the method comprising:
providing a first and second metal matrix composite workpieve each comprising
material inclading boron carbide;

positioning edges of the first and second metal matrix composite workpeces together
to form a joint;

frictionally heating joimng portions of the first and second metal matrix composie
workpieces at the jomt to a plastic condifion, whergin the jomning porbions are not mehed by
the frictional heating;

intermingling plastic material from the first and second metal mamx composite

workpieces together at the joint; and

§
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cooling the intermingled plastic nsteriat to a solid state forming a welded fusion
sone conprised of material from the first and second metal matrix composite workpieces,
wherein the first and second metal mainix composite workpieces are fused together at
the joint.
15, The method according to olaim 14, wherain the first mud second metal matrix

composite workpieces ave each configured as Rat plates,

16. The method according to claint 13, wherein the edges of the first and second metal

matrix composie workpieces are siraight creating a joint having a lingar shape.

3

. The method according to claims 16, wherewn the first and second metal matrix
composite workpiece plates are arvanged pavallel 1o each other on opposing sides of

the joint,

18, The method according to claim 16, wherein the first and second metal matrix
conipostie workpiece plates are arranged at an angle o each other on opposing sides

of the joint between O degrees and 180 degrees.

19 The metbod according to claim 14, funtber comprising before the frictional heating
step:
engaging the joining portions of the first and second metal matvix composite
workpieces with a rotary teol; and
rotating the rotary tool while maintaining engagement with the joining
portions.
20. The method according o claim 19, wherain the votary tool engages the joining
portions of the first and second metal matrix composite workpreces with sufficient

axial force to form the plastic condition in the joining portions.

£

1. The method according fo clatms 19 or 24, wherein the rotary motion tool includes a
tool pin which enters and frictionally engages the first and second metal matrix

composite workpieces at the jomnt during the heating step.

22. The method according to claim 14, wherein the metal matrix composite workpieces
are comprised of alumiman or aleminum alloy powder mixed with embedded

partictes of boroun carbide.
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23, The method according {o claim 14, whereiy the joiming portions of first and second
metal matrix composite workpreces adjacent the joint are heated to a temperature

bepween and including 400 to 1000 degrees Fahrenheit.

24. The method according to any of claims 19-23, wherein an interface at the joint is
subjected 10 pressare in the range of approgimately 20-60% of the vield strength of

the metal matrix composie material by the rotary ool
25, A method for weldmg neutron absorbing materials together, the method comprising:

providing a first and second metal matrix composite workpiece each comprising a

neytron absorbing malerial;

providing a rotary tool having a head configured o engage the first and second metal

Ay composite workpieces;

positioning edges of the first and second metal matrix composite workpieces

proximaie to each other to form a joint;

rotationally engaging the first and second metal matrix composite workpieces at the

toint with the head of the rotary tool;

frictionally heating the first and second metal matrix composite workpieces at the
joint 1o a plastic condition with the rotating head of the rotary tool, wherein the joining
portions of the first and second metal matrix composite workpieces are not melted by the

frictional heating:
ntermingling plastic material from the fivst and second metal mamx composite
workpieces together af the joint; and
cooling the mtermingled plastic material {o a solid state formung a welded fusion
zope comprised of material from the first and second metal matrix composite workpieces;
wherein material of the first and second metal matrix composite workpieces at the
joint are heated o a temperatire between and including 400 to 1000 degrees Fabrenheit.
26, The method according o clatm 235, wherein the first and second metal matrix
compostie workpieces are each confizured as flat plaies.

27. The method according to claim 25, wherein the edges of the first and second metal
mtrix composite workpleces are straight in profile creating a joint having a linear

shape.
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28

e
0

3

The method according to claims 26 or 27, wheredn the first and second metal matnix
composite workpiece plates are arranged parvallel o each other on opposing sides of
the joint.

The method according fo claims 26 or 27, wherein the first and second metal matrix
composies workpiece plates are arranged at an angle to each other on opposimg sides

of the joint between O degrees and 180 degrees.

. The method according to any of claims 25-30, wherem an mierface of the first and

second metal matrix composite workpieces at the joint is subjected 1o pressure in the
range of approximately 20-601% of the vield strength of the metal matrix composiie

material by the rotary tool.

. The method according to claims 25 or 30, wherem the rotary motion ool includes a

tool pin which enters and frictionally engages the first mud second metal matrix
composie workpieces at the joint o Fichionally heat the first and second matal matrix

composite workpleces.

. The method according to any of claims 25-31, wherein the metal matrix composite

workpieces are comprised of aluminum or alununum alloy mixed with embedded

pasticles of boron carbide.
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