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ABSTRACT: A friction welding apparatus and method 
wherein workpieces such as the center section and wheel 
bearing end spindles of a vehicle axle housing are frictionally 
welded together by rotating the end spindles and axially ac 
celerating the rotating end spindles towards opposite ends of 
the center section, decelerating the advancing end spindles as 
they approach the center section so that they gently contact 
the centersection, abruptly and materially increasing the axial 
thrust urging the rotating end spindles against the center sec 
tion immediately upon contact, then gradually increasing the 
axial thrust applied to the rotating end spindles from the 
abruptly increased thrust level, stopping rotation of the end 
spindles, and abruptly increasing the axial thrust again to a 
much higher level and holding the axial engagement pressure 
at this last level until the welds, which are formed when the 
end spindles stop rotating, have cooled. A control and 
sequencing circuit provides for the automatic welding of the 
end spindles to the center section either simultaneously or sequentially, 
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APPARATUS FOR FRCTION WELDING 

FIELD OF THE INVENTION 

This invention relates to an apparatus and method for fric 
tion welding workpieces together. The invention is particu 
larly adapted for the friction welding of relatively heavy work 
pieces such as, for example, the parts of an axle drive housing. 

SUMMARY OF INVENTION, OBJECTS AND 
DESCRIPTION OF ORAWINGS 

A major object of this invention is to provide a novel ap 
paratus and method for friction welding workpieces together. 
The apparatus of this invention incorporates electrical con 

trol and hydraulic circuits which may be conditioned selec 
tively to automatically friction weld two workpieces, such as 
wheel bearing, vehicle axle spindles to a third workpiece, such 
as a vehicle axle center section, either simultaneously or 
sequentially. In one embodiment of this invention, the end 
workpieces are rotated and axially advanced into rubbingen 
gagement with the center workpiece which is fixed against 
rotation and axial displacement. If sequential friction welding 
of the end workpieces to the center workpiece is selected, 
only one of the end workpieces is rotated against the center 
workpiece in a first stage of the automatic operation. After the 
first end workpiece is friction welded to the stationary center 
workpiece, the other end workpiece is rotated against the 
center workpiece to complete the welding operation. 
The control circuitry of this invention is so arranged that the 

operator may program the apparatus to weld either simultane 
ously or sequentially simply by pressing a single pushbutton 
switch or similar electrical device. 

Accordingly, a more specific object of this invention is to 
provide a novel apparatus and method whereby two work 
pieces may automatically be welded to a third workpiece 
either simultaneously or sequentially. 

Further objects of this invention will appear as the descrip 
tion proceeds in connection with the appended claims and an 
nexed drawings wherein: 

F.G. 1 is a top plan view illustrating one embodiment of the 
friction welding apparatus; 
FG, 2 is a generally perspective view showing a workpiece 

carrier unit from the apparatus of FIG. 1; 
FIG. 3 is an elevation partly broken aoay and in section 

showing structural details of the unit of FIG. 2; 
F.G. 4 is an enlarged, partially sectioned, fragmentary 

elevation of the outboard end of the right-hand bearing unit 
and illustrates details of the belt and pulley motor-driven con 
nection for rotating a workpiece carried by the unit; 

F.G. 5 is an elevation similar to FIG. 4 and illustrates the 
outboard end of the left-hand unit of FIG. ; 

FIG. 6 is a diagrammatic view of the hydraulic circuit for 
the hydrostatic journal and thrust bearings in the two carrier 
units; 

FIG. 7 is a diagrammatic view of the hydraulic circuit for 
clamping the center workpiece in place on the base of the 
welding machine; 

FIG. 8 is a diagrammatic view of the main hydraulic circuit 
for advancing the end workpieces into contact with the center 
workpiece and for applying welding pressure to the end work 
pieces; 

FIGS. 9A, 9B, and 9C diagrammatically illustrate the con 
trol and sequencing circuit for operating the apparats, the 
circuitry in FIGS. 9B and 9C being continuations of the cir 
cuitry respectively shown in FIGS.9A and 9B; 

F.G. 9D illustrates the motor and heater circuits for this in 
vention; 

F.G. i0 is a graph showing the applied workpiece travel and 
engagement force and the resulting power consumed by the 
motor for the left-hand carrier of FIG. throughout as entire 
welding cycle; 

FIG. ai is a cross section illustrating details of one of the re 
lief valves shown in FIG.8; 
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FIG. 12, which is similar to FIG. 8, is a diagrammatic view 

of a modified hydrostatic journal and thrust bearing hydraulic 
circuit for a second embodiment wherein the end workpieces 
may selectively be welded to the center workpiece either 
simultaneously or sequentially; 

FIG. 3, which is similar to FIG. 8, shows a modified main 
hydraulic circuit for the second embodiment; 
FIGS. 14A, 14B, 14C, i4D, and 4E diagrammatically illus 

trate a part of the control and sequencing circuit for automatic 
operation of the second embodiment, the circuitry in FIGS. 
14B, 14C, 14D, and 4E being continuations of the circuitry 
respectively shown in FIGS. 14A, 14B, 14C, and 14D, 

FIGS. 14F and 4G diagrammatically illustrate a second 
part of the control and sequencing circuit for the second em 
bodiment wherein the circuitry of FIG. 4F is connected 
across the transformer secondary power supply shown in FIG. 
14A, and wherein the circuitry shown in FIG. 4G is a con 
tinuation of the circuitry shown in FIG. 14F; 

FIG. 15 diagrammatically illustrates a third part of the con 
trol and sequencing circuit for the second embodiment; 

FIG. 6 illustrates that motor and heater circuits for the 
second embodiment of this invention; and 

FIG. 17 is a graph showing the workpiece travel and engage 
ment force for an entire welding cycle wherein the end work 
pieces are sequentially welded to the center workpiece. 

DETALED DESCRIPTION 
FIG. 1 illustrates a friction welding apparatus wherein three 

workpieces 1, 12, and 13 are adapted to be friction welded 
together. In this arrangement the central workpiece 12, which 
may be an axle housing center section, is held stationary and 
the other two workpieces, which may be wheel bearing end 
spindles 1 and 13, are rotated while being moved into con 
tact with opposite ends of workpiece 2. 
The central workpiece 12 is mounted in a cradle structure 

14 wherein opposite sides are engaged and held suitably by ad 
justable jaws 15 and 16. The oppositely extending arms of 
workpiece 12 are clamped tightly in similar fixtures 17 each of 
which has opposed adjustable jaws indicated at 18 and 19 for 
gripping the workpiece. This arrangement supports and 
anchors workpiece 12 against rotation or axial displacement. 
Cradle 14 is secured rigidly to the machine base 21 during 
operation. 
Workpiece 11 is mounted upon a hydrostatic bearing unit 

carrier 22 and workpiece 13 is mounted upon a similar hydro 
static bearing unit carrier 23 at opposite ends of base 21. 
These carriers 22 and 23 and the bearing units on them are es 
sentially the same. 
FG. 2 shows carrier 23 as comprising an annular frame 24 

having rigid side members 25 and 26 formed at their lower 
ends with parallel rectangular guideway grooves 27 and 28 
respectively slidably fitting with parallel rails 29 and 31 on the 
machine base 2. 
A pair of power cylinders 32 and 33, as best shown in FIG. 

1, are fixed on base 21 with their piston rods 34 and 35 respec 
tively projecting parallel and at the same level into rigid con 
nection with carrier frame 24, Fasteners such as nuts 36 firmly 
secure piston rods 34 and 35 to frame 24. As will appear, in 
troduction of fluid under pressure into both cylinders 32 and 
33 will advance the carrier and the bearing unit cartridge 37 
thereon toward the stationary workpiece 12. 
As shown in F.G. 5, a shaft 38, located centrally of carrier 

23 and midway between cylinders 32 and 33, has a splined 
section 39 which axially slidably extends through the hub of an 
axially stationary pulley 40. Pulley 4G is nonrotatably drive 
connected to shaft 38 through the splined drive connection 
provided by section 39 and a drive collar 40a. Collar 4.0a is 
fixed to pulley 40. A belt 4A is trained around pulley 40 and an 
idler pulsey 4 a. Puiley 4a is fixedly mounted on an idler 
shaft 41b that is suitably journaled for rotation about an axis 
extending parallel to and vertically below shaft 38. A pulley 
41c is also fixedly mounted on shaft 4b as shown. A belt 42 
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(see FIGS. and 5) connects pulley 4ic to pulley 43 on the 
output shaft 44 of a power assembly 45 consisting essentially 
of an electric motor 46 connected to shaft 44 through a clutch 
unit at 47 and having a braking unit associated therewith at 
48. 

Shaft 38 enters the hydrostatic bearing unit cartridge 37 and 
is adapted to be operably drive-connected to the inserted 
workpiece 13 in a manner to be described shortly. By confin 
ing pulley 40 against axial displacement and by providing the 
splined drive connection between collar 4.0a and shaft 38, 
continuous rotation of shaft 38 need not be interrupted as the 
carrier is axially displaced along guide rails 29 and 31. 

Similarly, housing carrier 22 is slidably mounted on the 
machine frame guide rails 52 and 53 which are in parallel 
alignment with rails 29 and 31, and displacement of carrier 22 
is controlled by parallel cylinders 54 and 55 connected by 
piston rods 56 and 57 respectively to housing 51. A shaft 58 
having a splined section 59 axially slidably extending through 
a pulley 6 extends into the bearing unit cartridge 62 to be 
connected, as will appear, to rotate workpiece 11. 

Pulley 61 is rotatably mounted and confined against axial 
displacement on a fixed sleeve 60 in the same manner that pull 
ley 40 is mounted on sleeve 40a, Pulley 6 is nonrotatably 
drive-connected to shaft 58 through the splined drive connec 
tion provided by section 59 and drive collar 60a. Shaft splines 
59 are slidable through the splined hub of collar 60a during 
operation so that drive to the pulley is not interrupted as carri 
er 23 moves along the support structure. Pulley 61 is con 
nected by belt 63 to an idler pulley 64. Pulley 64 is fixedly 
mounted on an idler shaft 64a which is suitably journaled for 
rotation about an axis extending parallel to and vertically 
below shaft 58. A further pulley 64b, which is fixedly mounted 
on shaft 64a, is connected by a belt 64c to a pulley 64d. Pulley 
64d is mounted on an output shaft 64 of an independent power 
unit 66 that comprises an electric motor 67 connected to shaft 
65 through a clutch 68 and having a braking unit associated 
therewith at 69. 
The hydrostatic bearing unit cartridges 37 and 62 are 

preferably exactly alike, and similar reference numerals will 
be used for both. FIG. 3 shows internal details wherein the 
cartridge unit comprises a housing 71 that has a cylindrical 
periphery fitted snugly within the inner periphery 72 of frame 
5. A series of machine screws 73 extend through a radial 
housing flange 74 to fix housing 71 to frame 51. A forwardly 
extending hollow conical nose portion 75 of the housing is 
secured to the housing by a row of screws 76 at flange 74. 
Housing 71 is formed with a forwardly open relatively large 

diameter recess 77, and recess 77 is provided front and rear 
with axially spaced concentric cylindrical surfaces 78 and 79, 
surface 78 near the bottom of the recess being of slightly 
smaller diameter. Concentric with recess 77 is a smaller 
diameter bore 81 through rear wall 82 of the housing. 
Within recess 77 a housing core section 83 is secured as by a 

series of machine screws 84 extending through wall 82. Core 
83 is formed with cylindrical end surfaces 85 and 86 fitting 
snugly with recess surfaces 78 and 79 respectively, and 
resilient seal ring and groove arrangements indicated at 87 
and 88 respectively provide static seals, whereby interiorly of 
the housing 7 an annular chamber 89 is defined between core 
83 and the surrounding housing portion. 
Power driven shaft 58 is connected to a coupling 91 which is 

secured to the end of a drive sleeve 92 by bolts 93. Sleeve 92 is 
nonrotatably mounted, as by splines at 94, on the end of a hol 
low arbor assembly 95. Arbor assembly 95 comprises a rear 
section 96 having a cylindrical surface 97 passing through a 
surrounding cylindrical bore 98 in core 83, a radially enlarged 
flange section 99 adjacent the flat front core face 200 which is 
perpendicular to the arbor axis, and a forward section 0. 
having an internal cylindrical bore 102 and an outer cylindri 
cal periphery E653 surrounded by a cylindrical bore 104 on the 
frontend of the housing nose 75. 
As will appear, the arbor assembly is radially supported 
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between arbor section 96 and bore 98 and between arbor sec 
tion 0 and bore 04. 
Arbor section 96 is enlarged internally at 105 to form a 

cylinder chamber 206 within which a piston 07 is slidably 
mounted. A compression spring 12 reacts between a radial 
wall 113 within the arbor and piston 107 to urge the piston to 
the right in FIG.3. 
A piston rod 114 fixed to piston 107 extends slidably 

through a collar 115 which is secured as by screws 16 to the 
flange section of the arbor to otherwise close the forward end 
of chamber 106. A suitable sealed bearing assembly indicated 
at 17 permits free sliding of rod 14 while maintaining fluid 
pressure in chamber 06. A spacer sleeve 110 on rod 114 
limits forward displacement of piston 107. 
At its forward end piston rod 24 is secured to a swivel 

coupling i8 peripherally engaged in internal annular grooves 
9 on the rear end of a series of chuck elements 121 which in 

turn are axially slidably mounted on a chuck element 122 
fixed as by screws 123 upon the arbor assembly. There are 
usually several chuck elements 121 equally circumferentially 
distributed about the workpiece. 
The forward end of each chuck element 12 has an inner 

workpiece engaging surface 124 and an external generally 
conical contour forward inclined surface 125 that slidably en 
gages a similarly inclined surface 126 on fixed clutch element 
22. Fixed clutch element 22 has an internal annular work 

piece engaging surface at 27, and a series of circum 
ferentially spaced internal workpiece engaging surfaces 28 
between which extend the movable chuck elements 121. 
The chuck arrangement and structure shown in FIG.3 is for 

holding axle spindles of the shape illustrated. The invention 
contemplates any equivalent chuck arrangement suited to the 
workpieces being welded. 

In FIG.3, piston 107 is shown displaced to its rearmost posi 
tion by fluid pressure in chamber 106, and in that position it 
has displaced chuck elements 121 to the left whereby they 
ride up cam surfaces 126 to contract the chuck and 
peripherally grip workpiece i to lock it nonrotatably to the 
arbor assembly 95 concentrically on the axis of rotation of the 
arbor assembly. This condition exists during the friction weld 
ing operation as will appear. 
The rear end of housing bore 81 contains a ring 13 the in 

ternal periphery 32 of which has free running clearance with 
the arbor. Collar 13 is secured to the housing as by screws 
133 and mounts an annular axially resilient seal assembly 134 
axially disposed between the stationary housing and the rotat 
ing arbor assembly. Thus no lubricant can escape axially 
through housing bore 8i. 
At the front end of the cartridge, housing member 75 ter 

minates in boss 135 having a cylindrical bore 136 snugly 
receiving the cylindrical surface 37 of a bearing collar 38 
secured to the housing as by screws 139. Bore 104 is formed 
on the inner periphery of collar 138. Static seal rings 139 and 
141 are provided between surfaces 136 and 137. 
At its forward end a ring 142 secured to collar 138 as by 

screws 143 mounts an axially resilient seal assembly 144 axi 
ally disposed between the stationary housing structure and the 
rotating arbor assembly. Thus no lubricant can escape through 
the front end of the housing. 
An annular groove 5A is provided in surface 136 axially 

between the seal rings A39 and A4i, and a radial inlet passage 
152 extends outwardly from this groove to connect with a 
supply conduit 153. The internal surface 194 of bearing collar 
i3S is for ned with an equally circumferentially-spaced series 
of cavities 154 of the same size, and each cavity is connected 
to groove is a by a radial passage 55 containing a sharp-edge 
calibrated, flow restricting orifice disc 157 of predetermined 
size. The diameter of cylindrical surface 104 is accurately 
machined a small amount larger than the diameter of cylindri 
cal artic: Skirfaxe .33, 

Oil under high pressure enters passage 152 and distributes 
circumferentially around groove A54 from whence it is 

within the housing on hydrostatic bearing means effective 75 directed into cavities i54 through the orifice discs 157. Cavi 
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ties 154 therefore are filled with the oil at a lower pressure 
than the supply pressure, and the difference in diameters of 
surfaces 103 and iC4 provides gaps indicated at 58. Cavity 
oil leaking laterally through these gaps i58 flows directly and 
through drain holes 160 to enter a low-pressure space A61 
within the housing. From space i58, oil flows through passage 
162 back to the sump. The external oil circuit will be 
described in connection with F.G. 6. 
Thus, with the arbor assembly rotating about its axis in 

dicated at 59, its forward end is radially supported by the 
high-pressure oil circulating in the cavities 54 and gaps 158 
and there is no metal to metal contact at surfaces 103 and 104. 
The foregoing constitutes the front hydrostatic journal bearing 
in the assembly. 

Still referring to FIG. 3, an oil supply conduit 161' enters a 
housing passage 62 opening into chamber 89. The housing 
core 83 is formed around its internal periphery with a series of 
spaced cavities 63 each of which is connected to chamber 89 
by calibrated, accurately sized, restricted sharp-edged orifice 
discs. 

Cylindrical surface 97 is of slightly smaller diameter than in 
ternal cylindrical surface 98 of the housing core. The incom 
ing oil maintains high pressure in cavities 63 to provide 
balanced support of the arbor during rotation. The gaps 166 
that exist between concentric surfaces 97 and 98 provide re 
lief passages between the cavities and at the sides as indicated 
in F.G. 3 to discharge oil into a core passage 67 through 
which oil flows back to the sump. Communication between 
passage 167 and chamber 39 is blocked by plug 68. 
The foregoing provides a second hydrostatic journal bearing 

for the arbor assembly. 
As shown in F.G. 3, chamber 89 is connected by a core 

passage 7B to an annular recess 72 in surface 98, and oil 
from recess 72 flows through a plurality of openings 73 in 
the arbor to enter piston cylinder 106. Oil under pressure in 
cylinder 66 forces piston 07 to the left to its workpiece 
clamping position. Thus oil in the bearing assembly circuit 
must be pressurized before the workpiece can be secured 
nonrotatably to the arbor. 
An oil supply conduit 81 is connected by a core passage 
82 to one end of a conduit 83 extending longitudinally of 

core 83 to open into a relatively shallow annular chamber 84 
defined by annular recess E85 in the rear face of arbor flange 
99 and the flat front face 100 of the core. Radially outwardly 
of chamber 84 the arbor flange is formed with an annular flat 
face 86 that is closely adjacent and parallel to core face 00 
so as to define a restricted passage gap indicated at 87 
through which oil from chamber 184 flows to lower pressure 
passage 62. 
Gap 87 functions to provide a thin band of oil between sur 

faces 100 and 186, thereby providing a rear hydrostatic thrust 
bearing preventing metal to metal contact between arbor sur 
face 186 and housing surface 00 even under the very heavy 
axial pressures encountered during friction welding. 

Oil under the pressure of cylinder 06 also enters a plurality 
of radial passages 9, and one or more of these passages 19 
is connected by a sharp-edged, calibrated orifice disc 192 
providing a restricted entrance that opens into an annular 
groove 93. Groove 194 is formed in a fixed ring block 95 
secured to the housing by screws 196. Oil under pressure is 
thus delivered through orifice 192 to the annular interface 
between the front surface of flange 99 and the housing and 
this provides a front hydrostatic thrust bearing preventing 
metal to metal contact between flat annular face 97 on the 
arbor and flat face 98 on the housing. 

Referring to FIG. 6, the oil sump is indicated at 244. An 
electric motor 26.2 drives two similar constant or fixed dis 
placement pumps 203 and 204 to withdraw oil through con 
duits 205 and 206 and filters 207 and 208 respectively. Pumps 
of this type, as is well known, provide a constant rate of flow. 
Pump 23 delivers oil to conduit 209 that is connected to 

conduit 8. Conduit 8, as shown in F.G. 3, leads into 
hydrostatic bearing unit cartridge 62 for supplying oil to the 
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6. 
rear hydrostatic thrust bearing there. Similarly, pump 204 
delivers oil to conduit 2 connected to the conduit 88 lead 
ing into hydrostatic bearing cartridge 37 for supplying oil to 
the rear hydrostatic thrust bearing there. Since pumps 203 and 
204 are of the fixed displacement type, the oil pressure at the 
thrust bearings will be dictated by applied load. The operating 
thrust bearing oil pressure operating range may vary from 50 
to 2000 p.s. i. during operation. 
A separate fixed displacement pump 212 driven by motor 

202 supplies oil to all of the hydrostatic journal bearings. Out 
let conduit 214 from pump 212 delivers oil through a filter 
25 to a line 26 that connects to both conduits 53 and 6." 
of both hydrostatic bearing cartridges. Conduit 214 is also 
connected to a pressure switch PSA which is disposed in the 
main control circuit for the welding apparatus, and this switch 
will be open whenever the pressure in line 214 drops slightly 
below a preset operating pressure. When oil comes up to 
operating pressure, switch PS1 is actuated to allow the weld 
ing cycle to be started. Cartridges 37 and 62 have a common 
drain line 27 connected to passages 162 for returning oil 
back to the sump after passing through the thrust and radial 
bearings. A heat exchanger 2A3 is provided in return line 217 
as it is preferable to cool the oil to a suitable temperature for 
optimum viscosity, about 110 F., when passing through the 
bearings. A check-valved bypass 2A9 is provided around the 
heat exchanger, and it will permit return flow of oil should the 
heat exchanger become blocked. 

Since pump 22 is of the fixed displacement type, it, 
together with relief valve 222, provides a fixed pressure 
source, and the pressure differential across the various orifices 
such as orifices 57 and 65 will depend upon the journal 
load, 
A branch line 22 connected to conduit 24 is connected to 

the inlet port of relief valve 222 which delivers oil from con 
duit 254 to line 225 leading directly back to sump 44. This 
permits a controlled bypass circulation of oil without passing it 
through the journal bearings and thereby maintains the oil 
pressure supplied through line 2A4 at a predetermined mag 
nitude. 
As shown in F.G. 6, a four-way, solenoid-operated valve 

224 has an operating port connected by a conduit 223 to con 
duit 225. Conduit 223a connects an outlet of valve 224 to con 
duit 225. When the solenoid S10 of valve 224 is deemergized, 
as when the welding apparatus controls are operated for start 
ing a weld cycle, valve 224 is shifted to its illustrated position 
to block flow through an oil vent passage 224a. This allows the 
oil pressure to be maintained at a higher limit under the con 
trol of valve 222 as compared with the limit at which the oil 
pressure that is maintained when valve 224 is shifted to the 
right where it allows oil to flow through passage 224a to the 
sump. When solenoid S10 is energized, relief valve 222 
bypasses the discharge of pump 2A2 through conduit 225 at 
substantially atmospheric pressure. The assembly of valves 
222 and 224 is conventional and may be manufactured as a 
single unit such as the Vickers Co. CT5-06-1A-C20 valve 
unit. In such a valve unit, the pressure in the vent passage 224a 
between valves 222 and 224 is operative to control the throt 
tling action of valve 222. Although this operation is known, it 
will be described more fully toward the end of this description. 
When the solenoid of valve 224 is deemergized, the flow rate 

into conduit 216 is increased and the pressure built up is suffi 
cient to actuate switch PS1, allowing the welding cycle to be 
started. Valve 222 opens sufficiently to prevent the oil pres 
sure from exceeding a suitable operating pressure (such as 
1500 p.s.i.g.). When the solenoid of valve 224 is energized, 
valve 222 operates to limit the oil pressure to a maximum 
pressure which is significantly less than 1500 p.s. i.g. and which 
is insufficient to actuate switch PS. This lesser pressure is 
slightly above 0 p.s.i.g. 
A branch line 227 connects conduits 269 to the sump 

through a pressure relief valve 228 which opens to limit the 
maximum pressure in conduit 209 to 2000 pounds per square 
inch and recloses when the pressure drops below that amount. 
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Similarly, a branch line 229 connects conduit 21 to a pres 
sure relief valve 231 for the same purpose. These relief valves 
228 and 231 may not be necessary as a practical matter in 
many installations because of the pressure relief available at 
the rear hydrostatic thrust bearings where the radial faces 100 
and 136 will more closely approach each other when the 
thrust load increases to automatically regulate the pressure. 

In operation of the apparatus thus far described, the work 
piece 2 is placed in stationary cradle i4 and clamped by jaws 
15, 16, 18 and 19. The workpieces 11 and 13 are inserted into 
the open ends of the hydrostatic bearing cartridges, pistons 
107 at this time being displaced into the forward positions as 
to the right in FIG. 3 by springs 12 so that chuck elements 
121 have been forwardly displaced to loosely axially receive 
the workpieces. At this time the end faces of the workpieces to 
befriction welded together are axially aligned. 
As will be described, motor 202 runs continuously during 

and between welding cycles and is thus operating when rota 
tion of spindles 11 and 13 is started by motors 46 and 47 in the 
welding cycle. 

Oil under pressure (about 1500 p.s.i.g.) is delivered to line 
216 and therefrom to all four hydrostatic journal bearings. 
With reference to FIG. 3, the oil at line pressure from conduit 
153 and passage 52 enters groove 15 which circulates it to 
simultaneously pass through the restricted orifice discs 157 
into cavities 154, so that all of the cavities 154 solidly contain 
bodies of oil under pressure. Oil from the cavities also flows 
continuously back to drain through gaps 158 into passage 62. 
The arbor assembly at the front end is therefore 

peripherally supported essentially by the pressurized oil 
bodies in cavities 54 out of metal to metal contact with inter 
nal surface 04 of the housing. 

Oil from line 216 and 61' enters passage 62 to provide 
an annular body of oil in chamber 89 at pump pressure, and 
this chamber simultaneously supplies oil through all of the 
restricted orifice discs i65 into the cavities 163, whereby 
these cavities contain oil under pressure. Surfaces 97 and 98 
are automatically maintained against metal to metal contact as 
described for the front bearing. Oil from cavities 63 continu 
ously flows through gaps 66 to the drain passage 162. 

Since passage 171 conveys oil under pressure from chamber 
89 to the cylinder 106, chuck elements 2 are displaced rear 
wardly in FIG.3 to automatically clamp the workpiece 11 fix 
edly to the arbor assembly only when the radial bearings have 
been pressurized, and this takes place before the arbor as 
sembly is rotated during the welding machine cycle. When the 
oil pressure drops in chamber 89 during the welding machine 
cycle, as when the solenoid for valve 224 is energized, the 
pressure in cylinder 106 drops to allow spring 112 to push the 
chuck elements forward to release the workpiece. 
When the pressurized oil circuits for the radial journal 

bearings have been established, rotation is imparted to the 
arbor assemblies, and as the arbor assemblies come up to 
speed, the respective cylinders at 32 and 33 and 54 and 55 are 
operated to slide carriers 22 and 23 toward each other to fric 
tionally engage the workpieces. Once these are engaged, the 
journal and thrust loads, particularly the latter, increase tre 
mendously. 
As the thrustincreases the entire arbor assembly will tend to 

shift rearwardly relative to housing 71, to the left in FIG. 3. 
Rearward displacement of the arbor assembly results in 
restriction of the annular gap 87 between the flat parallel sur 
faces 100 and 186, to decrease the relief from chamber 84, 
and this results in oil pressure building up between pumps 203 
and 204 and the respective chambers 84. The pumps are of 
such capacity as to be capable of developing counterpressures 
opposing the thrust up to 2000 p.s.i.g. in chamber 184, which 
in a friction welding apparatus for welding spindles of certain 
dimensions onto axle housings is adequate to oppose axial 
thrust up to 150,000 pounds at the welding joint. 

Referring to FIG. 7, the hydraulic clamping circuit for the 
center ciamp (jaws 5 and 16) and for both of the fixtures 17 
is shown to comprise a suitable pump 240 having an intake 
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8 
port connected through a filter 242 to sump 244. Pump 240 is 
driven by a motor 146 to withdraw oil from sump 244 and to 
deliver it at a relatively high pressure to a conduit 248. 
Conduit 248 is connected through a suitable pressure 

reducing valve 250 to an inlet port of a dual solenoid-operated 
four-way control valve 252. Valve 252 has an outlet port con 
nected by a conduit 254 to sump 244. 

Still referring to FIG. 7, valve 252 has two separate operat 
ing ports respectively connected to a pair of conduits 256 and 
258. Conduit 256 is connected by branch conduits 260 and 
262 respectively to separate reversible hydraulic motors 264 
and 266. 

Motors 264 and 266 are of the rotary type and may be of 
any suitable construction. Motor 264 is operatively drive-con 
nected by a suitable, schematically illustrated, motion trans 
mitting chain and screw drive 268 to jaws 18 and 19 of the 
left-hand fixture 7 as viewed from FG. ; and motor 266 is 
operatively drive-connected by a similar motion transmitting 
chain and screw drive 270 to the jaws of the right-hand fixture 
7. 
Motor 264 has a pair of operating ports respectively con 

nected to conduit 260 and to a further branch conduit 272. 
Conduit 272 is connected to or forms a part of conduit 258 as 

; shown. Motor 266 also has a pair of operating ports respec 
tively connected to conduit 262 and to another branch con 
duit 274. Conduit 274 is connected to conduit 258. EAch of 
the branch conduits 260, 262,272, and 274 contains an ad 
justable, variable orifice restrictor 276 for controlling the rate 
of oil discharge from their respective hydraulic motors. Ad 
justment of restrictors 276 controls the speed of motors 264 
and 266. 
A bypass line 278 extending around each restrictor 276 

contains a spring loaded check valve 280. Valves 280 block 
flow of oil back to valve 252, but allow oil at predetermined 
pressure to flow through the bypass lines toward the hydraulic 
notors. 

A pair of solenoids S1 and S1 A control the operation of 
valve 252. When solenoid Sai is energized, solenoid S1A is 
deenergized, and valve 252 is in its illustrated position where it 
connects conduits 256 and 258 respectively to conduits 248 
and 254. In this position, motors 264 and 266 are driven in 
corresponding directions to move the jaws 15 and 16 of fix 
tures 17 to their clamping positions. When solenoid S1 iA is 
energized, solenoid S1 is deenergized, and valve 252 is 
shifted to its reversed position where it connects conduits 256 
and 258 to conduits 254 and 248 respectively. As a result, mo 
tors 264 and 266 will each be driven in reverse directions to 
move the jaws 18 and 19 of fixtures 17 to their unclamped 
positions. 
To operate the center clamp (jaws 15 and 6), a branch 

conduit 284 is connected to conduit 248 between pump 240 
and valve 250. Conduit 284 is connected to the inlet port of a 
further dual solenoid-operated, four-way valve 286 having an 
outlet port which is connected by a conduit 288 to sump 244. 
Valve 286 is has a pair of operating ports respectively con 
nected to conduits 290 and 292. 
Conduits 290 and 292 are respectively connected to op 

posite ends of a cylinder 294 which slidably receives a double 
acting piston 296. Piston 296 is drive-connected through a 
piston rod 298 and suitable motion transmitting drive 300 to 
jaws 15 and 6. 
A pair of solenoids S12A and S12 control the operation of 

valve 286. When solenoid S12A is energized, solenoid S2 is 
deenergized, and valve 286 is shifted to its illustrated position 
where it connects conduits 290 and 292 respectively to con 
duits 284 and 286. In this position, oil delivered under pres 
sure by pump 240 flows through conduit 290 to shift piston 
296 to its right-hand position, Shifting piston 296 in this 
direction displaces jaws 15 and 16 to their clamping positions. 
Oil on the right-hand side of piston 296 will be exhausted to 
sump 244 through conduit 292. 
When solenoid Si2 is energized, solenoid S2A is deener 

gized, and valve 286 is shifted to its reversed position where it 
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360 and 362. Conduit 360 is connected directly to the inboard 
(right-hand), end of cylinder 55. Both inboard ends of cylin 
ders 54 and 55 are interconnected by a conduit 364 so that oil 
introduced into the inboard end of cylinder 55 will be supplied 
to the inboard end of cylinder 54. Oil pressure acting to move 
pistons 332 and 333 in a reverse direction will therefore be 
substantially equal. 
Conduit 362, as shown in FIG. 8, is connected to the inlet 

port of a further spring-offset or spring-biased, solenoid 
operated, four-way valve 368. The purpose of valve 368, as 
will presently become apparent, is to control the delivery of oil 
under pressure for first advancing the end spindle 11 from its 
retracted position to contact the axle housing section and then 
to forcibly push the end spindle against the axle housing sec 
tion for welding. 
As shown, valve 368 has two outlet ports. One outlet port is 

connected by a conduit 370 to the outboard (left-hand) end of 
cylinder 55. The other outlet port is connected to a low-pres 
sure oil return conduit 372, which in turn is connected by a 
branch conduit 374 to conduit 352 between valve 356 and 
valve 348. 
The outboard ends of cylinders 54 and 55, like the inboard 

ends, are interconnected by a conduit 376 so that oil in 
troduced into the outboard end of cylinder 55 will also be sup 
plied to the outboard end of cylinder 54 for applying substan 
tially equal pressures to the corresponding faces of pistons 332 
and 333. Solenoids S1A, S2A, and S3A respectively control 
operation of valves 368,344 and 348. 
To advance carrier 22 forwardly from its retracted position 

to a position where the end spindle 11 contacts the axle hous 
ing section, solenoids S2A and S3A are energized, and sole 
noid SA is deemergized. When solenoid S2A is energized, 
valve 344 is shifted to its illustrated position where conduits 
360 and 362 are respectively connected to conduits 346 and 
342. When solenoid S3A is energized, valve 348 is shifted to 
its illustrated position where conduit 346 is connected to con 
duit 352. When solenoid SA is deemergized, valve 368 is 
spring-biased to its illustrated position where conduit 362 is 
connected to conduit 370. In this position, conduit 372 will be 
connected to another conduit 380 for a purpose to be ex 
plained later on in connection with the welding period. 
Thus, with solenoid S2A energized and solenoid S1A 

deemergized, oil delivered by operation of pump 336 is sup 
plied through conduits 342,362, and 370 to the outboard end 
of cylinder 55; and oil from the outboard end of cylinder 55 
will be supplied through conduit 376 to the outboard end of 
cylinder 54. Pistons 332 and 333 will thus be displaced to ad 
vance carrier 22 forwardly from its retracted position shown 
in FIG. toward a position where spindle 11 contacts the axle 
housing section. 

Oil on the inboard side of piston 332 will be exhausted 
through conduit 364 into the inboard end of cylinder 55 and 
oil on the inboard side of piston 333 in cylinder 55 will be ex 
hausted serially through conduits 360, 346, and 352 to sump 
244, 
According to another important aspect of this invention, the 

advancement of carrier 22 in either its forward direction or its 
reverse direction may be accelerated to a relatively rapid 
speed and then decelerated to a much slower speed. This is ac 
complished, in brief, by selectively controlling the oil pressure 
applied to pistons 332 and 333 to advance them axially in 
either direction. Rapid travel can thus be imparted to carrier 
22 by applying constant rate of flow to pistons 332 and 333 to 
advance the carrier from its retracted position shown in FIG. 1 
to a position where the end spindle 1 approaches, but has not 
contacted the axle housing centersection. At this point the oil 
pressure conditions in cylinders 54 and 55 may be changed in 
a manner to be described shortly to decelerate the rapidly ad 
vancing pistons to a much slower speed so that spindle end 11 
is brought gently into contact with the axle housing centersec 
tion. This prevents spindle end from striking the axle hous 
ing center section with such force as to cause carrier 22 to 
rebound one or more times before movement is finally ar 
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rested. The relatively fast travel in advancing or jogging end 
spindle 1 through a large part of the distance that it must 
travel to contact the axle housing center section appreciably 
reduces the welding cycle time and thus increases the capacit 
of the machine. 
Sudden contact resulting from rapid advancement of spin 

dle end 11 into contact with the axle housing section could 
cause seizure at the workpiece welding surfaces and slippage 
of the workpiece in chuck elements 12 with the attendant 
risk of running the workpiece and stalling the motor. The 
deceleration and consequent gentle contact of end spindle 1 1, 
as accomplished in accordance with this invention, avoids 
these problems and assures smooth starting of the welding cy 
cle. 

After the weld is complete, carrier 22 may be moved back 
toward its retracted position at a relatively fast rate and then, 
as it approaches its retracted position, be decelerated to arrive 
gene gently at its withdrawn, final rest position, ready for re 
loading to carry out another welding cycle. The time for suc 
cessively welding a number of workpieces thus is further 
reduced. 
To control the oil pressure conditions in cylinders 54 and 55 

for attaining the rapid travel and deceleration of carrier 22, a 
pair of relief valves 384 and 386, a solenoid-operated valve 
388, and a variable pressure and temperature compensated 
restrictor 390 are provided. As shown in FIG. 8, the inlet port 
of relief valve 384 is connected by a conduit 392 to conduit 
342 between valve 344 and pump 336. The outlet port of 
valve 384 is connected by a conduit 394 to conduit 372. 
A vent control passage 396 operatively associated with 

valves 384 and 388 is connected between a pilot valve (see 
FIG. 11) in valve 384 and valve 388. Valve 388 has two outlet 
ports, one of which is blocked as at 398, and the other of 
which is connected by a conduit 400 to the inlet port of relief 
valve 386. The outlet port of valve 386 is connected by a con 
duit 402 to conduit 372. 

Restrictor 390 is disposed in a bypass conduit 404 which is 
connected between conduits 346 and 352. When valve 348 is 
shifted to its flow-blocking position, circulation of return oil is 
from conduit 346 through restrictor 390 to conduit 352. 

Valves 384, 386, and 388 cooperate with each other in es 
sentially the same manner as valves 310,314, and 316 to hold 
either relatively high or low pressures in conduit 342 which is 
delivering oil at a constant flow rate to advance carrier 22 
either inforward direction or a reverse direction. 
Valve 388 is operated by a solenoid S4A which, when 

deenergized, allows valve 388 to be spring-biased to its illus 
trated position where it connects passage 396 to conduit 400. 
Under this condition, valve 384 provides relief to maintain the 
pressure in conduit 342 at approximately 100-125 p.s.i.g. by 
opening to allow a sufficient amount of oil being delivered by 
pump 336 to be bypassed back through conduit 372 to sump 
244. 
When solenoid S4A is energized, valve 388 is shifted from 

its illustrated position to its alternate position where flow 
through the valve is blocked at 298. Under this condition, 
valve 384 affords relief to hold the oil pressure in conduit 342 
at approximately 200 p.s.i.g. by opening to allow a sufficient 
amount of pumped oil to be bypassed back through conduit 
372 to sump 244. 

It will be appreciated that the pressure of oil in cylinders 34 
and 55 and in fluid communication with conduit 342 will be 
substantially equal to the oil pressure in conduit 342. The con 
trol of the maximum oil pressure provided by energizing and 
deenergizing solenoid S4A will therefore control the accelera 
tion of pistons 332 and 333. 

Valves 384 and 388 may be constructed as a single unit such 
as the Vickers Co. model CT5-10-1A-B-2D. Although this 
valve unit is conventional, a further detailed description of the 
unit is provided near the end of this description. 
From the foregoing it is clear that when solenoids S4A and 

S2A are energized and when solenoid SiA is deemergized, oil 
will be supplied to the outboard ends of cylinders 54 and 55 at 
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connects conduits 290 and 292 respectively to conduits 286 
and 284. As a result, pump oil under pressure will be delivered 
through conduit 292 to shift piston 296 to its left-hand posi 
tion, and movement of piston 296 in this direction displaces 
jaws 15 and 16 to their unclamped positions. Oil on the left 
hand side of piston 296 will be exhausted to the sump through 
conduit 290. 
A pair of spring loaded check valves 304 and 306 are pro 

vided in conduit 248. Valve 304 is between valve 250 and the 
connection of conduit 284 with conduit 248. Valve 306 is 
between pump 240 and the connection of conduit 248 to con 
duit 284. Valves both act in the same direction, allowing oil to 
flow away from pump 240, but blocking reverse flow toward 
the pump. 
As shown in FIG. 7, a bypass conduit 308 is provided for cir 

culating oil back to sump 244 without passing through valves 
252 and 286 for operating motors 264 and 266 and piston 
296. At its end remote from sump 244, conduit 308 is con 
nected to the discharge port of a relief valve 310. The inlet 
port of valve 310 is connected by a conduit 312 to conduit 248 
at a region that is between valve 306 and pump 240. Valve 
310 cooperates with a solenoid-operated four-way valve 314 
and a further relief valve 316 to control the oil pressure which 
is maintained for clamping the ends and center of the axle 
housing section (workpiece 12) in a manner now to be 
described. 
One operating port of valve 314 is connected to conduit 308 

by a branch conduit 318. The other operating port of valve 
314 is operatively connected by a pilot vent passage 320 to 30 
valve 310. One outlet port of valve 314 is connected by con 
duit 322 to the inlet port of relief valve 316, and the remaining 
port of valve 314 is blocked. The outlet of valve 316 is con 
nected to sump 244 as shown. Operation of valve 314 is con 
trolled by a solenoid S13. As will be described in greater detail 
shortly, valve 310 is operated by shifting valve 314 to maintain 
either a relatively high clamping pressure or a relatively low 
clamping pressure. 
The assembly of valves 310 and 314 and their arrangement 

with valve 316 is conventional. Valves 310 and 314 may be 40 
manufactured as a single unit such as the Vickers Co. model 
CT5-061 A-B-20, 
When solenoid S13 is deenergized, valve 314 is spring 

biased to its illustrated position where passage 320 is con 
nected to conduit 322 through one of the valve passages. Flow 
through the other valve passage is blocked as shown. When 
valve 314 is in this position, the pressure maintained by valve 
310 is relatively low. In this embodiment, valve 316 is set to 
provide relief by circulating oil back to sump 244 for main 
taining the oil pressure in conduit 248 at approximately 200 
P.S.l.g. 

Valve 250, according to this embodiment, is set to provide 
about a 50 percent reduction in pressure so that the pressure 
available for operating motors 264 and 266 and thus clamping 
the ends of the axle housing center section will be approxi 
mately 100 p.s.i.g. when solenoid S13 is deemergized. 
Valve 304 prevents the hydraulic fluid from backing out of 

the hydraulic clamping circuit for fixtures 17 and thus 
prevents the jaws of fixtures 17 from relaxing. Valve 306 
prevents hydraulic fluid from backing out of the hydraulic 
clamping circuits for jaws 15 and 16 and fixtures 17. In the 
event of pump or motor failure, therefore, the center clamp 
(jaws 15 and 16) and the end clamps (fixtures 17) are not 
relaxed. 
According to one aspect of this invention, solenoids S11 

and S11A are operated in the manner previously described to 
clamp and unclamp the ends of the axle housing centersection 
when solenoid S3 is deenergized. The upper limit of the oil 
pressure available for clamping and unclamping the jaws 18 
and 19 of both of the right-hand and left-hand fixtures 17 (as 
viewed from FIG. 1) is therefore under the control of valve 
250 and is consequently relatively low. 

This relatively low pressure is sufficient to hold the jaws of 
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axle housing center section during the welding cycle. How 
ever, owing to a number of factors, a greater pressure is 
desired to ensure that the center clamp (jaws 15 and 16) 
firmly fixes the axle housing section in place on base 2 of the 
welding machine. This will prevent expansion and permanent 
set of the axle housing center section upon the application of 
the high welding force. 
The increased pressure for clamping jaws 15 and 16 against 

the axle housing section is afforded by energizing solenoid Si3 
when solenoid S12A is energized. Energization of solenoid 
S13 shifts valve 314 to a position where the connections of 
conduit 318 and passage 320 will be reversed. Flow of oil 
through passage 320 will therefore be blocked, and the pres 
sure maintained by valve 310 will be increased to a relatively 
high value. Thus a relatively high pressure may be applied to 
piston 296 to clamp jaws 15 and 16 against the center portion 
of the axle housing section. The operation of valve 310 in con 
junction with valves 314 and 316 is described more fully near 
the end of the description. 
When solenoid S13 is energized, the pressure on the 

downstream side of valve 250 is held at about 1000 p.s.i.g. to 
maintain the jaws of fixtures 7 firmly in their clamped posi 
tions. The end clamps provided by fixtures 17 are applied first 
at relatively low pressure, followed by clamping of the axle 
housing section with jaws 15 and 16 at relatively high pres 
sure. Solenoids S1, SA, S12, S12A, and S13 are controlled 
by an electrical sequencing circuit which will be described in 
detail later on. Motor 246 runs continuously during and 
between the welding cycles. 

Referring now to FIG. 8, pistons 330, 331,332, and 333 are 
slidable in cylinders 32, 33, 54, and 55 respectively and are 
respectively connected to piston rods 34, 35,56, and 57. Oil 
supplied under pressure to the outboard (right-hand as seen 
from FIG. 8) ends of cylinders 32 and 33 displaces pistons 330 
and 331 from right to left as viewed from FIG. 8 to advance 
carrier 23 in a corresponding direction. Oil supplied under 
pressure to the outboard ends of cylinders 54 and 55 displace 
pistons 332 and 333 from left to right as seen from FIG. 8 to 
advance carrier 22 in a corresponding direction. Under these 
fluid pressure conditions carriers 22 and 23 slide toward each 
other to frictionally engage the workpieces. 
When oil under pressure is introduced into the inboard ends 

of cylinders 32, 33, 54, and 55, pistons 330-333 will be 
reversely displaced to slide carriers 22 and 23 away from each 
other and to their retracted positions shown in FIG. 1. 
To supply oil under pressure to cylinders 54 and 55, a pump 

336 of the variable positive displacement type is driven by a 
motor 338 and has its intake port connected through a filter 
340 to sump 244. When motor 338 is energized pump 336 
delivers oil under pressure to a conduit 342. Conduit 342 is 
connected to the inlet port of a spring-offset or spring-biased, 
solenoid-operated, four-way valve 344 which provides for the 
forward or reverse travel of carrier 22 in a manner to be 
described more fully later on. 
The outlet port of valve 344 is connected by a conduit 346 

to the inlet port of a solenoid-operated valve 348 which func 
tions to decelerate piston displacement as will be described in 
detail shortly. Valve 348 has two outlet ports, one of which is 
blocked at 350 and the other of which is connected by a con 
duit 352 to the inlet side of a heat exchanger 354. The outlet 
of heat exchanger 354 is connected to sump 244. A spring 
loaded check-valved bypass line 355 is provided around heat 
exchanger 354 to circulate oil back to the sump without 
passing it through the heat exchanger in the event that the 
heat exchanger becomes clogged. 
A spring loaded check valve 356 is disposed in conduit 352 

between heat exchanger 354 and valve 348. Valve 356 main 
tains a pressure of about 50-75 p.s.i.g. in the low-pressure, 
oil return conduit on its upstream side. This low pressure is 
maintained as a pilot source for the various solenoid-operated 
valves shown in FGS. 7 and 8. 

Still referring to FIG. 8, valve 344 is provided with a pair of 
fixtures 27 to their clamping positions on opposite sides of the 75 operating ports which are respectively connected to conduits 



3,570,740 
5 

to open at a low pressure of about 3 p.s.i.g. to vent air from 
cylinder 490 to atmosphere in a manner to be described more 
fully later on. The other operating port of valve 500 is blocked 
as indicated at 52. 

Solenoids S5, S6, and S7 respectively control operation of 
valves 456,476, and 500 which are all spring-biased as shown. 
When solenoids S5, S6, and S7 are deemergized, valves 456, 
476, and 500 are in their illustrated positions. 

Before spindle ends 1 and 13 contact the axle housing 
center section and during the travel of the spindle ends from 
their retracted positions shown in FIG. 1 to positions where 
they contact the axle housing section, solenoids SA, SB, S5, 
S6, and S7 are all deemergized, With solenoid S1A deener 
gized, oil under pressure is, as previously described, delivered 
through valves 344 and 368 to the outboard ends of cylinders 
54 and 55 for advancing carrier 22 forwardly. With solenoid 
SB deemergized, oil likewise is delivered through valves 344a 
and 368a to the outboard ends of cylinders 332 and 33 to ad 
vance carrier 23 forwardly. 
With solenoid S5 deenergized, valve 456 is spring-biased to 

its illustrated position where conduit 454 is connected to con 
duit 462. Oil delivered by pump 450 will thus flow through 
conduits 454 and 462 to conduit 380 and from conduit 380 
through valves 368a and 368 to conduit 372 for return to 
sump 244. Pump 450 will thus will be running, but will merely 
be circulating the oil back to sump 244 when solenoids S1A, 
SB, and S5 are deemergized. 
With valve 456 in its illustrated position and with solenoid 

S6 deenergized to allow valve 476 to be spring-biased to its il 
lustrated position, conduit 458 is connected to conduit 460, 
and conduit 460 is connected to conduit 478. Oil at the bot 
tom of cylinder 464 drains through conduits 474, 460, 478, 
and 372 to sump 244 as piston 486 is urged downwardly by the 
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pressure' of oil delivered by pump. 440 to the upper end of 35 
cylinder 464. 
When solenoid S7 deemergized, valve 500 is spring-biased to 

its illustrated position where it connects conduit 502 to at 
mosphere through check valve 510. The air pressure which is 
contained in cylinder 490 from a previous welding cycle is 
thus vented to atmosphere through conduit 498, manifold 
496, conduit 502, valve 500, and check valve 506. Check 
valve 506 will maintain a minimum pressure of 3 p.s. i.g. in 
cylinder 490. At this stage flow of pressurized air from valve 
508 will be blocked at 52. 
When spindle ends 11 and 13 are brought into contact with 

the axle housing center section, they will be rotating by the 
drive connection provided to motors 46 and 47. The spindle 
ends 1 and 13 will continue to rotate after they contact the 
axle housing section for a timed period to frictionally generate 
heat that causes the abutting workpiece ends to become 
plastic or fusible. It is to be noted that the metal regions which 
are heated in this fashion and which ultimately define the 
weld, instead of melting, merely become plasticized. 

Immediately after the spinning spindle ends 1 and 13 con 
tact the axle housing center section, solenoids S1A, S1B, S5, 
S6, and S7 are all energized at the same time. By energizing 
solenoid S1A, valve 368 is shifted to connect conduits 362 and 
380 respectively to conduits 372 and 370. Likewise, energiza 
tion of solenoid S1B shifts valve 368 to its position where it 
connects conduits 380 and 362 a respectively to conduits 
370a and 372. This places the outboard ends of cylinders 32, 
33, 54, and 55 in fluid communication with conduit 380. 
Valves 368 and 368a, in this position, also direct the oil being 
delivered by pumps 336 and 440 (which are running continu 
ously) to sump 244 through the connection provided by con 
duit 372. 
By energizing solenoid S5, valve 456 is shifted to connect 

conduits 462 and 458 respectively to conduits 454 and 460. 
As a result, conduit 380 and, consequently, the outboard ends 
of cylinders 32,33,54, and 55 will be connected through con 
duits 462, 474, and 458 to the lower end of cylinder 464. By 
energizing solenoid S6 with solenoid SS, valve 476 is shifted to 
its position where it blocks oil drainage through conduits 460 
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6 
and 478 to the sump. The oil pressure in the outboard ends of 
cylinders 32, 33, 54, and 55 will now be equal to the pressure 
of oil supplied to the bottom of cylinder 464. 
The oil delivered to cylinder 464 for raising piston 486 is 

supplied through restrictor 462 which is connected in the 
operative circuit when solenoid S5 is energized to shift valve 
456 to its position where conduit 454 is connected to conduit 
458. As a consequence, oil delivered by pump 450 is directed 
through conduits 454 and 458 and thus through restrictor 462, 
which reduces the rate of flow to the bottom of cylinder 464. 
The final buildup of pressure, at this stage, will be limited by 
relief valve 468, for this valve is now in the operative circuit 
along with restrictor 462. Valve 468 is set to maintain the final 
oil pressure in the heat cycle at a moderate valve which is 
about one-half of the setting at which relief valve 480 bypasses 
oil to maintain the final weld pressure. W 
The oil delivered by pump 450 through restrictor 462 urges 

piston 486 upwardly against the back pressure from pump 440 
which, at this sage stage, has been reduced to a low pilot pres 
sure value as a result of being connected through valve 368a 
to conduit 372 in the previously described manner. Upward 
displacement of piston 486 displaces piston 488 upwardly 
through the common connection provided by piston rod 487. 

Solenoid S7 having been energized at the same time as sole 
noids S1A, S1B, S5, and S6, shifts valve 500 to its position 
where pressurized air furnished through valve 508 is blown 
through conduit 502, manifold 496, and conduit 498 to the 
upper end of cylinder 490. As a result, upward displacement 
of piston 488 and, consequently, of piston 486 is opposed by 
the pressure of air introduced into cylinder 490. The pres 
surized air rapidly enters cylinder 490 and acts over a much 
greater piston area to apply a force for abruptly increasing the 
oil pressure delivered to cylinder 464 through conduit 458. 
This is an important feature of the invention as will be ex 
plained shortly. 
The diameter of cylinder 490, as shown in FIG. 8, is 

preferably much greater than the diameter of cylinder 464. In 
practice, the diameters of cylinders 490 and 464 may be on 
the order of 10 inches and 3% inches respectively. As a result 
of this appreciable difference, the air pressure applied in 
cylinder 490 will cause a greater pressure to be developed in 
cylinder 464 in accordance with the ratios of the piston areas. 
The buildup of air pressure in cylinder 490 will be approxi 

mately adiabatic to cause a corresponding exponential pres 
sure buildup in the outboard ends of cylinders 32,33, 54, and 
55 as indicated by the curve section 530 in FIG. 10. It was 
discovered that if there is comparatively gentle pressure buil 
dup in the outboard ends of cylinders 32, 33, 54, and 55 to 
forcibly urge the end workpieces against the center workpiece 
after the spinning end workpieces initially contact the center 
workpiece, the end workpieces would tend to batter back and 
forth against the center workpiece and cause burning of metal 
particles which become enveloped in the final weld. As these 
burned particles constitute oxides, their presence in the weld 
materially reduces the weld joint strength. 
This objectionable condition would occur as where no sig 

nificant air pressure is introduced into cylinder 490, allowing 
the upward movement of piston 488 only to be opposed by 
compression of air trapped in the cylinder. Such an air pres 
sure buildup is adiabatic and would start from a relatively low 
value with the result that the increase in workpiece engage 
ment pressure would be very gradual at the beginning as in 
dicated by the dashed extension 532 of curve 530 in FIG. 10. 
This gradual buildup extends over a large period of time, and 
until a fairly large pressure buildup is attained for urging each 
end workpiece against the center workpiece, oxides, that 
eventually become enveloped in the weld, can develop. 

It is believed that the development of these oxides results 
from stick welds which occur when the initial workpiece en 
gagement pressure is too low and not abrupt enough and 
which tend to force workpieces it and 13 away from the 
center workpiece with resultant battering. 



3,570,740 
13 

a relatively high pressure (200 p.s.i.g.). At this stage, solenoid 
S3A will also be energized to provide a relatively unrestricted 
discharge path for quickly exhausting the oil at the inboard 
sides of pistons 332 and 333. As a result, carrier 22 is ad 
vanced forwardly quite rapidly from its retracted position 
shown in F.G. . . s 
As carrier 22 approaches the position where end spindle 11 

is about to contact the axle housing center section, solenoids 
S4A and S3A are deemergized. As a result, relief valve 384 is 
rendered operative to limit the oil-pressure applied to the out 
board sides of pistons 332 and 333 to not more than the rela 
tively low value of 125 p.s. i.g. for advancing the pistons for 
wardly at a fixed rate of speed. At the same time, deenergiza 
tion of solenoid S3A allows valve 348 to be spring-biased to its 
position where it blocks oil flow from conduit 346 to conduit 

O 
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352. The oil being exhausted from the inboard ends of cylin- . 
ders 54 and 55 consequently must flow through restrictor 390. 
This retards the rate of oil discharge from the inboard ends of 
cylinders 54 and 55 to thereby increase the back pressure act 
ing on the inboard sides of pistons 332 and 333. This rapidly 
decelerates the forward advancement of carrier 22 to slow it 
down in a relatively short distance and thus allow spindle 11 to 
gently centact the axle housing center section without 
rebounding. -- 

After the spindie end is welded to the axle hosing heusing 
center section and both workpieces are released, carrier 22 is 
withdrawn to its retracted position by deemergizing solenoid 
S2A, by placing solenoid S1A in its deenergized state-(it will 
be energized during the welding period as will appear later), 
and by reenergizing solenoids S3A and S4A. Deenergization 
of solenoid S2A connects conduits 360 and 362 to conduits 
342 and 346. As a result, oil at a high flow rate and held at a 
pressure of approximately 200 p.s.i.g. by the relief valve throt 
tling action is applied to the inboard faces of pistons 332 and 
333, and the outboard ends of cylinders 54 and 55 are con 
nected through valve 348 to sump 244 to rapidly advance car 
rier 22 rearwardly toward its retracted position. 
As carrier 22 moves towards its fully retracted position, 

solenoids S4A and S3A are deemergized to reduce the flow 
rate into the inboard ends of the cylinders and to retard the 
rate of oil discharge from the outboard ends of the cylinders. 
The carrier 22 will rapidly be decelerated to come to a gentle 
stop at its fully retracted position shown in FIG. I. 
As shown in FIG, 8, the part of the hydraulic circuit just 

described for controlling the travel of carrier 22 is duplicated 
for carrier 23. This part of the hydraulic circuit which is 
duplicated comprises valves 344,348,368,384,386, and 388, 
restrictor 390, and conduits 342, 360, 362,364, 376, 370, 
346, 404, 392, 394, 400, and 402. The corresponding ele 
ments in the circuit for the carrier 23 have been identified by 
like reference numbers suffixed with the letter a. Therefore, 
valves 344a, 348a, 368a,384a, 386a, and 388a, respectively 
correspond to valves 344, 348,368, 384, 386, and 388; 
restrictor 390a corresponds to restrictor 390; and conduits 
342a, 360a, 362a, 364a, 376a, 370a, 346a, 404a, 392a, 394a, 
400a, and 402a respectively correspond to conduits 342,360, 
362,364,376,370,346,404,392,394,400 and 402. 
The operating ports of valve 368a are respectively con 

nected to conduits 372 and 370a as shown. Conduit 380 which 
is connected to one of the inlet ports of valve 368 is also con 
nected to one of the inlet ports of valve 368a, the other inlet 
port of valve 368a being connected to conduit 362a. Conduit 
352a is connected to conduit 372 for directing return low 
pressure oil to the sump through conduits 372 and 374. Con 
duits 402a and 394a are also connected to conduit 372 to 
return the oil to sump 244. 
- Solenoids SB, S2B, S3B, and S4B, respectively control 
valves 368a, 344a, 348a, and 388a in the same manner that 
solenoids S1A, S2A, S3A, and S4A, respectively control 
valves 368,344,348, and 388. 

Since the arrangement, construction and operation of the 
above circuit for controlling the forward and reverse displace 
ment of carrier 23 is the same as that just described for carrier 
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4 
22, further explanation concerning the operation of the 
hydraulic circuit for carrier 23 is not believed necessary. 

it is to be noted that when solenoids SA and Si B are 
deenergized to supply oil pressure to the outboard ends of 
cylinders 32, 33, 54, and 55 for advancing carriers 22 and 23 
toward each other, the opposite ends of conduit 380 are 
respectively connected through 368 and 368a to conduit 372. 

Still referring to FIG. 8, conduit 342a is connected to a 
separate pump 440. Pump 440 is connected through a filter 
432 to sump 244 to supply oil under pressure for displacing 
carrier 23 forwardly and rearwardly in the manner described 
for carrier 22. Two completely independent hydraulic circuits 
are therefore provided; one for workpiece 11 and the other for 
workpiece 13, with each circuit imparting travel and weld en 
gagement pressure, to its associated workpiece. Pump 440 is 
driven by motor 246, which, as will be recalled, also drives 
pump 240. Pump 440 is of the fixed displacement type, but the 
displacement of the variable displacement pump 336, as previ 
ously described, is adjustable by an unshown control device. 
This is cone conventional. Adjustment of pump 336 ensures 
that spindle ends 11 and 13 contact the axle housing center 
section at substantially the same time where it is desired to 
simultaneously weld to the spindle ends to the axle housing 
center section. Thus, although carriers 22 and 23 are ad 
vanced forwardly independently of each other by the indepen 
dent operation of fixed displacement pumps 336 and 440, ad 
justment of the displacement of pump 336 correlates the 
timed arrival of the spindle end 13 with spindle end 11. 
To apply a controlled axial pressure to spindle ends 11 and 

13 during the welding cycie, a further fixed displacement 
pump 450, as shown in FIG. 8, has its intake port connected 
through a filter 452 to sump 244. Pump 450 is driven by motor 
246 to deliver oil under pressure to a conduit 454. Conduit 
454 is connected to an inlet port of a solenoid-operated four 
way valve 456. Valve 456 has a pair of operating ports respec 
tively connected to conduits 458 and 460 and an outlet port 
connected to a conduit 461. 
Conduit 461 is connected directly to conduit 380 between 

valves 368- and 368a. Conduit 458 is connected through a 
restrictor 462 to one end of a pressure control cylinder 464. A 
branch conduit 466 is connected to conduit 458 between 
restrictor 462 and valve 456 and to the inlet port of a pressure 
relief valve 468. The outlet port of valve 468 is connected by a 
conduit 470 to conduit 372. A bypass conduit-472 containing 
a spring-loaded check valve 474 is connected to conduits 458 
and 466 to allow oil to return from cylinder 460 without 
passing through restrictor 462. 

Still referring-to FIG. 8, conduit 460 is connected by a 
branch conduit 474 to conduit 458 between cylinder 464 and 
restrictor 462. Conduit 460 is also connected to an inlet port 
of a solenoid-operated valve 476 which has an outlet port con 
nected by a conduit 478 to conduit 372. 
A further pressure relief valve 480 has an outlet port con 

nected to conduit 372. The inlet port of valve 480 is con 
nected to conduit 454.: 
As shown in FIG. 8, the end of cylinder 464 remote from its 

connection to conduit 458 is connected by a branch conduit 
484 to conduit 342a between pump 440 and valve 344a. 
Cylinder 464 slidably receives a piston 436 which is connected 
by a piston rod 487 to a piston 488. Piston 488 is slidable in an 
air pressure cylinder 490 which is vented at its piston rod end 
to atmosphere as indicated at 492. The opposite end of 
cylinder 490 is connected to a manifold 496 by a conduit 498. 
Manifold 496 is connected to an operating port of a solenoid 
operated, four-way-valve 500 by a conduit 502. Manifold 496 
is connected to a series of separate tanks 504 which are used 
to vary the clearance volume above piston 488. 
The inlet port of valve 500 is connected through a check 

valve 506 and a pressure regulating-valve 508 to a source of 
pressurized air at about 100 p.s. i. Valve 506 permits airflow 
toward valve 500, but blocks airflow toward the pressure 
source. The outlet port of valve 500 is connected through a 
spring-loaded check valve 510 to atmosphere. Valve 510 is set 
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The present invention avoids this gradual buildup and its 
consequent disadvantages by rapidly blowing air into cylinder 
490 at relatively high pressure and as soon as the end work 
pieces contact the center workpiece. As a consequence, the 
initial buildup of oil pressure in cylinder 464 and thus in the 
outboard ends of cylinders 32, 33, S4, and 55 is abrupt and 
rapid as indicated by the curve section 534 in FIG. 10. This 
sudden buildup to a moderate pressure avoids stick welds and 
battering and was found to substantially eliminate the 
presence of oxides that would otherwise occur. From this 
abrupt pressure buildup the curve follows section 530 which is 
essentially exponential and gradual, but which has a greater 
slope than curve section 532. In essence, the portion of the 
pressure buildup (curve section 532) where the adiabatic 
curve is relatively flat is eliminated. 

It was found that an abrupt and rapid buildup of pressure in 
the outboard travel cylinder ends of such magnitude as to 
exert a force on each end spindle (11,13) of about 1500 
pounds per square inch of workpiece area being welded in not 
more than 3 seconds and preferably within2 seconds substan 
tially eliminates the presence of oxides that would otherwise 
occur. As a result of this abrupt and material increase in axial 
thrust, the oxides in the weld are reduced to such a small 
amount as to be negligible and have no significant affect on 
the weld strength. 
Abrupt buildup of workpiece engagement thrust to a very 

high value about 3000 pounds is objectionable since it would 
tend to stall the motor rotating the end workpiece as well as 
causing slippage and consequent marring of the end work 
piece in chuck elements 121. Therefore, the pressure buildup 
following the abrupt buildup to an intermediate value of from 
1500 pounds to 3000 pounds per square inch of workpiece 
area being welded is preferably made gradual as indicated by 
exponential curve section 530. 
When piston 486 reaches the upper limit of its stroke (i.e., 

bottoms out at the upper end of cylinder 464), the force curve 
shown in FIG. 10 becomes essentially flat as indicated by sec 
tion 536. The transition from curve section 530 to curve sec 
tion 536 could be a step function depending upon the relief af. 
forded by valve 468. At this stage, the end workpieces and 
3 are still being rotated, and the pressure in the outboard 
ends of cylinders 32, 33,54, and 55 is adjusted to be about 
one-half of the final workpiece-engaging weld pressure. This 
value, however, is not an essential requirement. 
When piston 486 bottoms out at the upper limit of its 

stroke, there will be a small clearance between the arrested 
position of piston 488 and the upper limit of its stroke. In this 
embodiment the clearance is about 14 inches. The effective 
clearance volume can be adjusted by opening the valves for 
one or more of the tanks 504. 
As will be explained in greater detail later, rotation of the 

spinning workpieces 1 and 13 is arrested, according to this 
embodiment, after piston 486 bottoms out. However, rotation 
of workpieces 11 and 13 may be arrested either before or after 
the final weld pressure (which is indicated by the curve sec 
tion 540 in F.G. 10) is reached. 
As shown in FIG, 10, a final, increased workpiece-engage 

ment pressure is applied to drive workpieces 11 and 13 against 
the center workpiece with still greater force after the rotation 
of workpieces 11 and 13 is stopped. However, this increased 
pressure may be applied during rotation of workpieces 11 and 
13, as long as it is held for a predetermined time after the rota 
tion of the workpieces is arrested. 
The increased weld pressure mentioned above is produced 

by deemergizing solenoids S5 and S6. Deenergization of sole 
noid S5 reconnects conduits 454 and 460 to conduits 462 and 
458 respectively. As a result, the outboard ends of cylinders 
32, 33, 54 and 55 are placed in direct communication with 
pumps 450 through conduits 454, 462, and 380 (solenoids 
SA and SB being still energized at this stage). In addition, 
restrictor 462 and relief valve 468 are effectively removed 
from the active circuit, as conduits 458 and 466 are now con 
nected through valve 456, through conduit 460, through valve 
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8 
476 (which is now in its illustrated drain position as a result of 
deenergizing solenoid S6), and through conduit 372 to sump 
244. The maximum pressure maintained in conduit 454 and, 
consequently, in the outboard ends of cylinders 32, 33, 54, 
and 55 is now under the control of relief valve 480 which is set 
to provide the maximum or final weld pressure. 
As shown in FIG. 10, the final pressure (curve section 540) 

applied to urge workpieces 11 and 3 against the center work 
piece is increased considerably to produce a force of no less 
than 15,000 pounds per square inch of workpiece area being 
welded for SAE 1035 steel. This final weld force will be 
governed by the material being welded. This relatively high 
pressure is maintained until the weld, which was formed at the 
moment rotation of the end workpieces 1 and 3 was ar 
rested, has cooled sufficiently to generate a strong weld. The 
weld is now completed. The unitary welded article is then 
released from chunk elements 12 and carriers 22 and 23 are 
returned to their retracted positions. This is accomplished by 
energizing solenoid S10 for valve 224. After that, solenoid S1 
is energized and solenoid S11A is deenergized to shift valve 
252 to its position where it connects conduits 256 and 258 
respectively to conduits 254 and 248 for releasing the jaws of 
both fixtures 17. In addition, solenoid S12A is deemergized 
and solenoid S12 is energized to shift valve 286 to its position 
for unclamping jaws 15 and 6 in the manner previously 
described. The welded workpiece structure is now released for 
removal. 
The foregoing completes the description of the hydraulic 

circuit for the welding machine of this invention. The electri 
cal control and sequencing circuit for operating the various 
solenoids in the hydraulic circuit as well as the other previ 
ously described electrical components will now be described. 

Referring now to FIG. 9A, the control and sequencing cir 
cuit is shown in a deemergized condition and comprises a 
transformer 550 having a primary winding 552 connected 
across two conductors of a three-phase line 554 which pro 
vides a source of voltage for the equipment. The secondary 
winding 556 of transformer 550 is connected across a pair of 
conductors 560 and 561. To energize transformer 550 a main 
switch 564 in the three-phase line is closed. 

If oil in sump 244 is below an optimum operating tempera 
ture, aheater control relay H1 will be energized. This energiz 
ing circuit may be traced from conductor 560 through a ther 
mostatically controlled switch 566, and through the operating 
coil of relay H to conductor 561. When relay H1 is ener 
gized, contacts H1-1, H1-2 and H1-3 (FIG.9D) are closed to 
connect a heater 568 to the three-phase line 554. 

Heater 568, as shown in FIG. 6, is located in sump 244 to 
preheat the oil which will be delivered to the previously 
described hydraulic circuit and thus to the hydrostatic journal 
and thrust bearings in carriers 22 and 23 when operation of 
the machine is started. A lamp 570 (FIG. 9A) in parallel with 
relay H1 is illuminated when relay Hi is energized to indicate 
that the heater is on. 
A thermostat 572 (see FIGS. 6 and 9A) in sump 244 opens 

switch 566 when the sump oil is preheated to its operating 
temperature. Relay H1 will therefore deenergize to deemergize 
heater 568 by opening contacts H1-1, H1-2, and H1-3. When 
switch 566 opens, lamp 570 is extinguished, indicating that the 
sump oil is up to temperature. The machine is now in condi 
tion to be started, and during its operation heater 568 nor 
mally will remain deemergized owing to the heat generated by 
the hydrostatic bearings. 
To start operation, a spring-loaded pushbutton master start 

switch 580 (FEG, 9A) is momentarily depressed to energize a 
i master control relay CRM through all sets of normally closed 
overload contacts (of which only two are shown for illustrative 
purposes as indicated at 582 and 584) and through a normally 
closed spring-loaded, pushbutton master stop switch 586. 
Energization of relay CRM closes a set of normally open con 
tacts CRM-1 to provide a holding circuit for maintaining relay 
CRM energized after switch 580 is released. 
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The overloaded contacts (582, 584) are associated with the 
various motor and motor starter circuits and open when an 
overload occurs in the equipment to interrupt the energizing 
circuit for relay CRM. This will deemergize the circuitry now 
to be described. 
As shown in FEG.9A, energization of relay CRM closes two 

sets of normally open contacts CRM-2 and CRM-3 which are 
respectively contained in conductors 560 and 56. By closing 
contacts CRM-2 and CRM-3 the secondary transformer volt 
age is placed across the remaining portions of conductors 560 
and 56 shown in FIGS. 9A, 93, and 90. As a result, solenoid 
S10 (FIG. 9A) will be energized through a set of normally 
closed contacts CR4-, solenoid S. (FIG. 9A) will be ener 
gized through a set of normally closed contacts CR3-1, and 
solenoid S12 (FIG.9A) will be energized through a set of nor 
mally closed contacts CR2-1. Solenoid S10 controls operation 
of valve 224 for the hydrostatic journal bearing hydraulic cir 
cuit shown in FIG. 6. No oil, as yet, is flowing through any of 
the hydraulic circuits in FIGS. 6-8 since the pump motors 
202, 246, and 338 have not been energized at this stage. 

In addition to the foregoing, relay CR12 (FIG. 9C) will be 
energized through a limit switch LS3. Switch LS3, as shown in 
FIG. 8, is actuated by movement of piston rod 487 and will be 
closed when piston 488 reaches the lower end of its stroke. 
Piston 488 will normally be in this position following each 
weld cycle. 

Energization of relay CR2 closes two sets of normally open 
contacts CR12-1 (FIG. 9C) and CR2-2 (FIG.9B). Contacts 
CR12-A complete a holding circuit through a set of normally 
closed contacts CR 0-5 to maintain relay CR12 energized 
when switch LS3 opens. Switch LS3 will open when oil is 
delivered to cylinder 464 to displace piston 486 and rod 487 
upwardly as viewed from FIG.8. 
Contacts CR2-2 are contained in an energizing circuit for 

a deceleration timer TD2 (FIG. 9B) for a purpose which will 
be described later on. 

After switch 580 is depressed to energize the relays and 
solenoids mentioned above, spring-loaded pushbutton motor 
start switches 590, 59, and 592 (see F.G. 9A) are momen 
tarily depressed. Depression of switch 590 completes a circuit 
through a normally closed spring-loaded pushbutton stop 
switch 594 to energize a motor starter relay M4 for the oil 
bearing motor 202 (FIGS. 9D and 6). Energization of relay 
M4 closes four sets of normally open contacts M4-1, M4-2, 
M4-3, and M4-4. By closing contacts M4-4 (see FIG. 9A) a 
holding circuit for maintaining relay M4 energized after 
switch 590 is released is completed through switch 594. 
By closing contacts M4-1, M4-2, and M4-3, which are 

shown in F.G. 9D, an energizing circuit is completed for 
motor 202. Motor 202 is deemergized by depressing switch 
594 which interrupts the energizing circuit for relay M4 to 
open contacts M4-1, M4-2, and M4-3. 

Depressing switch 591 completes an energizing circuit for a 
motor starter relay M3 through a normally closed, spring 
loaded, pushbutton stop switch 595. Energization of relay M3 
closes four sets of normally open contacts M3-1, M3-2, 
M3-3, and M34, of which contacts M3-4 are shown in FIG. 
9A. By closing contacts M3-4, a holding circuit is completed 
through switch 595 to maintain relay M3 energized after 
switch 59 is released. 

Contacts M3-1, M3-2, and M3-3, which are shown in FIG. 
9D, complete an energizing circuit for motor 246 when they 
are closed by energization of relay M3. To deenergize motor 
246, switch 594 is depressed to interrupt the energizing circuit 
for relay M3 and thereby open contacts M3-1, M3–2, M3-3, 
and M3-4. 
By depressing switch 592, an energizing circuit for a motor 

starter relay M5 is completed through a normally closed, 
spring-loaded, pushbutton stop switch 596. Energization of 
relay M5 closes four sets of normally open contacts M5-1, 
MS-2, MS-3, and M5-4, of which contacts M5-4 are shown 
in FIG. 9A. By closing contacts M5–4, a holding circuit is 
completed for maintaining relay M5 energized through switch 
596 when switch 592 is released. 
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Contacts M5-, MS-2, and M5-3, which are shown in FIG. 

9D, energize motor 338 when closed by energization of relay 
M5. To deenergize motor 338, switch 596 is depressed to in 
terrupt the energizing circuit for relay M5 and thus open con 
tacts MS-A, MS-2, M5-3, and MS-4. 

Energization of motors 202, 246, and 338 starts pumps 203 
(FIG. 6), 294 (FIG. 6), 212 (FIG. 6), 240 (FIG. 7), 440 (FIG. 
8), 450 (FIG. 8), and 336 (FIG. 8). 
At this stage, clamping relays CR2 (FIG. 9A) and CR3 

(FEG. 9A) will be deemergized. When relay CR2 is deener 
gized contacts CR2- are closed to complete an energizing 
circuit for solenoid S12 as previously explained. A normally 
open set of contacts CR2-2 (FIG. 9A) of relay CR2 will be 
open to prevent energization of solenoid S12A. 
With solenoid S.2 energized and solenoid S12A deener 

gized valve 286, as previously explained, will be shifted to its 
unclamping position. When pump 240 is started, therefore, oil 
will be delivered to cylinder 294 to move jaws 15 and 6 to 
their unclamped positions. 
With relay CR3 deenergized, contacts CR3-1 will be closed 

to provide the previously described energizing circuit for sole 
noid S. 1. Solenoid S.A., however, will be deemergized since 
it is in series with a set of normally open contacts CR.3-2 of 
relay CR3. 
With solenoid S1. A deemergized and with solenoid S1 

energized, valve 252 will be shifted to its position where it 
delivers oil from pump 240 to motors 264 and 266 for un 
clamping the jaws of fixtures 17. The center workpiece 2 
may now be loaded in the machine. 
With pumps 203, 204, and 212 running, oil will be delivered 

to the hydrostatic journal and thrust bearings in carriers 22 
and 23. The pressure of the oil delivered by pump 22 to the 
journal bearings, however, will be limited by valve 222 to a 
relatively low value since solenoid S10 is presently energized 
as previously explained. The oil pressure in chamber 106 
(FIG. 3) will therefore be relatively low and piston 107 will be 
biased by spring 112 to its forward position where the chuck 
elements 21 in carriers 22 and 23 are pushed forwardly for 
receiving, but not yet clamping the end workpieces and 13. 
At this stage it is necessary to momentarily depress an emer 

gency reset, spring-loaded, pushbutton switch 600 (FIG.9A) 
to momentarily energize a reset relay CR1 through a set of 
normally closed contacts CR5-5. This will ensure that the 
control circuitry is reset and ready for operation. When relay 
CR is pulsed in this manner, normally open contacts CR1 
(FIG. 9C), CR1-2 (FIG. 9B), CR-3 (FIG. 9B), and CR-4 
(FIG.9D) are momentarily closed. 
By momentarily closing contacts CR1-1, relay CR10 (FIG. 

9C) is pulsed. Pulsing relay CR10 momentarily opens nor 
mally closed contacts CR10-1 (FIG.9A), CR10-2 (FIG.9B), 
CR10-3 (FIG. 9B), CR 0-4 (FIG. 9B), and CR10-5 (FIG. 
9C). Momentarily opening contacts CR10-1 ensures that start 
cycle relay CR4 (FIG. 9A) is deenergized with all of its con 
tacts reset. Momentarily opening contacts CR10-2 clears 
timer TD1 (FIG. 9B). Momentarily opening contacts CR-3 
opens the circuit to the left-hand deceleration relay CR7 
(FIG. 9B) to assure that its contacts are reset. Momentarily 
opening contacts CR10-4 opens the circuit to the right-hand 
deceleration relay CR8 to ensure that its contacts are reset. 
Momentarily opening contacts CR10-5 will have no effect 
provided switch LS3 is closed. 
Momentary closure of contacts CR-2 and CR1-3 provides 

a safety interlock to deactivate the deceleration override cir 
cuits which will be described in greater detail later on. 

By momentarily closing contacts CR-4 (FIG. 9C), relay 
CR13 is energized and is latched in by a holding circuit which 
is completed through stop switches 604 and 605 by the closing 
of the normally open contacts CR14-4 (FIG. 9C). Energiza 
tion of relay CRA3 closes normally open contacts CR.3-1 
(FIG. 9A), CR.3-2 (FIG. 9B), CR.3-3 (FIG. 9C), and 
CR13-6 (FIG. 9C), Also, energization of relay CR 13 opens a 
normally closed set of contacts CR13-5 (FIG. 9C). The cir 
cuits that will eventually be completed through contacts 
CR.3-, CR.3-2, CR.3-3, and CR.3-6 will be described 
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shortly. Opening of contacts CR13-5 simply extinguishes an 
indicator lamp 608. 

Following the momentary depression of switch 600, spring 
loaded, pushbutton motor start switches 60 and 61, which 
are shown in FIG.9A, are momentarily depressed. Depression 
of switch 650 completes a circuit through a normally closed 
spring-loaded, pushbutton stop switch 6A2 to energize a motor 
start relay. M1 for motor 67. Energization of relay Ma closes 
four sets of normally open contacts Mi-, Mi-2, M1-3, and 
Mi-4. Closing of contacts M1-4, as shown in F.G. 9A, 
completes a holding circuit through switch 612 for maintain 
ing relay M1 energized when switch 610 is released. 
Contacts Mi-2, Mi-3, and Mii-, which are shown in FIG. 

9D, energize motor 67 when they are closed by energization of 
relay Mi. To deenergize motor 67, switch 612 is depressed to 
interrupt the holding circuit for relay Mi and thus open con 
tacts M1-1, M1-2, and MR-3. 
By depressing switch 61, a circuit is completed through a 

normally closed, spring-loaded, pushbutton stop switch 63 to 
energize a motor starter relay M2 for motor 46. Energization 
of relay M2 closes normally open contacts M2-1, M2-2, 
M2-3, and M2-4. Closing of contacts M2-4 (FIG. 9A) 
completes a holding circuit for maintaining relay M2 ener 
gized when switch 61 is released. Contacts M2-1, M2-2, and 
M2-3, as shown in FIG. 9C, are closed to energize motor 46. 
Motor 46 is deemergized by depressing switch 613 to interrupt 
the holding circuit for relay M2, thus opening contacts M2-1, 
M2-3, and M2-4. Rotation is not imparted to shafts 58 and 38 
as yet since the motor clutches 47 and 68 have not been ener 
gized at this stage. 
The foregoing is the condition of the control circuit before 

each welding cycle is initiated. Motors 46, 67,202, 246 and 
338 will run continuously during and between welding cycles. 
The workpieces A, 12 and 3 are now loaded into the 

machine in the manner previously described, and a spring 
loaded, pushbutton switch 66 (FIG. 9A) is depressed to 
complete a circuit through two normally closed spring-loaded, 
pushbutton switches 618 and 619 for energizing the end clamp 
relay CR3. Energization of relay CR3 closes normally open 
contacts CR3-2 and CR3-3, both shown in FIG.9A, by clos 
ing contacts CR3-3 a holding circuit is completed through 
switches 618 and 619 to maintain relay CR3 energized when 
switch 616 is released. By closing contacts CR3-2, solenoid 
Sf A is energized. 

Energization of relay CR3 also opens normally closed con 
tacts CR3-1 to interrupt the energizing circuit for solenoid 
Sii. With solenoid Si 1A energized and solenoid S11 deemer 
gized, valve 252 as previously described is shifted to a position 
where oil is delivered to motors 264 and 266 for moving the 
jaws of fixtures 7 to engage and clamp the ends of the axle 
housing centersection. 
With the ends of the axle housing centersection clamped in 

place by fixtures 17, a spring-loaded, pushbutton switch 620 
(FIG.9A) is then depressed to complete a circuit through nor 
mally open contacts CR3-4 which are now closed as a result 
of energizing relay CR3. Contacts CR3-4 provide an interlock 
to prevent the center of the axle housing section from being 
clamped before the ends of the axle section are clamped in 
place by fixtures 17. This conforms to the preferred clamping 
sequence explained in connection with the hydraulic circuit 
shown in FG, 7. 
By energizing relay CR2, normally open contacts CR2-3 

close to complete a holding circuit for maintaining relay CR2 
energized through switches 628 and 619 when switch 620 is 
released. Normally open contacts CR2-2 also close to ener 
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gize solenoid S12A, and normally closed contacts CR2-1 : 
open to deemergize solenoid S12. 
With solenoid Si2A energized and solenoid S12 deemer 

gized, valve 286 is shifted to its position where the oil 
delivered to cylinder 294 is operative to move jaws 15 and 16 
into clamping engagement with the center of the axle housing 
section in the manner previously described. 
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At the same time that relay CR2 is energized, solenoid S3 

(FIG.9A), which is in parallel circuit relationship with relay 
CR2, is also energized and is latched through the holding cir 
cuit provided for relay CR2. By energizing solenoid S13, the 
limit of the pressure buildup for clamping jaws 15 and 16 
against the axle housing center section is appreciably in 
creased in the manner previously explained in connection with 
the hydraulic circuit shown in FIG.7. 
At this stage, the axle housing center section 13 is clamped 

firmly in place. When the increased oil pressure resulting from 
the energization of solenoid S13 enters cylinder 294 to shift 
piston 296 in a jaw-clamping direction, a pressure switch PS2 
(FIGS. 9A and 7) is closed. 
With switch PS2 closed, the start cycle relay CR4 may now 

be energized by depressing a spring-loaded, pushbutton switch 
624 (FIG. 9A). This completes a circuit through contacts 
CR13- (which are closed as a result of having energized and 
latched in relay CR.3), through switch PS2, and through a 
pair of normally closed switches LS4 and LS5 to energize 
relay CR4. Switches LS4 and LS5 will be closed if the hydro 
static oil bearing filters 208 and 207 are not clogged. If one or 
both of the filters is clogged one or both of the switches LS4 
and LS5 will open to prevent the completion of an energizing 
circuit for relay CR4. 
By energizing relay CR4, normally open contacts CR4-2 

(FIG. 9A) are closed to complete a holding circuit through 
contacts CR-2 to maintain relay CR4 energized when switch 
624 is released. Energizing relay CR4 also closes a set of nor 
mally open contacts CR4-3 (FIG. 9A) to provide a circuit 
through contacts CR3-3 for latching relay CR3 and also to 
provide a circuit through contacts CR2-3 for latching relay 
CR2. Relays CR2 and CR3 will remain energized at this stage 
to keep the center workpiece clamped in place even though 
any one of the switches 618 and 619 is depressed to a circuit 
interrupting position. 
When relay CR4 energizes it also opens the normally closed 

contacts CR4-1 to deemergize solenoid S10. As a result, valve 
224 (FIG. 6) is shifted to its position where relief valve 222 
will allow the oil pressure to build up to an appreciably higher 
pressure as previously described. With this pressure buildup, 
the pistons 107 in carriers 22 and 23 will shift to their out 
board positions where chuck elements 121 close to grip the 
two end workpieces 11 and 13. Also with pressure buildup, 
pressure switch PS1 (FIGS. 6 and 9B) will close to energize an 
operating solenoid 626 of timer TD1. 
As will become apparent shortly, timer TD starts the 

beginning of the welding cycle and times the period that the 
end workpieces 11 and 13 are rotated. Energization of sole 
noid 626 closes the normally open timer contacts TD1-4 to 
start the timing motor 628. The circuit for energizing solenoid 
626 will be through contacts CR 0-2 which are closed at this 
stage. 
With switch PS closed and with contacts CR0-2 closed, a 

circuit is completed for energizing a brake release relay CR4 
(FIG.9B). Energization of relay CR4 closes a set of normally 
open contacts CR4-1 (FIG. 9C) to energize a pair of brake 
release solenoids S9A and S9B. Energization of solenoids S9A 
and S9B respectively release brake units 48 and 69. 
When switch PSA closes a circuit will be completed through 

the pressure switch, through contacts CR10-2, and through a 
conductor 630 to energize an operating solenoid 632 (FIG. 
9B) of a timer TD5. Energization of timer TD5 closes a set of 
normally open contacts TDS-A to energize the timing motor 
634. The purpose of this timer will be described shortly. 
As shown in FIG.9B, contacts TD1-A simply are normally 

open contacts, but contacts TD-1B and TD1-C of timer TD 
are controlled by motor 628. Contacts TDA-B will be open be 
fore motor 628 is energized, will remain open while motor 628 
is energized and timing, and will close when motor 628 times 
out. This sequence of contact actuation is schematically illus 
trated by the three boxes above the contacts wherein O in 
dicates an open contact condition and X represents a closed 
contact condition. The left, center, and right boxes respective 
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; : ly indicate the condition of contacts before the timing motor is 
... energized, when the timing-motor is energized and timing, and 
finally when the timing motor has timed out. This schematic 
designation has also been applied for the other motor-con 
trolled timer contacts in FGS. 9A, 9B and 9C. 
As soon as motor 628 is energized and begins timing, there 

fore, contacts TD1-C close, and a circuit is completed 
through contacts CR.3-2 for energizing a pair of clutch sole 
noids S3A and S8B. Energization of solenoid S8A engages 

24 
through contacts CR 0-4 for maintaining relay CR8 ener 
gized when switch LS2B opens. Opening of contacts CR8-3 
deenergizes solenoids S3B and S4B. 
By deenergizing solenoids S3A, S4A, S3B, and S4B, valves 

5 348,388, 34.8a, and 388a are shifted in the manner previously 

clutch unit 4. With the brake units released, motors 67 and 
46 will respectively be drive-connected to start rotation of 
shafts 58 and 38 and, consequently, the end workpieces is 
and 13 clamped in chuck elements 121. The welding cycle has 
now begun and workpieces li and 13 are spinning. 
Timers TD1 and TD5, as is clear from the foregoing and as 

indicated on FIG. 10, begin tinning at the same time. Timer 
TD5 performs a delay function in that it allows the rotational 
speed of workpieces 1 and 13 to come up to a desired rate 
before the end workpieces engage the center workpiece. 
Thus, where the travel time involved in advancing workpieces 

... and 13 into engagement with the center workpiece is not 
long enough to allow the spinning workpieces to come up to 
speed, timer TD5 is employed to momentarily delay the for 

- ward advancement of the workpieces and thus provide an ad 
ditional time period in which the rotational workpiece speed 
may increase. Timer TD functions to keep the end work 
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described to reduce the oil flow rate applied in cylinders 32, 
33, 54, and 55 for accelerating carriers 22 and 23 forwardly 
and to place restrictors 390 and 390a in the active part of the 
hydraulic circuit to increase the back pressure at the inboard 

0 ends of cylinders 32,33, 54, and 55. As a result, the end work 
pieces 1 and 3 will rapidly decelerate to gently contact the 
center workpiece without rebounding in the manner previ 
ously explained. - 

5 By closing contacts CR7-2 and CR8-2 a circuit, as shown in 
FiG.9B, is completed through limit switches LSiA and LSB 
and contacts CR12-2 (which are closed at this stage) to ener 
gize an operating solenoid 640 for timer TD2. Limit switches 
LSA and LSB, as shown in F.G.8, will close when carriers 
22 and 23 begin to move toward each other. Timer TD2-con 
trols the deceleration time period. 
When solenoid 640 is energized, it closes a set of normally 

- open contacts TD2-A to start the timer motor 642. A set of 
motor-controlled timer contacts TD2-B, as shown in FIG.9B, 

25 are open before motor 642 is started, remain open when 

pieces rotating after they contact the center workpiece and 
until sufficient heat is frictionally generated for welding. 

In this embodiment, timer TD is set to time out in about 28 
sections, whereas timer TD5 will be set to time out in approxi 
mately second where the distance between adjacent work 
pieces is about 8 to 10 inches. 
As shown in FIG. 9A, timer TD5 has a set of motor con 

trolled contacts TD5-B which are open before motor 634 is 
energized, which remain open when motor 634 is energized 
and timing, and which close when motor 634 times out. Thus 
when motor 634 times out, contacts TDS-B close to complete 
an energizing circuit for a relay CR5 (FIG.9A). 

Energization of relay CR5-closes a set of normally open 
contacts CR5-1 (FIG.9A) to energize-solenoid S2A, closes a 
set of normally open contacts CR5-2 (FIG. 9A) to energize 
solenoid S2B, closes a set of normally open contacts CR5-3 
(FIG. 98) to energize solenoids S3A and S4A through a set of 

- normally closed contacts CR7-3, closes a set of normally-open 
- contacts CR5-4 to energize solenoids 3B and 4B through a set 
of normally closed contacts CR8-3, and opens normally 

: closed contacts CR5-5 (FIG. 9A) to prevent energization of 
relay CR by depression of switch 600. 
With solenoids S2A, S3A, and S4A energized, carrier 22 is 

accelerated forwardly at a relatively rapid rate owing to the 
high oil flow rate resulting from energization of solenoids S3A 
and S4A as previously described. Likewise, carrier 23 will also 
be accelerated forwardly at relatively rapid rate with solenoids 
S2B, S3B, and S4B energized in the manner described in con 
nection with the hydraulic circuit shown in FIG.8. 
As the spinning workpieces 1 and 13 approach the center 

workpiece a pair of limit switches LS2A and LS2B as shown in 
FIGS. 8 and 9B are tripped to their closed positions to respec 
tively energize deceleration relays CR7 and CR8. Energiza 
tion of relays CR7 and CR8, as will now be described, initiates 
the deceleration period for workpieces 11 and 13 respectively. 

Energization of relay CR7 closes a set of normally open 
contacts CR7-1 to complete a holding circuit for maintaining 
gelay CR7 energized after switch LS2A opens. Energization of 
relay CRT also closes normally open contacts CR7-2 (FIG. 
9B) and opens normally closed contacts CR7-3. Contacts 
CR7-2 are contained in an energizing circuit for timer TD2 
and will be described shortly. Opening of contacts CR7-3 
(F.G. 9B) deenergizes solenoids S3A and S4A. 

motor 642 is energized and timing, and close when motor 642 
times out. in this embodiment, motor 642 times out in about 1 
second, at which time contacts TD2-B close to complete a cir 
cuit for energizing relay CR9. The end workpieces 1 and 13, 

30 which are now decelerating, will contact the center workpiece 
just about the time that timer TD2 times out. 

Energization of relay CR9 closes its four sets of normally 
open contacts CR9-1 (FIG. 9B), CR9-2 (FIG. 9B), CR9-3 
(FIG. 9C), and CR9-4 (FIG.9C). By closing contacts CR9-1 

35 new circuits are completed for maintaining solenoids S3A and 
S4A energized. Likewise, closure of contacts CR9-2 main 
tains solenoids S3B and S4B energized. Closing of contac 
CR9-3 completes a circuit for energizing an operating sole 
noid 646 of timer TD3 for timing the workpiece-contact weld 

40 ing period. Closing of contacts CR9–4 completes a circuit for 
energizing an operating solenoid 648 in another timer 
swhich times the heat builtup period. 

Energization of solenoid 646 closes a set of normally open 
contacts. TD3-A (FIG. 9C) to start the timer motor 650. 

45 Similarly, energization of solenoid 648 closes a set of normally 
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open contacts TD4-A (FIG. 9C) to start the timer motor 652. 
s. At this stage, timers TD1, TD3, and TD4 will be timing. 

Timer TD3, as shown in FIG. 9C, is provided with two sets 
of motor-controlled timer contacts TD3-B and TD3-C. Con 
tacts TD3-B are open before motor 650 is started, close im 
mediately when motor 650 is started, remain closed while 
motor 650 is running and thus timing, and open when motor 
650 times out. Contacts TD3-C are open before motor 650 
starts, remain open when motor 650 is energized and timing, 
and close when motor 650 times out. --- 
Thus as soon as relay CR9 energizes, motor 650 is started 

and contacts TD3-B close to energize solenoids: S1A, SB, 
and S7. As soon as timer TD4 is started, contacts TD4-B close 

60 to energize solenoids S5 and S6. The energization of these 
solenoids, as will be recalled, increases the oil flow rate to 
abruptly build up the oil pressure in the outboard ends of 
cylinders 32,33, 54, and 55 for pushing the stili-spinning end 
workpieces 11 and 13 against the center workpiece with in 

65 creased force. The operation of solenoids S1A, SAB, and S7 in 
the hydraulic circuit to produce this initial pressure buildup 
has aiready been described. - 
As timer TD4 continues to time along with timers TD1 and 

TD3, the pressure buildup from the initial abrupt buildup 
70 becomes more gradual as previously explained and as shown 

Energization of relay CR8 closes normally open contacts 
CR8-1 (FIG. 9B), closes normally open contacts CR8-2 
(FIG.95), and opens normally closed contacts CR8-3. By 

by curve section 530 in FIG. 10. Timer TD4 allows the oil 
pressuse to build up sufficiently to force the spinning end 
workpieces 11 and 13 against the-center workpiece with the 
previously mentioned terminal heat cycle pressure. Work 

closing contacts CR8-1, a holding circuit is completed 75 pieces 11 and 3 in this embodiment will be rotating at about 
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2500 rp.m. The welding period controlled by timer TD3 
begins essentially when the end workpieces 1 and 13 contact 
the center workpiece and just as soon as timer TD2 times out 
and does not terminate until the final weld pressure (curve 
section 540) is released. 

Preferably, before timer TD4 times out, timer TD1 will time 
out for arresting rotation of the spinning workpieces 11 and 
13. At this time, sufficient heat has been frictionally generated 
by rubbing contact between the adjacent workpieces to 
plasticize the adjacent workpieces ends. In this state the weld 
joints at the abutting workpiece ends will form as soon as rota 
tion of workpieces 1 and 3 is arrested. 
When timer TD1 times out, contacts TD1-C open to 

deemergize solenoids S8A and S8B with the result that the 
motor clutch units are released to disengage motors 46 and 
67. Contacts TD1-B will close when timer times out to ener 
gize relay CR6, as shown in FIG. 9B. Energization of relay 
CR6 opens a set of normally closed contacts CR6-1 (FIG. 9C) 
to interrupt the energizing circuit for the brake solenoids S9A 
and S9B. As a result, the brake units 48 and 69 are applied to 
arrest rotation of shafts 38 and 58 and, consequently, work 
pieces 11 and 13. A brake control switch 656 (FIG. 9C) is 
shunted around contacts CR6-1. By opening switch 656, 
workpieces 11 and 13 are allowed to coast to a stop without 
being braked. 

It will be noted that contacts TD1-A and TD1-B remain 
closed until timer TD1 is reset. The brake units remain on 
until timer TD is reset. 

In this embodiment, timer TD4 times out shortly after timer 
TD times out to operate the control circuit for applying the 
final weld pressure. By timing out, timer TD4 opens contacts 
TD4-B and closes contacts TD4-C. Contacts TD4-A and 
TD4-C will remain closed until the timer is reset. 
By opening contacts TD4-B, solenoids S5 and S6 are 

deenergized with the result that oil pressure in the outboard 
ends of cylinders 32,33,54, and 55 will be allowed to build up 
to the higher relief limit provided by relief valve 480 as previ 
ously explained. 
By closing timer contacts TD4-C, a relay CR11 (FIG.9C) is 

energized. Energization of relay CRA closes a set of normally 
open contacts CR11-1 (FIG. 9B) to provide an interlock for 
timer TD2, thus preventing timer TD2 from being reset until 
carriers 22 and 23 are returned to their retracted positions 
shown in FIG. 1 at the completion of the welding cycle. 

After the welds are formed and cooled sufficiently, timer 
TD3 times out, signalling the completion of the welding cycle 
and operating the control circuit to return carriers to their 
retracted positions after chuck elements 121 have been un 
clamped. 
When timer TD3 times out contacts TD3-B open and con 

tacts TD3-C close. Contacts TD3-C remain closed until the 
timer is reset. By opening contacts TD3-B, solenoids S1A, 
S1 B, and S7 are all deemergized with the result that the high oil 
pressure in the outboard ends of cylinders 32,33, 54 and 55 is 
removed and the cylinders are transferred back to their 
respective travel pumps. This operation was previously 
described in connection with FIG. 8. 
By closing contacts TD3-C relay CR10 (FIG. 9C) is ener 

gized. Energization of relay CR10 opens its five sets of nor 
mally closed contacts CR10-1 (FIG.9A), CR10-2 (FIG. 9B), 
CR1O-3 (FIG. 9B), CR10-4 (FIG. 9B), and CR10-5 (FIG. 
9C). By opening contacts CR10-1, relay CR4 is deemergized 
and all of its previously described contacts are reset for the 
next welding cycle. At this stage, therefore, contacts CR4-1 
are closed to energize solenoid S10 with the result that the oil 
pressure in piston chambers 106 in carriers 22 and 23 will 
reduce, allowing pistons 107 to move forwardly to the posi 
tions where chuck elements 121 unclamp from workpieces 11 
and 13. 
By opening contacts CR10-2, timers TD1 and TDS are 

reset and relay CR6 is deemergized. Contacts CR6-1 for the 
brake unit solenoids S9A and S9B will thus be reset. Relay 
CR5 (F.G. 9A) will also be deemergized to deemergize sole 
noids S2A and S2B. 

O 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

70 

75 

26 
By opening contacts CR10-3, relay CR7 is deenergized with 

the result that its contacts will be reset. By opening contacts 
CR20-4; relay CR8 is deemergized to reset the previously 
described contacts of relay CR8. By opening of contacts 
CR 0-5, relay CR2 is unlatched and its previously described 
Contacts are reset. 
At this stage, a circuit through switches LSA and LSB 

and through contacts CR11-1 is maintained to prevent timer 
TD2 from being reset. As a result contacts TD2-B remain 
closed after timer TD2 times out. Solenoids S3A, S3B, S4A, 
and S4B will be energized through contacts CR9-1 and 
CR9-2 when timer TD2 times out and will be maintained 
energized as a result of the holding circuit through switches 
LS1A and LSB and contacts CR11-1 which prevents timer 
TD2 from being reset. Solenoids S3A, S3B, S4A, S4B and S10 
will thus be energized at the end of the weld cycle at which 
time solenoids SA, SB, S2A, S2B, and S7 are all deener 
gized as previously described. As a result, the hydraulic circuit 
at the end of the welding cycle is automatically conditioned to 
return carriers 22 and 23 to their retracted position in the 
manner previously described. As already explained, this will 
occur by delivering oil to the inboard ends of cylinders 32,33, 
54 and 55. As pistons 330-333 are moved toward the out 
board ends of their respective cylinders, switches LS2A and 
LS2B will close again, but relays CRT and CR8 will not 
reenergize since relay CR10 is still energized, keeping con 
tacts CR10-3 and CR 0-4 open. 
When carriers 22 and 23 approach their retracted positions, 

switches LS1A and LS1B are opened, resetting timer TD2. 
Contacts TD2-B will therefore open to deemergize relay CR9. 
Deenergization of relay CR9 opens contacts CR9-1 and 
CR9-2 to deemergize solenoids S3A, S4A, S3B, and S4B. 
Pistons 330-333 and, consequently, carriers 22 and 23 will 
be decelerated and thus come to a gentle stop at their 
retracted positions. 

Deenergization of relay CR9 also opens contacts CR9-3 
and CR9-4 to reset timers TD3 and TD4. Contacts TD3-C 
and TD4-C will therefore open to deenergize relays CR10 and 
CR respectively. All of the previously described contacts 
for relays CR10 and CR11 will now be reset. Timers TD1 and 
TD5 will have been reset by opening switch PS1. This will 
have occurred when solenoid S10 was energized to reduce the 
journal bearing pressure and to unclamp the end workpieces 
11 and 13 at the end of the welding cycle. As a result, all of the 
timers TD1, TD2, TD3, TD4, and TD5 are now reset as well as 
the relays except for those in the active circuit for clamping 
the center workpiece through fixtures 17 and jaws 15 and 16. 
The center workpiece with the end workpieces welded 

thereto are released for removal from the machine by 
depressing either of the unclamping switches 618 and 619 
(FIG. 9A) to interrupt the energizing circuit for relay CR3. 
Deenergization of relay CR3 closes contacts CR3-1 and opens 
contacts CR3-3 and CR.3-3. By closing contacts CR3-1, sole 
noid S11 is energized. By opening contacts CR.3-2, solenoid 
S11A is deemergized. Opening of contacts CR3-3 prevents the 
relay holding circuit from being reestablished when the 
depressed one of switches 618 and 619 is released. 
With solenoids S11 and S11A respectively energized and 

deemergized, fixtures 17 are unclamped in the manner previ 
ously described. 

Deenergization of relay CR3 also opens contacts CR3-4 to 
interrupt the energizing circuit for relay CR2 and solenoid 
S13. Deenergization of solenoid S13 reduces the high clamp 
ing pressure as previously described. Deenergization of relay 
CR2 closes contacts CR2-1 to energize solenoid Si2 and 
opens contacts CR2-2 to deemergize solenoid S12A. 
With solenoids S12 and S12A respectively energized and 

deemergized, jaws 15 and 16 are moved to their unclamped 
positions in the manner previously described. Contacts CR2-3 
also open to prevent the holding circuit for relay CR2 from 
being reestablished. 
The welded workpiece structure is now completely released 

and may be removed from the machine. When solenoids S12 
and S12A were respectively energized and deemergized switch 
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PS2 is opened. The machine may now be reloaded with new 
workpieces to be welded and the previously described welding 
cycle may be repeated by depressing the cycle start switch 624 
after the new workpieces are clamped in place and switch PS2 
has been reclosed. 
As shown in FIG. 9A, a pair of spring-loaded, pushbutton 

forward jog switches 670 and 671 are provided for. Switch 
670 is connected in parallel with contacts CR5-1 and when 
depressed will energize solenoid S2A even though contacts 
CR5-1 are open. Similarly, switch 671 is in parallel with con 
tacts CR5-2 and when depressed will energize solenoid S2B 
when contacts CR5-2 are open. Thus carriers 22 and 23 may 
selectively be jogged forwardly (i.e., toward each other) when 
relay CR5 is deenergized. 
Lamps 680 are connected in the circuit for simply indicat 

ing the energized conditions of the various relays. 
Solenoids S3A and S4A may selectively be energized to 

override a decelerating condition of carrier 22 by depressing 
switch 600 and a further spring-loaded, pushbutton switch 686 
(FIG.9B). Depression of switch 600 energizes relay CR1 un 
less relay CR5 is energized. Energization of relay CR1 closes 
contacts CR1-2 to allow a circuit to be completed for energiz 
ing solenoids S3A and S4A when switch 686 is depressed. 
Similarly deceleration of carrier 23 can be overriden by 
depressing a spring-loaded, pushbutton switch 687 (FIG. 9B) 
when relay CR1 is energized. Depression of switch 687 will 
then complete a circuit through contacts CR1-3 to energize 
relays S3B and S4B. 
Summarizing the welding operation described above, the 

machine is conditioned for operation by closing switch 564 
and then by momentarily depressing the master start switch 
580 after the oil in sump 244 has been preheated to the 
desired operating temperature. All of the motors 202, 246, 
338,46, and 67 are then started by depressing their associated 
start switches. 
With the motors running, the center workpiece 12 is then 

clamped in the machine. This will result in the closure of pres 
sure switch PS2. The end workpieces are inserted into the 
opening jaws of chuck elements 121, and the welding cycle 
may now be started by depressing the cycle-start switch 624. 

Providing that switch PS1 is closed, signifying that the end 
workpieces are clamped in the carriers and that the higher 
operating pressure has been applied to the hydrostatic journal 
bearings in the carrier, timers TD1 and TDS are energized. 
Their timing cycles being simultaneously. Clutch units 47 and 
68 are energized by energization of timer TD1 to start rotation 
of the end workpieces 11 and 13. Timer TD5, as previously 
mentioned, delays forward advancement of carriers 22 and 23 
to allow the rotating workpieces 11 and 13 to come up to 
operating speed in the desired time. 
When timer TD5 times out, oil, at its higher accelerating 

pressure is delivered to the outboard ends of cylinders 32, 33, 
54, and 55 to accelerate carriers 22 and 23 toward each other. 
As the end workpieces 11 and 13 approach the center work 
piece, switches LS2A and LS2B are tripped to condition the 
electrical and hydraulic circuits for decelerating the forward 
advancement of carriers 22 and 23 to gently bring workpieces 
11 and 13 into contact with workpieces 12. Timer TD2, which 
is started when switches LS2A and LS2B are tripped, times 
the deceleration period. Timer TD2 will be set to time out sub 
stantially at the moment the spinning end workpieces 11 and 
13 contact the center workpiece. When timer TD2 times out, 
timers TD3 and TD4 are energized and begin their timing cy 
cles simultaneously. 
As soon as timer TD4 is energized it operates the electrical 

and hydraulic circuits to abruptly and rapidly increase the oil 
flow rate into the outboard ends of cylinders 32, 33, 54, and 
55 to abruptly push the spinning workpieces 11 and 13 against 
the center workpiece with the previously mentioned force and 
in the previously mentioned time. This abrupt increase in the 
axial thrust applied to urge workpiece 11 and 13 against the 
center workpiece therefore occurs substantially upon engage 
ment of the end workpieces with the center workpiece. Fol 
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lowing this abrupt increase, the workpiece engagement pres 
sure is then gradually increased over a longer period of time 
owing to the essentially adiabatic compression of the air in 
cylinder 490. 
As the axial pressure applied to the spinning workpieces 11 

and 13 is built up in this manner, timer TD4 is timing along 
with timer TD and TD3. Timer TD4 is set to allow sufficient 
heat to be generated by rubbing engagement of the workpiece 
surface to cause the workpiece ends to become fusible. Just 
before timer TD4 times out, timer TD times out to stop rota 
tion of the end workpieces 1 and 13. Timer TD4 then times 
out to operate the electrical and hydraulic circuits to abruptly 
and materially increase the oil pressure in the outboard ends 
of cylinders 32,33, 54, and 55 to the final weld pressure. This 
final weld pressure is held until timer TD3 times out, Timer 
TD3 is set to allow sufficient time for the welds which are 
formed when rotation of the end workpieces stops, to cool to a 
desired temperature. 
Timer TD3 then times out to signal the completion of the 

welding cycle and to operate the electrical and hydraulic cir 
cuits for unclamping end workpieces, which are now welded 
to the center workpiece, and for returning carriers 22 and 23 
to their retracted positions shown in FIG. 1. 

After the jaws 15 and 16 and fixtures 17 are unclamped and 
the welded workpiece assembly is removed from the machine, 
another set of workpieces to be welded together may be 
placed and clamped in the machine. The next welding cycle is 
then initiated by depressing switch 624. 
From the foregoing it is clear that two independent timing 

systems are provided in the automatic production of friction 
welds. The first system is defined by timer TD which deter 
mines the spinning time and which is adjusted to allow for 
rotational acceleration of the rotating mass at each carrier and 
the approach travel of the workpieces 11 and 13. Timer TD5 
cooperates with timer TD1 in this first system to allow for a 
desired interval rotational acceleration before travel of the 
end workpieces is allowed to begin. The second timing system 
is defined by timers TD2, TD3, and TD4 and controls the 
workpiece engagement time period. 
From the foregoing description it is clear that the first tim 

ing system mentioned above times independently of the 
second timing system and can be adjusted to time out at any 
time independently of the second timing system. Each timing 
can therefore be accurately adjusted to achieve optimum 
results depending upon the characteristics of the workpieces 
to be welded together. 

In FIG. 10, curve 700 represents the watts consumed by 
motor 67. As shown, the power for the period starting with 
energization of timer TD3 and terminating when timer TD1 
times out is relatively constant and moderate even though 
there has been an abruptly applied load immediately when the 
end workpiece 11 butts against the center workpiece. The 
decrease in power after the initial and abrupt application of 
workpiece engagement pressure results from the nature of the 
abutting workpiece regions as they become plasticized during 
heating. 

It will be appreciated that the timers described above are 
conventional and that their respective timing periods are ad 
justable to handle different applications. Adjustment of timer 
TD1 may allow the engagement pressure to be increased to 
the level of curve section 540 before rotation of the end work 
pieces stops. 
The internal details of the previously described relief valves 

shown in FIGS. 6-8 are illustrated in FIG. 1. Each valve es 
sentially comprises a main valve closure member 720 which 
remains in the closed position on its seat 721 under the bias 
exerted by a spring 722 as long as the pressures in chambers 
723 and 724 remain equal. Chamber 723 communicates with 
a vent passage 724a and chamber 724 connects to the inlet 
port of the valve. Member 720 is formed with a piston 725 
which has its opposite faces acted upon hydraulic fluid pres 
sure in chambers 723 and 724 respectively. A small passage 
727 through piston 725 provides fluid communication 
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between chambers 723 and 724. Member 720 normally 
remains closed until the pressure in chamber 723 exceeds the 
equivalent force of a spring 726. As soon as this occurs, a 
piston or pilot valve closure member 728 is forced off its seats, 
and pressure in chamber 724 will be limited by the escape of 
fluid through passage 724a past member 728 and down 
through a centrally drilled passage 729 in member 720 to the 
discharge port. 
When pressure in chamber 724 increases further until it is 

sufficient to overcome pressure in chamber 723 and the force 
of spring 722, it lifts member 720 off its seat. This will allow 
fluid in chamber 724 to escape through the discharge port. In 
actual operation, member 720 normally will open just suffi 
ciently to allow excess fluid to escape and will remain in this 
opened or throttling position as long as resistance to fluid flow 
causing pressure buildup is present in the system. 

In each of the previously described Vickers Co. valve units, 
the vent passage 724a is connected to the solenoid-operated 
valve so that operation of the solenoid-operated valve exter 
nally controls the pressure of the fluid in passage 724a and 
thus in chamber 723. In the valve unit consisting of valves 384, 
386, and 388, for example, passage 396 is connected to 
passage 724a. When solenoid S4A is deemergized, therefore, 
the pressure in passage 424a and chamber 423 will be main 
tained at a relatively. low value by operation of relief valve 
386. The resistance to lifting piston 725 will be relatively low 
to maintain the relatively low clamping pressure for fixtures 
7. 
When solenoid S4A is energized, flow through passage 396 

from chamber 423 is blocked. Pressure in chamber 424 must 
therefore increase further to overcome pressure in chamber 
423 and the force of spring 726 for lifting member 720 off its 
seat. As a result, the resistance to lifting piston 725 will be 
greater and member 720 will maintain the relatively higher 
clamping pressure for the center clampjaws 15 and 16. 
The following valve units operate in the same manner: the 

assembly of valves. 384a, 386a, and 388a; the assembly of 
valves 310,314, and 316; and the assembly of valves. 222 and 
224. In this last-mentioned valve assembly passage 224a is 
connected to passage 724a so that chamber 724 directly com 
municates with sump 244 when solenoid S10 is energized. As 
a result, no pressure will exist in chamber 724 to resist move 
ment of member 720 to its opened position to thus maintain 
pressure in conduit 214 at a relatively low pressure which is 
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736 and through a filter 737 to the hydrostatic journal 
bearings in carrier 22. Conduit 736 is also connected to a con 
trol pressure switch PS1A which functions in the same manner 
as pressure switch PS1 in the previous embodiment. Switch 
PS1A will be open whenever the pressure in conduit 736 
drops slightly below a preset operating pressure. When the oil 
comes up to pressure, switch PS1A is actuated to allow the 
welding cycle to start in a manner to be described in detail 
later on. . . . . 
A drain line 738 for cartridge 37 is connected to the passage 

162 therein for returning oil back to the sump after passing 
through the thrust and radial bearings. . . 
A branch line 739 connects conduit 736 to the inlet port of 

a relief valve 740 which delivers oil from conduit 736 to line 
741 leading directly back to sump 732. Valve 740 is arranged 
in the hydraulic circuit and operates in the same manner as re 
lief valve 222. Accordingly, valve 740 permits a controlled 
bypass circulation of oil without passing it through the journal 
bearings in cartridge 37. Valve 740 thereby maintains the oil 
pressure supplied through line 736 at a predetermined mag 
nitude. 

Still referring to FIG. 12, a four-way, solenoid-operated 
valve 744 has an operating port connected by a conduit 746 to 
conduit 741. A conduit 748 connects the outlet of valve 744 
to conduit 741. The solenoid for valve 744 is designated at 
S10A. Valve 744 together with its solenoid S10A is arranged 
in the same fashion and operates in the same manner as valve 
224 and solenoid S10 described in the previous embodiment. 
Thus, when solenoid S10A is deemergized, as when the weld 
ing apparatus controls are operated for starting a welding cy 
cle, valve 744 is shifted to its illustrated position to block flow 
through an oil vent passage indicated at 750. This allows the 
oil pressure to be maintained at a higher limit under the con 
trol of valve 740 as compared with the limit at which the oil 
pressure is maintained when valve 744 is shifted to the left (as 
viewed from FIG. 12) where it allows oil to flow through 
passage 750 to the sump. When solenoid S10A is energized, 
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slightly above 0 p.s.i.g. However, when solenoid S10 is deener 
gized, flow of oil through passage 224a is blocked to increase 
resistance to the lifting of piston 725. The assembly of valves 
310 and 314 functions in the same manner except that relief 
valve 316 maintains the low pressure in chamber 724 when 
solenoid Si3 is deemergized, . . 

In the event a further description of the foregoing relief 
valve construction is desired, reference is made to the Vickers 
Co., Industrial Hydraulics Manual 935100 issued in 1965 by 
the machinery hydraulic division of Vickers Co. and copy 
righted 1965 by Sperry Rand-Corp. of Troy, Mich. 
The foregoing structure and circuitry is described in my 

pending application Ser. No. 650,396 filed Jun. 30, 1967 for 
Method and Apparatus for Friction Welding and in partin my 
pending application Ser. No. 650,505 filed Jun. 30, 1967 for 
Friction Welding Apparatus. 
According to this invention, FIGS. 12, 13, 14A-G, 15, and 

16 illustrate a modified hydraulic circuit and electrical control 
circuit wherein workpieces 11 and 13 may be friction welded 
to workpiece 12 either simultaneously or sequentially. As 
shown in FIG. 12, separate hydraulic circuits indicated at 739 
and 731 have been respectively provided for the hydrostatic 
bearing units in carriers 22 and 23 in place of the hydraulic 
circuit shown in FIG. 6. In circuit 730, a motor 729 drives 
pumps 742 and 743 to withdraw oil from a sump 732. A filter 
733 is disposed on the suction side of pumps 742 and 743. 
Pump 742 delivers oil to a conduit 734 leading to hydrostatic 
bearing cartridge 37 for supplying oil to the rear hydrostatic 
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relief valve 740 bypasses the discharge of pump 743 through 
conduit 74 at substantially atmospheric pressure. 
When solenoid S10A is deemergized, the flow rate through 

conduit 736 is increased, and the pressure built up is sufficient 
to actuate switch PS1A. Valve 740 opens sufficiently to 
prevent oil pressure from exceeding a suitable operating pres 
sure. When solenoid S10A is energized, valve 740 operates to 
limit the oil pressure to a maximum pressure which is signifi 
cantly less than the above-mentioned operating pressure and 
which is insufficient to actuate switch PS1A. This lesser pres 
sure is slightly above 0 p.s. i.g. 

Still referring to FIG. 12, a branch line 752 connects con 
duit 734 to the sump through a pressure relief valve 754 which 
opens to limit the maximum pressure in conduit 734 to about 
2000 p.si. and recloses when the pressure drops below that 
amount. Valve 754 functions in the same manner and is con 
nected in the hydraulic circuit in the same fashion as com 
pared to valve 231 in the previous embodiment. 

Circuit 731 is the same as circuit 730, like reference nu 
merals suffixed by the letter a being applied to designate like 
elements with the exception of the valve-operating solenoid 
and control pressure switch. In circuit 731, the pressure switch 
is designated at PS1B, and the valve-operating solenoid is 
designated at S10B. - - 

For the embodiment illustrated in FIGS. 12-6, the 
hydraulic circuit for advancing workpieces 11 and 13 into en 
gagement with workpiece 12 and for applying the welding 
pressure to workpieces 11 and 13 as shown in FIG. 8 has been 
modified to the extent that solenoid operated valves 760 and 
760a and relief valves 762 and 762a have been added as illus 
trated in F.G. 13. To the extent that the hydraulic circuits in 
FIGS. 8 and 13 are the same, like reference characters have 
been applied to designate like parts. 

Valve 760 as shown in FIG. 13, is connected in bypass con 
duit 404 between restrictor 390 and the connection of conduit 
404 to conduit 352. The solenoid operator for valve 760 is in 

thrust bearings there. Pump 743 supplies oil through a conduit 75 dicated at S14A. 
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When solenoid S14A is deenergized, valve 760 is spring 
biased to the position shown in FIG. 13 to unblock bypass con 
duit 404 and thus to allow hydraulic fluid to flow through 
restrictor 390. When solenoid S4A is energized, it shifts 
valve 760 to its alternate position where valve 760 blocks fluid 5 
flow through bypass conduit 404 except for that which passes 
through relief valve 762. The inlet port of relief valve 762 is 
connected to conduit 404 between valve 760 and restrictor 
390. The outlet of relief valve 762 is connected to conduit 
372. 
When solenoid S14A is deenergized, a pressure of about 75 

p.si.g. is built up in the hydraulic circuit for jogging workpiece 
11 toward workpiece 12 by virtue of blocking flow of hydrau 
lic fluid through bypass conduit 404. 

Relief valve 762, which is of the spring-loaded type, is set to is 
open at about 1000 p.s.i.g. to bleed off a pressure spike which 
occurs when solenoid S14A is energized to move valve 760 to 
its position where it blocks flow through bypass conduit 404. 
The circuit connections just described for valves 760 and 

762 have been duplicated for valves 760a and 762a which are: 20 
in the part of the circuit for controlling the travel of carrier 23 
as shown in FIG. 13. Valve 760a which is connected in bypass 
conduit 404a between restrictor 390a and the connection of 
conduit 404a to conduit 352a is operated by a solenoid S14B 
in the same: manner just described for the assembly of valve 
760 and solenoid S14A. Likewise, construction and operation 
of valve 762a is the same as that just described for valve 762. 

Referring now to FIGS. 14A-G, the modified control and 
sequencing circuit for effecting either simultaneous or sequen- 30 
tial friction welding of the end workpieces to the center work 
piece is shown in deemergized condition and comprises a 
transformer 770 having a primary winding 771 connected 
across two conductors of a three-phase line 772 which pro 
vides a source of voltage for the equipment. The secondary 35 
winding 774 of transformer 770 is connected across a pair of 
conductors 776 and 777 in the control circuitry. To energize 
transformer 770, a main switch 778 (see FIG. 16) in the three 
phase line is closed. . . 
To condition the modifi 

complete a circuit to energize a motor starter relay M9. Relay 
M9 has one terminal connected-through sets of normally: 
closed motor overload contacts 782 to a conductor 784. The 
other terminal of relay M9 is connected through switch 780 45 
and a pushbutton stop switch 786 to another conductor 788. 
Conductors 788 and 784 may respectively be connected to the 
terminals of secondary winding 774. Thus by closing switch 
780, a circuit is completed through switch 786 and through 
normally closed contacts 782 to energize relay M9. 5O 

Energization of relay M9 closes three sets of normally open 
contacts M9-1, M9-2, and M9-3 as shown in FIG. 16. By 
closing contacts M9-1 and M9-2, and M9-3, a circuit is 
completed from line 772 to energize a pair of hydraulic fluid 
circulation pump motors 790 and 791 (see FIGS. 12 and 6). 
Energization of relay M9 also closes a set of normally open 
contacts M9-4 to complete a holding circuit for keeping relay 
M9 latched in after switch 790 is released. Thus, relay M9 may 
be deemergized only by switch 786. 
As shown in FIG. 12, motors 791 and 790 respectively 60 

operate a pair of circulation pumps 794 and 794a. Operation 
of pump 794 draws hydraulic fluid from sump. 732, circulates 
it through a filter 796 and a heat exchanger 797 and 
discharges it back into sump. 732. Likewise, operation of 
pump 794a draws hydraulic fluid from sump 732a, circulates 65 
it through a filter 796a and a heat exchanger 797a, and 
discharges it back into the sump. Electric heaters 800 and 
800a are respectively located in sumps 732 and 732a for heat 
ing the hydraulic fluid therein. 

Referring back to FIG. 15, a relay H1 for energizing heater 70 
800a is connected in series with a thermostatically operated 
switch TS2-1 between conductors 784 and 788. Switch TS2-1 
is closed by a thermostat TS2 (see FIG. 12) when the tempera 
ture of hydraulic fluid in sump 732a drops below a preselected 
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ied system for operation, a spring- 40 
loaded pushbutton start switch 780 (see FIG. 15), is closed to . 

32 
a circuit is completed for energizing relay H1 which closes a 
set of normally open contacts H1-1, H1-2, and H1-3 to 
complete an energizing circuit for heater 800a. When the 
hydraulic fluid in sump 732a is heated to a predetermined 
temperature, thermostat TS2 opens contacts TS2-1 to deener 
gize relay H1, thereby deemergizing heater 800a by opening 
contacts H-1, H1-2, and H1-3. 
A similar arrangement is provided for controlling operation 

of heater 800 and comprises a relay H2 (see FIG. 15), which is 
connected in series with a thermostatically operated switch 
TSS-1 between conduits 784 and 788. When the temperature 
of the hydraulic fluid in sump 732 drops below a predeter 
mined minimum operating temperature, a thermostat TS5 
(see FIG. 12) closes switch TS5-1 to energize relay H2 which 
closes a set of normally open contacts H2-1, H2-2, and H2-3 
(see FIG. 16). By closing contacts H2-1, H2-2, and H2-3, 
heater 800 is energized. When the temperature of the heated 
hydraulic fluid in sump 732 rises to a preselected temperature, 
thermostat TS5 opens switch TS5-1 to deenergize relay H2 
thereby deemergizing heater 800 by opening contacts H2-1, 
H2-2, and H2-3. 
Flow of a suitable coolant such as water through heat 

exchanger 797 is controlled by a valve 802 which is operated 
by a solenoid 803 (see FIGS. 12 and 15). Solenoid 803 is con 
nected in series with a thermostatically operated switch TS6-1 
between conductors 784 and 788 as shown in FIG. 15. When 
the temperature of hydraulic fluid in sump 732 increases to a 
preselected temperature due to operating conditions, a ther 
mostat TS6 (see FIG. 12) closes switch TS6-1 to complete an 
energizing circuit for solenoid 803. Energization of solenoid 
803 shifts valve 802 to its position where it allows water to 
flow through heat exchanger 797 for cooling the hydraulic 
fluid in sump 732. When the hydraulic fluid in sump 732 has 
cooled to a predetermined temperature, thermostat TS6 
opens switch TS6-1 to deenergize solenoid 803 thereby allow 
ing vaive 802 to be spring-biased to its illustrated position 
where it blocks flow of water through heat exchanger 797. 
As shown in FIG. 12, a similar arrangement is provide for 

controlling flow of coolant through heat exchanger 797a and 
comprises a spring-biased valve 802a which is operated by a 
solenoid 803a. Solenoid 803a, as shown in FIG. 15, is con 
nected in series with athermostatically operated switch TS3-1 
between conductors 784 and 788. When the hydraulic fluid in 
sump 732a increases to a preselected temperature due to 
operating conditions, a thermostat TS3 (see FIG. 12) closes 
switch TS3-1 to energize solenoid 803a. Energization of sole 
noid 803a shifts valve 802a to a position where it allows water 
to flow through heat exchanger 979a. When the hydraulic 
fluid in sump 732a has cooled to a preselected temperature, 
thermostat TS3 opens switch TS3-1 to interrupt the energiz 
ing circuit for solenoid 803a with the result that the valve 802a 
will be spring-biased to its illustrated position where it blocks 

55 flow of water through heat exchanger 797a. 
- When the hydraulic fluid in sump 732 and 732a is heated to 
a satisfactory temperature, thermostats TS1 and TS4, which 
are respectively in sumps 732a and 732, respectively close 
switches TS1-1 and TS4-1 (see FIG. 15). By closing switches 
TS-1 and TS4-1, circuits are completed to respectively ener 
gize relays CR33 and CR34. Energization of relays CR33 and 
CR34 respectively close normally open contacts CR33-1 and 
CR34-1 which, as shown, in FIG. 14A, are in the circuit for 
energizing a master control relay CRMA. Operation of the 
friction welding apparatus now may be started by closing a 
spring-loaded pushbutton master start switch 806 (FIG. 14A) 
to complete a circuit for energizing relay CRMA through a 
spring-loaded pushbutton master stop switch 808 and contacts 
CR.33- and CR34-1. -- 

Energization of relay CRMA closes a set of normally open 
contacts CRMA-1 to provide a holding circuit for maintaining 
relay CRMA energized after switch 806 is released. 

Energization of relay CRMA also closes two sets of nor 
mally open contacts CRMA-2 and CRMA-3 which are 

minimum operating temperature. When switch TS2-1 closes, 75 respectively contained in conductors 776 and 777. By closing 
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these contacts, the secondary transformer voltage is placed 
across the remaining portions of conductors 776 and 777 as 
shown in FIGS. 14A-E. Two additional sets of normally open 
contacts CRMA-4 and CRMA-5 (see FIG. 4A) are also 
closed by energizing relay CRMA to apply the transformer 
secondary voltage across a pair of electrical conductors 776a 
and 777a. 
As a result of closing contacts CRMA-2 and CRMA-3, a 

time delay relay TDA7 (see FIG. 4E) will be energized 
through a pair of series connected, normally closed emergen 
cy stop pushbutton switches 810 and 812. After a short time 
delay of about 5 seconds, relay TDA7 times out to close a set 
of normally open time delay contacts TDA7- to energize a 
relay CRA28. Relay CRA28 is connected in series with 
switches 810 and 82 and contacts TDA7-1 between conduc 
tors 776 and 777. 

In addition to the foregoing a relay CRA27 (FIG. 14E) will 
be energized through switch LS3 by virtue of closing contacts 
CRMA-2 and CRMA-3. Switch LS3, as explained in the 
previous embodiment, will be actuated to its closed position 
by movement of piston 488 to the lower end of its stroke. 

Relay CRA28 is provided with a set of normally closed con 
tacts CRA28-1 (FIG. 14B) and four sets of normally open 
contacts CRA28-2 (FIG. 14B), CRA28-3 (FIG. 14C), 
CRA28-4 (FIG. 4E), and CRA28-5 (FIG. 4E). 
By opening contacts CRA28-1, an emergency interlock 

relay CR1A will be deemergized if carriers 22 and 23 are in 
their fully retracted positions. 
The completion of circuits through contacts CRA28-3, 

CRA28-4, and CRA28-5 occur later on in the sequence of 
operation. 

By closing contacts CRA28-2, a relay CRA7 (see FIG. 
14B) is energized through a set of normally closed contacts 
CRA6-3. Relay CRA7 is connected in series with contacts 
CRA28-2 and CRA6-3 between conductors 776 and 777. 

Energization of relay CRA7 closes a set of normally open 
contacts CRA7-1 (FIG. 14F) to simultaneously energize sole 
noids S10A and S10B. Solenoids S10A and S10B are each 
connected in series with contacts CRA7-i between conduc 
tors 776a and 777a. 

Energization of solenoid S10A and S10B shifts valves 774 
and 774a to their positions for allowing oil under pressure to 
be delivered to the journal bearings in carriers 22 and 23. 
However, no oil, as yet, is flowing through any of the hydraulic 
circuits since pump motors 729 and 729a have not been ener 
gized at this stage. 
At this stage, an emergency reset, spring-loaded, pushbut 

ton switch 83 (see FIG. 14E) is depressed to energize a reset 
relay CRA32. Relay CRA32 is connected in series with switch 
813 between conductors 776 and 777. 

Energization of relay CRA32 closes three sets of normally 
open contacts CRA32-1 (FG, 14B), CRA32-2 (FIG. 14C), 
and CRA32-3 (FIG. 14E) and opens two sets of normally 
closed contacts CRA32-4 (FIG. 14B), and CRA32-5 (FIG. 
14C). Energizing circuits for forward jog relays CRA9 (FIG. 
14B) and CRA10 (FIG. 14C) are interrupted by opening con 
tacts CRA32-4 and CRA32-5 respectively. 
By closing contacts CRA32-3, a holding circuit is 

completed through a set of normally closed contacts CRA1-1 
for maintaining relay CRA32 energized after switch 813 is 
released. This holding circuit for latching relay CRA32 in its 
energized condition will be established only if relay CRA1 is 
deenergized. Relay CRA1 will be deemergized only when the 
carriers 22 and 23 are in their fully retracted positions. Cir 
cuits are completed through contacts CRA32-1 and 
CRA32-2 later on in the sequence of operation. 
At this stage, spring-loaded, pushbutton, motor start 

switches 814, 815, 816, 817, and 818 (see FIG. 14A) are 
closed to respectively complete circuits for energizing motor 
starter relays M3A, M4A, M5A, M6A, and M8A. Relay M3a 
is connected in series with switch 814 and a motor stop switch 
819 between conductors 776 and 777. Relay M4A is con 
nected in series with switch 815 and a motor stop switch 820 
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between conductors 776 and 777. Likewise, relay M5A is con 
nected in series with switch 816 and a motor stop switch 821 
between conductors 776 and 777. Relay M6A similarly is con 
nected in series with switch 817 and a motor stop switch 822 
between conductors 776 and 777, and relay M8A is con 
nected in series with switch 818 and a motor stop switch 823 
between conductors 776 and 777. 
As shown in FIG. 6, three sets of normally open contacts 

M3A-1, M3A-2, and M3A-3 are closed by energization of 
relay M3A to electrically connect motor 246 to the three 
phase power line 772. Energization of relay M3A also closes 
another set of normally open contacts M3A-4 (FIG. 14A) to 
provide a holding circuit for maintaining relay M3A energized 
when switch 814 is released. 

Referring again to FIG. 16, three sets of normally open con 
tacts M5A-1, M5A-2, M5A-3 are closed by energizing relay 
M5A to electrically connect motor 338 to the three-phase line 
772. A fourth set of normally open contacts MSA-4 (FIG. 
14A) are also closed by energizing relay M5A to provide a 
holding circuit around switch 816. 
As shown in FIG. 16, three sets of normally open contacts 

M4A-1, M4A-2, and M4A-3 are closed by energizing relay 
M4A to electrically connect motor 729a to the three-phase 
power supply line 772. Normally open contacts M4A-4 (FIG. 
14A) are also closed as a result of energizing relay M4A to 
maintain the relay energized after switch 815 is released. 
By energizing relay M8A, three sets of normally open con 

tacts M8A-1, M8A-2, and M8A-3 (FIG. 6) are closed to 
electrically connect motor 729 to the three-phase power 
supply line 772. Normally open contacts M8A-4 are closed by 
energizing relay M8A to maintain relay M8A energized when 
switch 88 is released. 
Three sets of normally open contacts M6A-1, M61-2, and 

M61-3 (FIG. 16) are closed by energizing relay M6A to 
complete a circuit from the three-phase power line 772 to 
energize a pair of blower motors 825 and 826. Normally open 
contacts M6A-4 (FIG. 14A) are also closed to provide a hold 
ing circuit for relay M6A when switch 817 is released. 
As shown in FIG. 16, motors 825 and 826 respectively drive 

blowers 828 and 829 of suitable, conventional form. Blowers 
828 and 829 respectively direct air through motors 832 and 
833 to keep motors 832 and 833 cool when they are not 
running. Motors 832 and 833 are respectively connected by 
reduced voltage starting circuits 834 and 835 to the three 
phase power line 772. Starting circuits 834 and 835 respec 
tively include motor starting relay networks 836 and 837 as 
shown in FIG. 4C. 

Circuits 834 and 835 each may be of any suitable, conven 
tional form for energizing motors 832 and 833 with a reduced 
voltage and, after a preselected time delay, for increasing the 
voltage to a suitable operating level. One suitable starting cir 
cuit of this type is the General Electric Model GEA6860C. 
Either delta or transformer type starting circuits may be util 
ized as is well known in the art. 
Along with actuation of switches 814-818, two spindle 

preset, spring-loaded, pushbutton switches 840 and 841 are 
depressed to respectively energize relays CRSA and CRSA2 
in FIG. 14A. Relay CRSA1 is connected in series with switch 
840 and a pushbutton stop switch 843 between conductors 
776 and 777. Similarly, relay CRSA2 is connected in series 
with switch 841 and a pushbutton stop switch 844. 

Energization of relay. CRSA1 closes two sets of normally 
open contacts CRSA-1 (FIG. 14A) and CRSA1-2 (FIG. 
4C) and opens a set of normally closed contacts CRSA1-3 
(FIG. 14B). By closing contacts CRSA-1, a holding circuit is 
completed for maintaining relay CRSA energized when 
switch 840 is released. Contacts CRSA1-2 along with the 
previously closed contacts CRA28-3 and CRA32-2 partially 
complete an energizing circuit for relay network 836. Comple 
tion of a static cycle circuit to be described in greater detail 
later on, is prevented by opening contacts CRSA-3. 

Energization of relay CRSA2 closes two sets of normally 
open contacts CRSA2-1 (FIG. 14A) and CRSA2-2 (FIG. 
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14C) and opens a set of normally closed contacts CRSA2-3 
(FIG. 4B). By closing contacts CRSA2-1, a holding circuit is 
completed for maintaining relay CRSA2 energized when 
switch 841 is released. A circuit for energizing relay network 
837 is partially completed by closing contacts CRSA2-2 along 
with the previously closed contacts CRA28-3 and CRA32-2. 
Opening of contacts CRSA2-3 also prevents the completion 
of the previously mentioned static cycle circuit. 

In this embodiment, clutches 48 and 69 have been 
eliminated, and, as shown in FIG. 16, the output shafts of mo 
tors 832 and 833 are directly drive-connected to shafts 58 and 
38 respectively by the belt, pulley and intermediate shaft as 
semblies described in the previous embodiment and shown in 
FIGS. 1, 4, and 5. It is clear, therefore, that whenever motors 
832 and 833 are energized, shafts 58 and 38 are respectively 
rotated to spin workpieces 11 and 13. 
From the foregoing, it is clear that the condition of the con 

trol circuit before each welding cycle is initiated is such that 
motors 832 and 833 will be deenergized and that motors 729, 
729a, 790, 791, 825,826, 246, and 338 will be running con 
tinuously during and between the welding cycles. 
Workpieces 11, 12, and 13 are now loaded into the machine 

in the manner previously described, and a spring-loaded, 
pushbutton switch 848 (FIG. 4B) is depressed to complete a 
circuit through a normally closed, spring-loaded, pushbutton 
switch 850 for energizing an end clamp relay CRA2. Energiza 
tion of relay CRA2 closes three sets of normally open contacts 
CRA2-1 (FIG. 4B), CRA2-2 (FIG. 4B), and CRA2-3 
(FIG. 14F) and opens a normally closed set of contacts 
CRA2-4 (FIG. 4B). 
By closing contacts CRA2-1, a holding circuit is completed 

through switch 850 to maintain relay CRA2 energized when 
switch 848 is released. By closing contacts CRA2-2, a circuit 
for energizing a relay CRA3 (FIG. 14B) is partially 
completed. By closing contacts CRA2-3, solenoid S11A is 
energized. 

Energization of an unclamping relay CRA5 (FIG. 14B) is 
prevented by opening contacts CRA2-4. With relay CRA5 
deenergized, energization of solenoid S11 is prevented by vir 
tue of being connected in series with normally open contacts 
CRA5-1 between conductors 776a and 777a. Solenoid S. A 
is connected in series with contacts CRA2-3 between conduc 
tors 776a and 777a. 
With solenoid S1A energized and solenoid S11 deener 

gized, valve 252 as previously described is shifted to a position 
where oil is delivered to motors 264 and 266 for moving the 
jaws of fixtures 17 to engage and clamp the ends of the axle 
housing centersection. 
With the ends of the axle housing center section clamped in 

place by fixtures i7, a spring-loaded, pushbutton switch 852 
(FIG. 4B) is then depressed to complete a circuit through 
contacts CRA2-2 to energize the center clamping relay 
CRA3. Contacts CRA2-2 provide an interlock to prevent the 
center of the axle housing section from being clamped before 
the ends of the axle section are clamped in place by fixtures 
17. This conforms to the preferred clamping sequence previ 
ously explained. 

Energization of relay CRA3 closes two sets of normally 
open contacts CRA3-1 (FIG. 14B) and CRA3-2 (FIG. 14F) 
and opens a set of normally open contacts CRA3-3 (FIG. 
14B). Closure of contacts CRA3-1 completes a holding cir 
cuit through switch 850 to maintain relay CRA3 energized 
after switch 852 is released. 
By closing contacts CRA3-2, solenoids S12A and S13 are 

simultaneously energized. Solenoids S12A and S13 are each 
connected in series with contacts CRA3–2 between conduc 
tors 776a and 777a. 
By opening contacts CRA3-3, energization of an unclamp 

ing relay CRA4 (FIG. 4B) is prevented. As a consequence, 
energization of solenoid S12 (FIG. 4F) is prevented by virtue 
of being connected in series with normally open contacts 
CRA4-2 of relay CRA4. V 
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With solenoid S12A energized and solenoid S12 deener 

gized, valve 286 is shifted to its position where the oil 
delivered to cylinder 294 is operative to move jaws 15 and 16 
into clamping engagement with the center of the axle housing 
section in the manner previously described. By energizing 
solenoid S13, the limit of the pressure buildup for clamping 
jaws 15 and 16 against the axle housing center section is ap 
preciably increased in the manner already explained. 
At this stage of the operation, the axle housing center sec 

tion 13 is clamped firmly in place. When the increased oil 
pressure resulting from the energization of solenoid S13 enters 
cylinder 294 to shift piston 296 in a jaw clamping direction, 
pressure switch PS2 (FIG. 14B) closes. 

Before starting the welding cycle, the operator of the weld 
ing machine may operate a spring-loaded, pushbutton switch 
assembly 853 (Fig. 14C) if it is desired to weld the end work 
pieces 11 and 13 simultaneously to the center workpiece 12 
instead of sequentially welding workpieces 11 and 13 to work 
piece 12. The sequential welding operation will be described 
first followed by the simultaneous welding operation. For the 
sequential welding operation, switch assembly 853 will not be 
actuated by the operator and will therefore be in its position 
shown in FIG. 4C. 
Assuming that all of the necessary adjustments have been 

made to accommodate such matters as the size and configura 
tion of the workpieces, a start cycle relay CRA6 (FIG. 14B) 
may now be energized by depressing a spring-loaded, pushbut 
ton switch 854 (FIG. 14B). The energizing circuit for relay 
CRA6 may be traced from conductor 776 through series con 
nected switches LS4, LS5, LS6 and LS7, through contacts 
CRA32-1 (which are now closed) through switch 854, 
through a set of contacts M6A-5, through pressure switch 
PS2, through a set of normally closed contacts CRA19-1 of a 
relay CRA19 (see FIG. 14D), through another set of normally 
closed contacts CRA20-1 of a relay CRA20 (FIG. 14D) and 
through the operating winding of relay CRA6 to conductors 
777. Contacts M6A-5, which are normally open, will be 
closed as a result of having energized relay M6A. Blowers 828 
and 829 must therefore be operating before the welding cycle 
can be started. 

Switches LS4-LS7 will be closed if the various oil filters 
shown in the hydraulic circuits are not clogged. If one or more 
of the filters is clogged, the associated ones of switches LS4 
-LS7 will open to prevent the completion of an energizing 
circuit to start the welding cycle. In addition, it is clear from 
the foregoing that relay CRA32 must be latched in its ener 
gized condition to start the welding cycle. 

Energization of relay CRA6 closes five sets of normally 
open contacts CRA6-1 (FIG. 14B), CRA6-2 (FIG, 14B) 
CRA6-6 (FIG. 14D CRA6–4 (FIG. 14D), and CRA6-5 (FIG. 
14A) and three sets of normally closed contacts CRA6-3 
(FIG. 14B), CRA6-7 (FIG. 14B), and CRA6-8 (FIG. 14C). 
By closing contacts CRA6-1, energizing circuits for relays 
CRA2 and CRA3 are maintained even though switch 850 may 
be actuated at this stage to its opened position. By closing con 
tacts CRA6-2, a holding circuit for maintaining relay CRA6 
energized is completed through normally closed contacts 
CRA1-2 of relay CRA and through another set of normally 
closed contacts CRA24-1 of a relay CRA24. This holding cir 
cuit will be completed only if relay CRA1 is deemergized, and 
CRA will be deemergized only if the weld cycle is started with 
carriers 22 and 23 in their fully retracted positions. 
As a result of opening contacts CRA6-7 and CRA6-8, ener 

gizing circuits cannot be completed for relays CRA9 and 
CRA10 by depressing spring-loaded pushbutton switches 856 
and 858 respectively. Relay CRA9 is connected in series with 
contacts CRA6-7 and switch 856 between conductors 776 
and 777. Relay CRA10 is connected in series with contact 
CRA6-8 and switch 858 between conductors 776 and 777. 
Switches 856 and 858 are not actuated during the welding cy 
cle. Instead, they are for jogging the carriers 22 and 23 for 
wardly to make preliminary adjustments before initiating the 
welding cycle. This procedure will be described in greater 
detail later on. 
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By closing contacts CRA6-6, a circuit for energizing a relay 
CRA6 (FEG, 4D) is partially completed. Likewise, a circuit 
for energizing relay CRA18 (FIG.14D) is partially completed 
as a result of closing contacts CRA6-4. 
By closing contacts CRA6-5, a further holding circuit is 

provided for maintaining relay CRMA energized even though 
contacts CR.33- and CR34- open. 
By opening contacts CRA6-3, relay CRA7 is deemergized. 

Deenergization of relay CRA7 opens contacts CRA7-1 (FIG. 
4F) to deemergize solenoids S10A and S10B. As a result, 
valve 744 and 744a shift to their positions where relief valves 
740 and 74.0a will allow the oil pressure to build up to an ap 
preciably higher pressure as previously described. With this 
pressure buildup, the pistons 07 in carriers 22 and 23 will 
shift to their outboard positions where chuck elements 121 
close to grip the two end workpieces 11 and 13. Also, with this 
pressure buildup, pressure switches PSA and PSAB will close 
to complete a circuit for energizing an operating solenoid 860 
(F.G. 14C) of a timer TDAA. This circuit is completed 
through a set of normally closed contacts CRA24-2 of relay 
CRA24. As shown, solenoid 860 is connected in series with 
contact CRA24-2 and pressure switches PS1B and PSAA 
between conductors 776 and 777. 
Timer TDA corresponds to timer TD1 in the previous em 

bodiment, and as will become apparent shortly, timer TDA 
starts the beginning of the welding cycle and times the period 
that the end workpieces 11 and 13 are each rotated. 

Energization of solenoid 860 closes a set of normally open 
timer contacts TDA1-i (FIG. 14C) to start the timing motor 
indicated at 862. 
With switches PSA and PSB and contacts CRA24-2 

closed, a circuit is completed for energizing a brake release 
relay CRA12 (FIG. 14C). Energization of relay CRA12 closes 
a set of normally open contacts CRA12-1 (FIG. 14E) and 
opens two sets of normally closed contacts CRA12-2 (FIG. 
i4D) and CRAR2-3 (FIG. R4D). 
Opening of contacts CRA12-2 prevents the completion of a 

circuit for energizing a relay CRA15 (FIG. 14D) by 
depressing a deceleration override, spring-loaded, pushbutton 
switch 864. Switch 864 and relay CRAS are associated with 
carrier 23. Operation of these electrical components will be 
described in greater detail later on. 
As a result of opening contacts CRA12-3, a circuit for ener 

gizing another relay CRA i7 (F.G. i4D) cannot be completed 
by actuating a deceleration override, spring-loaded, pushbut 
ton switch 866 (FIG. 4D) to its closed position. Switch 866 
and relay CRA7 are associated with carrier 22, and the 
operation of these components will also be described in 
greater detail later on. 

By closing contacts CRA12-1, a circuit is completed for 
energizing a second brake release relay CRA29 which is con 
nected in series with contacts CRA2-1, contacts CRA28-5, 
and a set of normally closed contacts CRA 1-1 of a relay 
CRA1. Energization of relay CRA29 closes a set of normally 
open contacts CRA29-1 (FIG. 4G). As a result, the previ 
ously described brake release solenoid S9A and S9B, which 
are each connected in series with contacts CRA29-1 between 
conductors 776a and 777a are energized. As previously 
described, energization of solenoids S9A and S9B respectively 
release brake units 48 and 69. 
When pressure switches PSAA and PS1B close, a circuit will 

be completed through contacts CRA24-2 to energize an 
operating solenoid 868 (FIG, 14E) of a travel delay timer 
TDA4. This circuit may be traced from one terminal of the 
transformer secondary winding 774, through conductor 776, 
through switches PSAA and PS1B, through contacts 
CRA24-2, through a conductor 870 (see FIGS. 14C and 
24E), through operating solenoid 868, and through conductor 
777 to the other terminal of the transformer secondary wind 
ing. Energization of solenoid 868 closes a set of normally open 
contacts TEDA4-1 to energize the timing motor indicated at 
372 in FEG. 4E. The operation of timer TDA4, which is 
similar to that of timer TD5 described in the previous embodi 
ment, will be explained in greater detail later on. 
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As shown in FIG. 4C, contacts TDA1-1 simply are nor 
mally open contacts, but contacts TDA1-2 and TDA1-3 of 
timer TDA are controlled by motor 862. Contacts TDA-2, 
which control energization of relay CRA 11, will be open be 
fore motor 862 is energized, will remain open while motor 862 
is energized and timing, and will close when motor 862 times 
out. This sequence of contact actuation is schematically illus 
trated by the O and X symbols described in connection with 
the previous embodiment. As shown, contacts TDA-3 will be 
open before motor 862 is energized, will close while motor 
862 is energized and timing, and will open when motor 862 
times out. 

Thus, as soon as motor 862 is energized and begins timing 
by virtue of closing pressure switches PS1A and PSAB, con 
tacts TDAi-3 close to complete a circuit through contacts 
CRA28-3 and through a switch 874 to energize a sequence 
actuator relay CRA13. 

Switch 874 is ganged to another switch 875 (FEG, 14C) and 
both of the switches 874 and 875 constitute switch assembly 
853. When assembly 853 is in its unactuated position, switch 
874 is closed to complete the circuit for energizing relay 
CRA13 and switch 875 is open. This is the switch position for 
sequentially welding workpieces 11 and 13 to workpiece 2. 
When switch 853 is actuated for simultaneously welding work 
pieces 11 and 13 to workpiece 12, switch 874 opens to 
prevent the completion of an energizing circuit for relay 
CRA13 and switch 875 is closed to shunt a set of normally 
open contacts CRA3-1 of relay CRA13. The operation of 
the circuitry for simultaneously welding workpieces 11 and 3 
to workpiece 12 will be described later on. 

For sequential welding, switches 874 and 875 are in their il 
lustrated positions, and the consequent energization of relay 
CRA13 opens a set of normally closed contacts CRA13-2 and 
closes a set of normally open contacts CRA13-3 (FIG. 14C) 
as well as closing the normally open contacts CRA3-1. 
As shown in FIG. 14C, a timer TDA2 connected in parallel 

with relay CRA13 will be energized simultaneously with relay 
CRA13 to close a set of contacts TDA2-. By closing contacts 
TDA2-, a relay CRA14 is energized to close three sets of nor 
mally open contacts CRA14-1 (FIG. 14B), CRA14-2 (FIG. 
14B) and CRA14-3 (FIG. 4D) and to open a set of normally 
closed contacts CRA144 (F.G. 14D). The function of these 
contacts will be explained later on. 

It will be noted that the circuit for energizing relay CRA13 
is completed through a set of normally closed contacts 
CRA19-2 of relay CRA19. At this stage, relay CRA19 is 
deenergized with the result that contacts CRA19-2 are closed. 
By closing contacts CRA13-3, a holding circuit is partially 
completed for maintaining relay CRA3 energized when con 
tacts CRA19-2 open. 

Energization of starting circuit 835 for the right-hand spin 
dle drive motor 833 is prevented as a result of opening con 
tacts CRA13-2. But by closing contacts CRA13-1, a circuit is 
completed for energizing starting circuit 834 through contacts 
TDA1-3, CRA28-3, CRA32-2, CRA13-1, and CRSA1-2, all 
of which are now closed. At this stage of the sequence, there 
fore, motor 832 will be energized and motor 833 will be 
deenergized with the result that shaft 58 will start rotating, but 
shaft 38 will not. As a consequence, workpiece 1 will be 
rotated, but workpiece 13 will not. The welding cycle has now 
begun and workpiece 1 is spinning. 
From the circuitry thus far described, it is clear that timers 

TDA1 and TDA4 begin timing at the same time. Timer TDA4 
performs a delay function in that it allows the rotational speed 
of workpiece 1 to come up to a desired rate before work 
piece is forwardly advanced to engage the center work 
piece 2. Thus, where the travel time involved in advancing 
workpiece i into engagement with workpiece 12 is not long 
enough to allow the spinning workpiece to come up to speed, 
timer TDA4 is employed to momentarily delay the forward 
advancement of workpiece 11 and to thereby provide an addi 
tional time period in which the rotational workpiece speed 
may increase. Timer TDA functions to keep workpiece 
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rotating after it contacts workpiece 12 and until sufficient heat 
is frictionally generated for welding. Timers TDA1 and TDA4 
repeat their respective functions for workpiece 13 when it is 
rotated later on in the cycle. 

in this embodiment and as shown in FIG. 17, timer TDA1 is 
set to time out in about 23 seconds, whereas timer TDA4 will 
be set to time out in approximately 1 second, depending upon 
the distance through which workpieces 1 and 3 must travel 
to engage workpiece i2. 
As shown in FIG. 4E, tinner TDA4 has a set of motor con 

trolled contacts TDA4-2 which are open before motor 872 is 
energized, which remain open when motor 872 is energized 
and timing, and which close when motor 872 times out. Thus, 
when motor 872 times out within the relatively short time 
period of about second, contacts TDA4-2 close to complete 

- an energizing circuit for a relay CRA22 which is connected in 
series with contacts TDA4-2 between conductors 776 and 
777. - 

Energization of relay CRA22 closes four sets of normally 
open contacts CRA22-1 (FIG. 4B), CRA22-2 (FIG. 4D) 
CRA22-3 (F.G. 14D), and CRA22-4 (FIG. i4F). By closing 
contacts CRA22-1, CRA22-2, CRA22-3, and CRA22-4, cir 
cuits are completed for respectively energizing a relay CRA8 
(FIG. 4B) relay CRA15, relay CRA17, and solenoid S2B. 

Energization of relay CRA8 closes two sets of normally 
open contacts CRAS-1 (FIG. 14B) and CRA8-2 (FIG. 14F). 
As will become apparent later on, contacts CRA8-1 are 
operative to maintain relay CRA8 energized later on in th 
sequence when contacts CRA22-1 open. 
By closing contacts CRA8-2, solenoid-S2A is energized. As 

shown, solenoid S2A is connected in series with contac 
CRA8-2 between conductors 776a and 777a. 
By energizing relay CRA15, normally open contacts 

CRA15-1 (FIG. 14F) are closed to energize solenoids S3A 
and S4A. Solenoids S3A and S4A, in this embodiment, are 
each connected in series with contacts CRA 5-1 between 
conductors 776a and 777a. 

Energization of relay CRA17 closes normally open contacts 
CRA17-3 (F.G. i4F) to energize solenoids S3B and S4B. 
Solenoids S3B and S4B, in this embodiment, are connected in 
series with contacts CRA 17- between conductors 776a, and 
777a. With solenoids S2A, S3A, and S4A energized, carrier 
22 is accelerated forwardly at a relatively rapid rate owing to 
the high oil flow rate resulting from the energization of sole 
noids S3A and S4A as previously described. Likewise, carrier 
23 also will be accelerated forwardly at a relatively rapid rate 
by virtue of energizing solenoids S2B, S3B, and S4B. - 
As carrier 23 is advanced forwardly, it trips limit switch 

LSB (F.G. i4D) to its closed position to energize relay 
CRA20 through a set of normally closed contacts CRA1-3 of 
relay CRA. - Likewise, forward advancement of carrier 22 
trips limit switch LSA to its closed position to energize relay 
CRA19 through a normally closed switch 880. Switch 880 is 
ganged to switch 813 such that it will open when switch 813 is 
closed and will close when switch 813 is open. Switch 880 is 
therefore normally closed by virtue of switch 813 being 
spring-biased to its open position. 

Energization of relay CRA20 opens contacts CRA20-1 and 
eloses three sets of normally open contacts CRA20-2 (FIG. 
14C), CRA20-3 (FIG. 14C), and CRA20-4 (FIG. 14D). By 
closing contacts CRA20-3, a holding circuit is completed 
through contacts CRA13-3 and switch 874 for maintaining 
relay CRA3 energized after contacts CRA19-2 open. By 
opening contacts CRA20-1, the initial circuit for energizing 
relay CRA6 will be interrupted, but relay CRA6 will be main 
tained in its energized condition through contacts CRA1-2, 
CRA6-2, and CRA24-1. By closing contacts CRA20-2, a cir 
cuit for energizing relay CRA10 is partially completed. By 
closing contacts CRA204, a circuit for energizing an operat 
ing solenoid 882 of a timer TDA3 (FIG. 14D) is also partially 
completed. - 

Energization of relay CRA19 opens contacts CRA19-1 and 
CRA19-2 and closes three sets of normally open contacts 
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CRA19-3 (FIG. 4B), CRA19-4 (FIG. 14B), and CRA19-5 
(FIG. 4D). The opening of contacts CRA19-1 has no effect 
on relay CRA6 since it is latched in through the previously 
described circuit. Also, the opening of contact CRA19-2 has 
no effect on relay CRA13 at this stage since relay CRA13 is 
latched in through contacts CRA20-3 and CRA13-3. 
The closing of contacts CRA19-3 are in series with a set of 

normally open contacts CRA-3 of relay CRAs. Also, the 
closing of contacts CRA19-4 will not energize-relay CRA9 
because contacts CRA19-4 are in series with a set of normally 
open contacts CRA9-1 of relay CRA9. By closing contacts 
CRA20-4 and CRA19-5 a circuit for energizing an operating 
solenoid 882 of a tither TDA3 is partially completed. 
As the workpieces 1 and 13 approach the center work 

piece 12, limit switches LS2A and LS2B (see FIG. 14D) are 
tripped to their closed positions. By closing switch LS2A, a 
circuit is completed for energizing relay CRA16 through con 
tacts CRA6-6 and a set of normally closed contacts CRA24-3 
of relay CRA24. By closing switch LS2B, relay CRA18 is 
energized through contacts CRA6-4 and a set of normally 
open contacts CRA24-4 of relay CRA24. 

Energization of relay CRA6 opens a set of normally closed 
contacts CRA 6-1 (FIG. 14D), and closes two sets of nor 
mally open contacts CRA16-2-(FIG. 14D) and CRA16-3 
(FIG. 14D). By closing contacts CRA16-2, a holding circuit is 
provided for relay CRA16 through contacts CRA24-3. 
By opening contacts CRA16-1, relay CRA15 is deemer 

gized. As a result, contacts CRA 15-1 open to deemergize sole 
noids S3A and S4A. - 
By energizing relay CRA18, a set of normally closed con 

tacts CRA18-1 (FG. 14D) are opened and two sets of nor 
mally open contacts CRA18-2 (FIG. 14D) and CRA18-3 
(FIG. 14D) are closed. By opening contacts CRA18-1, relay 
CRA17 is deemergized with the result that solenoids S3B and 
S4B are deemergized. By closing contacts CRA18-2, a hoiding 

relay CRA18 through contacts 
CRA24-4. -- 

By deenergizing solenoids S3A, S4A, S3B and S4B, valves 
348,388,348a, and 388a are shifted in the manner previously 
described to reduce the oil flow rate applied to cylinders 32, 
33, 54, and 55 for accelerating carriers 22 and 23 forwardly 
and to place restrictors 390 and 390a in the active part of the 
hydraulic circuit to increase the back pressure at the inboard 
ends of cylinders 32, 33, 54, and 55. As a result, carriers 22 
and 23 and, consequently, workpieces 11 and 13 are rapidly 
decelerated to gently contact the center workpiece in the 
manner already described. 
By closing contacts CRA16-3 and CRA18-3, a circuit is 

completed through contacts CRA19-5 and CRA20-4 and 
through a set of normally open contacts CRA27-1 of relay 
CRA27 to energize solenoid 882 of timer TDA3. Contact 
CRA27-1 will be closed by virtue of having energized relay 
CRA27 as previously explained. In addition to closing con 
tacts CRA27-1, relay CRA27, upon energization, closes 
another set of normally open contacts CRA27-2 (FIG. 14E). 
By closing contacts CRA27-2 a holding circuit is completed 
through a set of normally closed contacts CRA24-5 of relay 
CRA24 to maintain relay CRA27 energized after switch LS3 
opens as a result of shifting piston 488 towards the upper end 
of its stroke in the manner previously described. 
Timer TDA3 controls, the deceleration time period, and 

; when solenoid 882 is energized, it closes a set of normally 
open contacts TDA3-1 (FIG. 14D) to start the timer motor 
indicated at 886. A set of motor controlled timer contacts 
TDA3–2 as shown in FIG. 14D, are open before motor 886 is 
started, remain open when motor 886 is energized and timing, 
and closes when motor 886 times out. Motor 886 may be set 
to time out in about one second, at which time contacts 
TDA3-2 close to complete a circuit for energizing a relay 
CRA2 (FIG. 14D). Workpieces 11 and 13, which are now 
decelerating, will contact the center workpiece just about the 
time that timer TDA3 times out. 
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Energization of relay CRA2 closes four sets of normally 
open contacts CRA21-1 (FEG. 4D), CRA21-2 (FIG. 14D), 
CRA21-3 (F.G. 4E), and CRA21-4 (FIG. 4E). 
By closing contacts CRA21-1 and CRA21-2, relays CRA15 

and CRAA7 are reenergized. As a result, contacts CRA5 
and CRA7-; close to reenergize solenoids S3A, S4A, S3B, 
and S4B. 
By closing contacts CRA2-3, a circuit is completed for 

energizing an operating solenoid 890 (FIG. 4E) of a timer 
TDA5 for timing the workpiece-contact welding period. The 
closing of contacts CRA2E-4 simultaneously energizes 
another operating solenoid 892 (FIG. 4E) of a timer TDA6 
which times the heat buildup period. 

Energization of solenoid 890 closes a set of normally open 
contacts TDA5-A (FIG. 4E) to start the timer motor in 
dicated at 894. Similarly energization of solenoid 892 closes a 
set of normally open contacts TDA6- to start the timer 
motor 896. At this stage, therefore, timers TDA1, TDA5, and 
TDA6 will be timing. In addition, timer TDA2 will also be tim 
Ing. 
Timer TDAS, as shown in FIG. 14E, is provided with two 

sets of motor-controlled timer contacts TDA5–2 and 
TDAS-3. Contacts TDA5-3 are open before motor 894 starts, 
remain open when motor 894 is energized and timing, and 
close when motor 894 times out. Contacts TDA5-2 are open 
before motor 894 is started, close immediately when motor 
894 is started, remain closed while motor 894 is running and 
thus timing, and open when motor 894 times out. 
Thus, as soon as relay CRA2 is energized, motor 894 is 

started and contacts TDA5-2 close to energize a relay CRA23 
(FIG. 4E). 

Energization of relay CRA23 closes two sets of normally 
open contacts CRA23-1 (FIG. 4E) and CRA23-2 (FIG. 
14F). By closing contacts CRA23-2, solenoids SA, SB, and 
S7 are energized. In this embodiment, solenoids S1A, SAB, 
and S7 are each connected in series with contacts CRA23–2 
between conductors 776a and 777a. 
As shown in F.G. 4E, timer TDA6 is provided with two 

sets of motor-controlled timer contacts TDA6-2 and 
TDA6-3. Contacts TDA6-3 are open before motor 986 starts, 
remain open when motor 896 is energized and timing, and 
close when motor 896 times out. Contacts TDA6-2 are open 
before motor 896 is started, close immediately when motor 
896 is started, remain closed while motor 896 is running and 
thus timing, and open when motor 896 times out. Thus, when 
motor 896 is started simultaneously with motor 894, a circuit 
is completed for energizing a relay CRA25 (FIG. 14E) 
through contacts CRA23-1 which are now closed. 

Energization of relay CRA25 closes a set of normally open 
contacts CRA25-S (FIG. 4F) to energize solenoids S5 and 
S6. In this embodiment, solenoids S5 and S6 are each con 
nected in series with contacts CRA25-1 between conductors 
776a and 777a. The energization of solenoids S1A, SB, and 
S7 along with solenoids S5 and S6 as will be recalled, increases 
the oil flow rate to abruptly build up the oil pressure on the 
outboard ends of cylinders 32, 33, 54, and 55 for pushing the 
end workpieces 11 and 13 against the center workpiece with 
increased force. The operation of solenoids S1A, SB, and S7 
in the hydraulic circuit to produce this initial pressure buildup 
has already been described. 
As timer TDA6 continues to time along with timers TDA 

and TDA5, the pressure buildup from the initial abrupt buil 
dup becomes more gradual as previously explained. Timer 
TDA6 allows the oil pressure to buildup sufficiently to force 
workpieces a and 13 against the center workpiece with the 
previously mentioned terminal heat cycle pressure. It will be 
recalled, however, that only workpiece i at this stage of the 
sequence is spinning. 
Timer TDA6 is set to time out shortly before timer TDA 

times out. When timer TDA6 does time out, contacts TDA6-2 
open and contacts TDA6-3 close. As a result, relay CRA25 is 
deenergized to open contacts CRA25-1 and thereby deemer. 
gize solenoids S5 and S6. By closing contacts TDA6-3, a relay 
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CRA26 (FIG. 14E) is energized. Timer TDA6-, as well as all 
of the other solenoid-operated timer contacts described in the 
previously mentioned timers, will remain actuated until their 
respective timers are reset. 
By deenergizing solenoids S5 and S6, oil pressure in the out 

board ends of cylinders 32, 33, 54, and 55 will be allowed to 
build up to the higher relief limit provided by relief valve 480 
as previously explained. 

Energization of relay CRA26 closes a set of normally open 
contacts CRA26-1 (FIG. 14D) to maintain solenoid 882 ener 
gized even though any one of the contacts CRAA 6-3, 
CRA18-3, and CRA27- may be opened later on in the 
sequence. This prevents timer TDA3 from being reset until 
carriers 22 and 23 are returned to their retracted positions. 
At the time timer TDA6 times out, sufficient heat has been 

frictionally generated by rubbing contact between workpiece 
and the center workpiece 12 to plasticize the adjacent 

workpiece ends. in this state, the weld joint at the abutting 
ends of workpieces. 11 and 12 will form as soon as rotation of 
workpiece i is arrested. 
When timer TDA times out, contacts TDA1-3 open to 

deenergize the motor starting relay network 836 and contacts 
TDA-2 close to energize relay CRA11. By energizing relay 
CRA11, contacts CRA 1-1 open to deemergize relay CRA29. 
Deenergization of relay CRA29 opens contacts CRA29-1 to 
deenergize solenoids S9A and S9B. As a result, brake units 48 
and 69 are applied. By applying brake unit 69, rotation of 
shaft 58 is arrested. Workpiece 11 will not be welded to work 
piece 12. 
As shown in FIG. 4E, a brake control switch900 is shunted 

around contacts CRA 1-1. By closing switch 900, workpiece 
will be allowed to coast to a stop without being braked. 
Since contacts TDA-1 and TDA-2 remain closed until 

timer TDA is reset, the brake units remain on until timer 
TDA is reset. 

After the weld which is formed between workpieces 11 and 
12 has cooled sufficiently, timer TDA5 times out to open con 
tacts TDA5-2 and to close contacts TDA5-3. By opening con 
tacts TDA5-2, relay CRA23 is deemergized, and by closing 
contacts TDA5-3, relay CRA24 is energized. 
By deenergizing relay CRA23, contacts CRA23-2 open to 

deenergize solenoids S1A, SAB, and S7. As a result, the high 
oil pressure in the outboard ends of cylinders 32, 33, 54 and 
55 is removed, and the cylinders are transferred back to their 
respective travel pumps. This operation was previously 
described. 
By energizing relay CRA24, contacts CRA24-1, CRA24-2, 

CRA24-3, CRA24-4, and CRA24-5 as well as a sixth set of 
normally closed contacts CRA24-7 (FIG. 4D) all open. 
When contacts CRA24-1 open, relay CRA6 will not be 

deenergized owing to the fact that contacts CRA14-1 which 
provide a shunt circuit around contacts CRA24-i are closed. 
Relay CRA6 will therefore be maintained in its energized con 
dition by a circuit completed through contacts CRA14-1 
when contacts CRA24-1 are opened. 
By opening contacts CRA24-2, the energizing circuit for 

timers TDA and TDA4 is interrupted with the result that 
both timers are reset for the second part of the welding cycle 
in which workpiece 13 will be welded to workpiece 12. In ad 
dition, relay CRA12 is deemergized by opening contacts 
CRA24-2 with the result that contacts CRA12-1 open to 
prevent energization of relay CRA29 and the consequent 
release of the brake units at this stage. As a result of resetting 
timer TDAA, contacts TDA-2 open to deemergize relay 
CRA. 
As a result of deemergizing relay CRA , the previously 

described contacts, which are controlled by relay CRA11 are 
reset. Relay CRA29 will not be energized when contacts 
CRA - close because contacts CRA12-1 are now open. 
By resetting timer TDA4, contacts TDA4-2 open to deener 

gize relay CRA22. By deemergizing relay CRA22, all of its 
previously mentioned contacts will be reset. As a result of 
opening contacts CRA22-1, relay CRA8 will not be deener 
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gized for its energizing circuit, at this stage, is completed 
through contacts CRAS-1 and CRA 14-2. By opening con 
tacts CRA22-2, a circuit for energizing relay CRA15 cannot 
be completed through contacts CRA16-1. By opening con 
tacts CRA22-3, a circuit for energizing relay CRA17 cannot 
be completed through contacts CRAA8-1. As a result of open 
ing contacts CRA22-4, solenoid S2B is deenergized. 
As a result of opening contacts CRA24-6, relay CRA5 is 

deenergized. Deenergization of relay CRA15 opens contacts 
CRA15-1 to deemergize solenoids S3A and S4A. 
By opening contacts CRA24-3, relay CRA16 will not be 

deenergized because its energizing circuit is completed 
through contacts CRA14-3. 
By opening contacts CRA24-4, relay CRA18 is deener 

gized. As a result, all of the previously described contacts con 
trolled by relay CRA18 will be reset. 
By opening contacts CRA24-5, relay CRA27 will also be 

deenergized with the result that all of the previously described 
contacts controlled by relay CRA27 will be reset. Timer 
TDA3 will remain energized through contacts CRA26-1 when 
contacts CRA18-3 and CRA27-1 are opened. 
At this stage of the sequence, therefore, solenoids S1A, 

S1B, S7, S3A and S2B will all be deemergized, but solenoids 
S2A, S3B and S4B remain energized. As a result, the hydraulic 
circuit is now automatically conditioned to return carrier 23 
to its retracted position, but not carrier 22. As already ex 
plained, this will occur by delivering oil to the inboard ends of 
cylinders 32 and 33 owing to the previously described posi 
tions of valves 368a,344a, 348a, and 388.a. Carrier 22 will not 
be returned owing to the fact that solenoids S3A and S4A are 
deenergized. 
As pistons 330 and 331 are moved toward the outboard 

ends of their respective cylinders, switch LS2B will open 
again, and as carrier 23 approaches its fully retracted position, 
switch LS1B will open to deemergize relay CRA20. 

Deenergization of relay CRA20 resets all of the previously 
described contacts under the control of relay CRA20. By 
opening contacts CRA20-3, relay CRA13 and timer TDA2 
are both deenergized. By opening contacts CRA204, timer 
TDA3 is reset. By opening contacts CRA20-2, a holding cir 
cuit for relay CRA10 cannot be completed if relay CRA10 is 
energized. Contacts CRA20-1 are reset to their closed posi 
tions for initiating a new welding cycle after the completion of 
the welding cycle. 
By deenergizing relay CRA3, all of its previously described 

contacts of relay CRA13 are reset. As a result, contacts 
CRA13- open to prevent energization of the motor starting 
relay network 836. Motor 832 consequently cannot be ener 
gized at this stage of the sequence. By closing contacts 
CRA13-2, a circuit for energizing relay network 837 is par 
tially completed. Contacts CRA13-3 open to prevent the 
completion of an energizing circuit through contacts 
CRA20-3 until after relay CRA13 is reenergized. 
By resetting timer TDA3, contacts TDA3-2 open to deener 

gize relay CRA21. As a result, all of the previously described 
contacts controlled by relay CRA21 are reset. 
By opening contacts CRA21-1, an energizing circuit can 

not, at this stage, be completed through either contacts 
CRA24-6 or contacts CRA14-4 to energize relay CRA15. By 
opening contacts CRA21-3, timer TDA5 is reset, and by 
opening contacts CRA21-4, timer TDA6 is also reset. By 
opening contacts CRA2-2 relay CRA17 is deenergized. As a 
result, contacts CRA17-1 are opened to deemergize solenoids 
S3B and S48B. 
As a result of resetting timer TDAS, contacts TDA5-3 open 

to deenergize relay CRA24. Also, as a result of resetting timer 
TDA6, contacts TDA6-3 open to deemergize relay CRA26. 
By deenergizing relay CRA24, its six previously described 

sets of normally closed contacts close. By closing contacts 
CRA24-1, a circuit will be completed through contacts 
CRA6-2 for maintaining relay CRA6 energized after relay 
CRA14 is deemergized. Deenergization of relay CRA14 will 
occur in about 5 seconds following deenergization of relay 
CRA24 as will presently be explained. 
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By closing contacts CRA24-2, timers TDA1 and TDA4 are 

restarted and relay CRA2 is reenergized. As a result of clos 
ing contacts CRA24-6, a partial circuit is completed for 
reenergizing relay CRA15. By closing contacts CRA24-3, 
relay CRA6 is reenergized. By closing contacts CRA24-4, a 
circuit for reenergizing relay CRAE8 is partially completed. 
The closing of contacts CRA24-5 partially completed the 
holding circuit for relay CRA27. 
By deemergizing relay CRA26, contacts CRA26-1 open to 

interrupt the holding circuit around contacts CRA16-3, 
CRA8-3, and CRA27-1. 

By reenergizing relay CRA12, contacts CRA12-1 close to 
energize relay CRA29. As a result, solenoids S9A and S9B are 
energized again to release the brake units. 
Approximately 5 seconds after timer TDA2 is deenergized, 

contacts TDA2-1 open to deemergize relay CRA4. Deener 
gization of relay CRA14 resets all of the previously described 
contacts under the control of relay CRA14. When contacts 
CRA14-1 open at this stage, relay CRA6 will not be deener 
gized because contacts CRA14-1 are now closed. 
By opening contacts CRA14-2, relay CRA8 is deenergized. 

As a result, all of the previously described contacts controlled 
by relay CRA8 are reset. Solenoid S2A is deenergized as a 
consequence of opening contacts CRA8-2. 
By closing contacts CRA 14–4, a circuit for energizing relay 

CRA15 is partially completed. Relay CRA16 will not be 
deenergized as a result of opening contacts CRA14-3, for at 
this stage, contacts CRA24-3 are closed. 
By reenergizing timer TDA1, contacts TDA-3 close to 

energize relay network 837 through contacts CRA13-2 which 
are now closed. As a result, motor 833 is energized to start 
rotation of workpiece 13. 

Simultaneously with the energization of timer TDA1, timer 
TDA4 is restarted. Timer TDA4 will time out after the previ 
ously mentioned, short duration to close contacts TDA4-2 for 
energizing relay CRA22. As a result, the four previously 
described sets of normally open contacts controlled by relay 
CRA22 are closed to energize relays CRA8, CRA15 and 
CRA17 and also to energize solenoid S2B. 
By reenergizing relay CRA3, contacts CRA8-1 and 

CRA8-2 are again closed. By closing contacts CRA8-, how 
ever, no holding circuit is provided for relay CRA8 through 
contacts CRA14-2 because relay CRA14 is not energized at 
this stage. As a result of closing contacts CRA8-2, solenoid 
S2A is reenergized. 
By energizing relay CRA15, solenoids S3A and S4A are 

energized as previously described. By energizing relay 
CRA17, solenoids S3B and S4B are energized as previously 
explained. 
By virtue of reenergizing solenoids S2B, S3B, and S4B, car 

rier 23 will now be accelerated forwardly again at a relatively 
rapid rate. As carrier 23 is advanced forwardly, it trips switch 
LSB to its closed position to reenergize relay CRA20. 
Reenergization of relay CRA20 opens contacts CRA20-1 and 
closes contacts CRA20-2, CRA20-3, and CRA20-4 to per 
form the previously described functions. 
As the advancing workpiece 13 now approaches center 

workpiece 12, limit switch LS2B is tripped to its closed posi 
tion to complete an energizing circuit for relay CRA18. 

By energizing relay CRA18, contacts CRA18-1 open to 
deenergize relay CRA17, contacts CRA18-2 close to provide 
a holding circuit for maintaining relay CRA18 energized 
through contacts CRA24-4, and contacts CRA8-3 close to 
energize solenoid 882. Energization of solenoid 882 starts 
timer TDA3 as previously described. 
By deemergizing relay CRA17, solenoids S3B and S4B are 

deenergized with the result that valves 348a and 383a are 
shifted in the manner previously described to reduce the oil 
flow rate applied to cylinders 32 and 33 for accelerating carri 
er 23 forwardly and to place restrictor 380a in the active part 
of the hydraulic circuit to increase the back pressure at the in 
board ends of cylinders 32 and 33. As a result, workpiece 13 is 
rapidly decelerated to gently contact the center workpiece in 
the manner already described. 
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When timer TDA3 times out, contacts TDA3–2 close to 
energize relay CRA21. As a result, the four previously 
described sets of normally open contacts controlled by relay 
CRA21 close to respectively energize relay CRA15, relay 
CRA17, timer TDA5, and timer TDA6. By energizing relay 
CRAS and CRA17, solenoids S3A, S4A, S3B, and S4B are 
all energized in the manner previously described. 
By starting timer TDA6, contacts TDA6-2 close to partially 

complete a circuit for energizing relay CRA25. By starting 
timer TDA5, contacts TDA5-2 close to energize relay 
CRA23. 

Energization of relay CRA23 closes contacts CRA23-1 and 
CRA23-2 with the result that relay CRA25 and solenoids 
S1A, S1B, and S7 will all be energized. By energizing relay 
CRA25, solenoids S5 and S6 will be energized in the manner 
previously explained. 
As previously explained, the energization of solenoids S1A, 

S1B, and S7 along with solenoids S5 and S6 increases the oil 
flow rate to abruptly build up the oil pressure at the outboard 
ends of cylinders 32 and 33 for pushing workpiece 13 against 
the center workpiece with increased force. 
As timer TDA6 continues to time along timers TDA1 and 

TDAS, the pressure buildup from the initial, abrupt buildup 
becomes more gradual as previously explained. Timer TDA6 
allows the oil pressure to build up sufficiently to force work 
piece 13 against workpiece 12 with the previously mentioned 
terminal, heat cycle pressure. It will be recalled that, at this 
stage, only workpiece 13 is spinning. 
When timer TDA6 times out, relay CRA25 is deemergized 

to deemergize solenoids S5 and S6 as previously explained. 
Also, when timer TDA6 times out, relay CRA26 is energized 
to close contacts CRA26-1 to provide a holding circuit 
around contacts CRA16-3, CRA18-3 and CRA27-1 in the 
manner previously described. . . . 
By deemergizing solenoids S5 and S6, the oil pressure in the 

outboard ends of cylinders 32 and 33 will be allowed to build 
up to the higher relief limit provided by relief valve 480a as al 
ready explained. . . . . . 
At the time timer TDA6 times out, sufficient heat will have 

been frictionally generated by rubbing contact between work 
pieces 12 and 13 to plasticize the adjacent workpiece ends. In 
this state, the weldjoints at the abutting ends of workpieces 12 
and 13 will form as soon as rotation of workpiece 13 is ar 
rested. 
Timer TDA1 times out shortly after times TDA6 times out 

as previously described, and when timer TDA does time out, 
contacts TDA1-3 open to deemergize the motor starting relay 
network 837. In addition, contacts TDA12 close to energize 
relay CRA11. By deenergizing relay network 837, motor 833 
is deemergized. By energizing relay CRA11, contacts 
CRA11-1 open to deenergize relay CRA29. As a result, con 
tacts CRA29-1 open to deenergize S9A and S9B, thereby ap 
plying brake units 48 and 69. By applying brake unit 48, rota 
tion of shaft 38 is arrested. Workpiece 13 will now be welded 
to workpiece 12, 
After the weld which is formed between workpieces 12 and 

13 has cooled sufficiently, timer TDA5 times out to open con 
tacts TDA5-2 and to close contacts TDA5-3. As a result, 
relay CRA23 is deemergized, and relay CRA24 is energized. 
By deemergizing relay CRA23, solenoids S1A, S1B, and S7 are 
deenergized in the manner previously explained. The high oil 
pressure in the outboard ends of cylinders 32,33,54, and 55 is 
consequently removed, and the cylinders are transferred back 
to their respective travel pumps. 
By energizing relay CRA24, the relay's previously described 

six sets of normally closed contacts all open. When contacts 
CRA24-1 open at this stage of the sequence, relay CRA6 will 
deemergize owing to the fact that relay CRA14 is presently 
deenergized. By opening contacts CRA24-2, the energizing 
circuits for timers TDA1 and TDA4 and for relay CRA12 are 
interrupted. Timers TDA1 and TDA4 are consequently reset 
for the next welding cycle. By deemergizing relay CRA12, con 
tacts CRA12-1 open to prevent energization of relay CRA29 
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and the consequent release of the brake units at this stage of 
When contacts CRA24-6 open at this stage of the 

sequence, relay CRA15 will not be deenergized owing to the 
fact that contacts CRA14-4 will be closed. As a result, sole 
noids S3A and S4A will remain energized. By opening con 
tacts CRA24-3, CRA24-4, and CRA24-5, relays CRA16, 
CRA18, and CRA27 are all deemergized. As a consequence, 
all of the previously described contacts under the control of 
relay CRA16, CRA18, and CRA27 are reset. 
By resetting timers TDA1 and TDA4, relay. CRA11 and 

CRA22 are deemergized. Deenergization of relay CRA11 does 
not result in the release of the brake units because contacts 
CRA12-1 are presently open. 

: By deemergizing relay CRA22, its previously described four 
sets of normally open contacts all open. When contacts 
CRA22-1 open at this stage of the sequence, relay CRA8 will 
be deemergized by virtue of contacts CRA14-2 being open to 
prevent the completion of a holding circuit for relay CRA8, 
By opening contacts CRA22-4, solenoid S2B is deemergized. 
Relay CRA15 and relay CRA17 will not be deemergized at this 
stage as a consequence of opening contacts CRA22-2 and 
CRA22-3. 
By deemergizing relay CRA6, its eight sets of previously 

described contacts are all reset. As a result, contacts CRA6-3 
close to energize relay CRA7. By virtue of energizing relay 
CRA7, solenoids S10A and S10B are both energized. 
By virtue of deemergizing relay CRA8, contacts CRA8-1 

open to reset the holding circuit for relay CRA8 and contacts 
CRA8-2 open to deemergize solenoid S2A. 

Thus, when timer TDA5 times out for the second time, sole 
noids S3A, S3B, S4A, S4B, S10A, and S10B will be energized 
and solenoids S1A, S1B, S2A, S2B, and S7 will all be deener 
gized as previously explained. As a result, the hydraulic circuit 
at the end of the welding cycle is automatically conditioned to 
return carriers 22 and 23 to their retracted positions in the 
manner already explained. This, as previously described, will 
occur by delivering oil to the inboard ends of cylinders 32,33, 
S4, and 55. As pistons 330-333 are moved toward the out 
board ends of their respective cylinders, the end workpieces 
11 and 13, which are now welded to workpiece 12, will be 
released, at this stage, from chuck elements 121 in carriers 22 
and 23. - 

As carriers 22 and 23 begin their return movement, 
switches LS2A and LS2B open. Nothing will occur, however, 
because relay CRA16 and CRA18 are already deemergized. 
As carriers 22 and 23 reach their fully retracted positions, 

50 switches LS1A and LS1B open to deemergize relays CRA19 
and CRA20. As a result, all of the previously described cont 
tacts under the control of relays CRA19 and CRA20 are reset. 
Timer TDA3 will be reset as a result of opening contacts 
CRA19-5 and CRA20-4. As a consequence, relay CRA21 
will be deenergized. 
By deemergizing relay CRA21, its four sets of previously 

described normally open contacts open to deemergize relays 
CRA15 and CRA17 and to reset timers TDA5 and TDA6. By 
resetting timers TDAS and TDA6, relay CRA24 and CRA26 

60 are deemergized. As a result, the previously described contacts 
under the control of relays CRA24 and CRA26 are all reset. 
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By deemergizing relays CRA15 and CRA17, solenoids S3A, 
S4A, S3B, and S4B are all deenergized. The sequential weld 
cycle in which workpieces 11 and 13 have been sequentially 
welded to workpiece 12 is now complete and the controls are 
all reset for the next welding cycle with the exception of those 
relays in the active circuit for clamping the center workpiece 
by fixtures 17 and jaws 15 and 16. 
The center workpiece and the end workpieces which are 

now welded thereto are released for removal from the 
machine by depressing switch 850. As shown in FIG. 14B, 
switch 850 is ganged to a pair of normally open switches 920 
and 921. When switch 850 is closed, switches 920 and 921 are 
open. When switch 850 is opened to unclamp the welded 
workpiece structure, switches 920 and 921 are closed. 
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As a result of opening switch 850, relay CRA2 and CRA3 
are deemergized with the result that all of the previously 
described contacts under the control of relays CRA2 and 
CRA3 are reset. By opening contacts CRA2-3 and CRA3–2, 
solenoids S11A, S12A, and S13 are alldeenergized. By closing 
contacts CRA3-3 and CRA2-4, separate circuits respectively 
completed through switches 920 and 921 energize: relays 
CRA4 and CRA5. Energization of relays CRA4 and CRA5 
close contacts CRA4-1 and CRA5-1 respectively to energize 
solenoids S12 and Si. 
With the solenoids S1 and Si 1A respectively energized 

and deemergized, fixtures 17 are unclamped in the manner 
previously described. Deenergization of solenoid S13 reduces 
the high clamping pressure as previously described. Also, as 
previously explained, energization of solenoid S2 and 
deenergization of solenoids S12A unclamps jaws 5 and 16. 
The welded workpiece structure is now released and may be 
removed from the machine. The machine may now be re 
loaded with new workpieces to be welded, and the welding 
cycle may be repeated by depressing the cycle start switch 854 
after the new workpieces are clamped in place and switch PS2 
has been reclosed. 

- Assume now that three new workpieces are loaded in the 
machine and that the center workpiece is clamped in place in 
the manner previously described, that the machine is ready for 
operation by depression of switch 854, and that it is now 
desired to simultaneously weld the end workpieces 11 and 13 
to the center workpiece 2. To accomplish this, switch as 
sembly 853 is actuated to close switch 875 and to open switch 
874 prior to depression of switch 854. The circuit is now con 
ditioned to weid workpieces 11 and 3 simultaneously to 
workpiece 12. It will be appreciated that if the machine is not 
ready for operation by depressing switch 854, all of the previ 
ously described steps in the sequence leading up to the depres 
sion of switch 854 must be effectuated so that the circuitry will 
be conditioned for operation. Assuming this has been done, 
and assuming that switch assembly 853 has been operated for 
simultaneous welding, switch 854 is now depressed to begin 
the simultaneous welding cycle by energizing relay CRA6. 

Energization of relay CRA6 closes contacts CRA6-1, 
CRA6-2, CRA6-6, CRA6–4, and CRA6–5 and opens con 
tacts CRA6-3, CRA6-7, and CRA6-8 to perform the previ 
ously described functions. This includes the deenergization of 
relay CRA7 by virtue of opening contacts CRA6-3. By 
deenergizing relay CRA7, solenoids S10A and S10B are both 
deenergized. As a result, valves 774 and 774a will allow the oil 
pressure to build up to the appreciably higher pressure as 
previously explained. With this pressure buildup, the pistons 
107 in carriers 22 and 23 will shift to their outboard positions 
where chuck elements 12i close to grip the two end work 
pieces 1 and 13. Also with this pressure buildup, pressure 
switches PSA and PS1B will close to complete circuits for 
starting timers TDA1 and TDA4 by energizing solenoids 860 
and 863 respectively. 

In addition to starting timers TDA1 and TDA4, relay 
CRA12 will be energized to close contacts CRA12-1 and to 
open contacts CRA12-2 and CRA12-3 for performing the 
previously described functions. By virtue of closing contacts 
CRA12-1, relay CRA29 is energized to energize solenoids 
S9A and S9B for releasing brake units 48 and 69 as previously 
described. -- -- 

When timer TDA1 is started, contacts TDA1-3 close to 
complete a circuit for energizing motor starting relay network 
836. In addition, a circuit for energizing motor starting relay 
network 837 will simultaneously be completed through con 
tacts TDA1-3 and through switch 875 which is now closed. 
Neither relay CRA13 nor timer TDA2 can be energized 
because switch 874 is open. - - 
- By virtue of energizing networks 836 and 837, motors 832 
and 833 are simultaneously energized to start simultaneous 
rotation of workpieces 1 and 3. it is to be noted that the 
energizing circuit for starting network 837 is completed 
through normally closed contacts CRA13-2. This is made 

48 
possible by virtue of the fact that relay CRA13 cannot be 
energized since switch 874 is open as previously mentioned. 
Contacts CRA 3-1 will be open for the simultaneous welding 
operation, but this will not prevent energization of motor 

5 starting relay network 836 because the energizing circuit for 
network 836 is now completed through switch 875 which has 
been closed. As shown, switch 875 provides a shunt circuit 
around contacts CRA13-. 
When timer TDA4 times out, contacts-TDA4-2 close to 

O energize relay CRA22. By virtue of energizing relay CRA22, 
solenoid S2B and relays CRA8, CRA15, and CRA17 are all 
energized as previously explained. Energization of relays 
CRA8, CRA15, and CRA17 result in the energization of sole 
noids S2A, S3A, S4A, S2B, S3B, and S4B. The circuits for 
energizing the solenoids have been previously described. 
By virtue of energizing solenoids S2A, S3A, S4A, S2B, S3B, 

and S4B, carriers 22 and 23 are accelerated forwardly at the 
previously described relatively rapid rate. 

20 As carriers 22 and 23 are advanced forwardly, they respec 
tively close switches LS1A-and LS1 B to energize relays 
CRA19 and CRA20. As a result, all of the previously 
described contacts under the control of relays CRA19 and 
CRA20 are actuated to perform the previously explained 

25 functions. 
As workpieces 11 and 13 approach the center workpiece 

12, limit switches LS2A and LS2B are tripped to their closed 
positions to respectively energize relays CRA16 and CRA18. 
For the simultaneous welding operation, relay CRA16 will be 

30 energized through contacts CRA24-3 when switch LS2A is 
closed. - 

By virtue of energizing relays CRA16 and CRA18, relays 
CRA15 and CRA 7 are deemergized and timer TDA3 is 
started all as previously described. By deenergizing relays 

35 CRA15 and CRA17, solenoids S3A, S4A, S3B, and S4B are 
all deenergized. 
By deenergizing solenoids S3A, S4A, S3B, and S4B, valves 

348,388, 34.8a, and 388a are all shifted in the manner previ 
ously explained to reduce the oil flow rate applied to cylinders 

40 32, 33,54, and 55 for accelerating carriers 22 and 23 for 
wardly and to place restrictors 390 and 390a in the active part 
of the hydraulic circuit to increase the back pressure at the in 
board ends of cylinders 32,33, 54, and 55. As a result, carriers 
22 and 23 and, consequently, workpieces 1 and 13 are 
rapidly decelerated to gently contact workpiece 12 in the 
manner previously explained. Workpieces 1 and 13, which 
are now decelerating, will contact the center workpiece just 
about the time that timer TDA3 times out. 
When timer TDA3 times out, contacts TDA3-2 close to 

energize relay CRA21. Energization of relay CRA21 closes 
the four sets of previously described normally open contacts 
under the control of relay CRA2i. As a result, relays CRA15 
and CRA17 are energized and timers TDA5 and TDA6 are 

55 both started all as previously explained. By virtue of energiz 
ing relays CRA15 and CRA17, solenoids S3A, S4A, S3B, and 
S4B are reenergized. - - - 

By starting timers TDA5 and TDA6, relays CRA23 and 
CRA25 are energized as heretofore described. By virtue of 

60 energizing relays CRA23 and CRA25, solenoids S1A, S1B, 
S7, S5, and S6 are all energized. As a consequence, the oil 
flow rate is increased to abruptly build up the oil pressure on 
the outboard ends of cylinders 32,33, 54, and 55 for pushing 
the end workpieces 11 and 13 against the center workpiece 

65 with increased force. -- 
- Timer TDA6 continues to time along with timers TDA1 and 
TDA5, and the pressure buildup from the initial abrupt buil 
dup becomes more gradual all as previously explained. 
: After the previously mentioned terminal heat cycle pressure 

70 is reached, timer TDA6 times out to deemergize relay CRA25 
and to energize relay CRA26. Energization of relay CRA26 
closes contacts CRA26-1 to provide the previously described 
holding circuit-for timer TDA3. By deemergizing relay 
CRA25, solenoids S5 and S6 are deemergized with the result 

75 that oil pressure in the outboard ends of cylinders 32, 33, 54 

45 

50 
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and 55 will be allowed to build up to the higher relief limit pro 
vided by relief valve 480 as previously explained. 
At the time timer TDA6 times out, sufficient heat has been 

frictionally generated by rubbing contacts between each of the 
workpieces 11 and 13 and workpiece 12 to plasticize the ad 
jacent workpiece ends. Thus, as soon as rotation of work 
pieces 11 and 13 is arrested, the weldjoint at the abutting ends 
of workpieces 11, 12, and 13 will form. 
When timer TDA1 times out, contacts TDA1-2 close to 

energize relay CRA11 and contacts TDA1-3 open to interrupt 
the energizing circuits for starting relay networks 836 and 
837. As a result, motors 832 and 833 are deenergized. By 
energizing relay CRA11, relay CRA29 is deemergized, and 
deenergization of relay CRA29 results in the deenergization of 
solenoids S9A and S9B. As a consequence, the brake units are 
applied to arrest rotation of workpieces 11 and 13. Both work 
pieces 11 and 13 will now be welded to workpiece 12. 
After these welds have cooled sufficiently, timer TDA5 

times out to deenergize relay CRA23 and to energize relay 
CRA24 in the manner previously explained. By deemergizing 
relay CRA23, solenoids S1A, S1B, and S7 are deenergized. As 
a result, high oil pressure in the outboard ends of cylinders 32, 
33, 54, and 55 is removed, and the cylinders are transferred 
back to their respective travel pumps. This operation was 
previously described. . 
When relay CRA24 is energized, timers TDA1 and TDA4 

are reset and relays CRA6, CRA12, CRA15, CRA16, CRA18, 
and CRA27 are all deenergized. By resetting timers TDA1 and 
TDA4, relays CRA11 and CRA22 are also deemergized. As a 
consequence all of the previously described contacts under 
the control of relays CRA6, CRA12, CRA15, CRA16, 
CRA18, CRA27, CRA11 and CRA22 are all reset. By deener 
gizing relay CRA22, relay CRA8 and solenoid S2B are both 
deenergized as previously explained. 
When relay CRA6 is deemergized, relay CRA7 will be ener 

gized by virtue of closing contacts CRA6-3. Solenoids S10A 
and S10B are both energized as a result of energizing relay 
CRA7. 
By deenergizing relay CRA8, solenoid S2A is deenergized. 

Thus, at this stage of the sequence, solenoids S3A, S3B, S4A, 
S4B, S10A, and S10B are all energized and solenoids S1A, 
S1B, S2A, S2B, and S7 are all deemergized. As a result, chuck 
elements 121 are released and the hydraulic circuit is now au 
tomatically conditioned to return carriers 22 and 23 to their 
retracted positions in the manner previously explained. When 
carriers 22 and 23 reach their fully retracted positions, 
switches LS1A and LS1B will both open to deemergize relays 
CRA19 and CRA20. As a consequence all of the contacts 
under the control of relays CRA19 and CRA20 will be reset. 
This results in the resetting of timers TDA3 to deemergize 
relay CRA21. By deenergizing relay CRA21, relays CRA15 
and CRA17 are deemergized and timers TDA5 and TDA6 are 
both reset. By deemergizing relays CRA15 and CRA17, sole 
noids S3A, S4A, S3B, and S4B are all deemergized. 
By resetting timers TDA5 and TDA6, relays CRA24 and 

CRA26 are deemergized. As a result, all of the previously 
described contacts under the control of relays CRA24 and 
CRA26 are reset. Switch 850 may now be depressed to un 
clamp the welded workpiece structure from the machine in 
the manner previously explained. . 
As shown in FIG. 14B, carrier 22 may selectively be jogged 

forwardly by depressing switch 856 to energize relay CRA9 
through normally closed contacts CRA6-7. By energizing 
relay CRA9, contacts CRA9-1, as well as two additional sets 
of normally open contacts CRA9-2 (FIG, 14E) and CRA9-3 
(FIG. 14F) all close. By closing contacts CRA9-3, solenoid 
S2A is energized to shift valve 344 to its illustrated position. 
With the hydraulic circuit in this condition, pump 336 is selec 
tively activated to supply oil under pressure to the outboard 
ends of cylinders 54 and 55 to advance carrier 22 forwardly 
from its previously described fully retracted position. Initial 
advancement of carrier 22 from its fully retracted position 
closes switch LS1A to energize relay CRA19. As a result, con 
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tacts CRA19-4 close to provide a holding circuit through con 
tacts CRA9-1 and a carrier return spring-loaded pushbutton 
switch 924 (FIG. 14B) to maintain relay CRA9 energized. 
Carrier 22 will continue to advance forwardly as long as pump 
is operated. When it is desired to stop the forward advance 
ment of carrier 22, pump 336 is deactivated by selectively 
deenergizing motor 338. 
As shown in FIG. 14E, a further switch 926 is ganged to 

switch 856. Switch926 is closed when switch 856 is opened 
and is open when switch 856 is closed. Thus, as long as the 
operator holds switch 856, in its depressed, closed position, 
switch 926 remains open to prevent a circuit from being 
completed through tontacts CRA9-2 to energize a hold relay 
CRA30. When the operator releases switch 856, allowing it to 
resume its open position, switch926 closes to energize relay 
CRA30. Energization of relay CRA30 closes a set of normally 
open contacts CRA30-1 (FIG. 14G) to energize solenoid 
S14A. Energization of solenoid S14A shifts valve 760 to its 
position where it blocks flow of oil through restrictor 390. Any 
high pressure resulting from this shutoff will be relieved 
through valve 762. With flow through restrictor 390, carrier 
22 cannot drift from its forwardly advanced position when its 
forward advancement is selectively stopped. 
To return carrier 22 to its retracted position, switch 924 is 

depressed to interrupt the energizing circuit for relay CRA9. 
Deenergization of relay CRA9 deemergizes solenoid S2A. As a 
result, oil will be supplied to the inboard ends of cylinders 54 
and 55 when pumps 336 is activated. By deemergizing relay 
CRA9, relay CRA30 will also deemergize to deemergize sole 
noid S14A, thus permitting oil to flow again through restrictor 
390. 
As shown in FIG. 14C, an identical arrangement is provided 

for selectively jogging carrier 23 forwardly. In this case, switch 
858 is depressed to energize relay CRA10 which closes con 
tacts CRA10-1 (FIG. 14C) CRA10-2 (FIG. 14E) and 
CRA10-3 (FIG. 14F). By closing contacts CRA10–3, sole 
noid S2B is energized to shift valve 344a to its illustrated posi 
tion. As a result, oil may be selectively supplied to the out 
board ends of cylinders 32 and 33 to advance carrier 23 for 
wardly. As carrier 23 is advanced from its fully retracted posi 
tion, it closes switch LS1B to energize relay CRA20. Energiza 
tion of relay CRA20 closes contacts CRA20-2 to complete a 
holding circuit for relay CRA10 through a carrier return, 
spring-loaded, pushbutton switch928 (FIG. 14C). 
As shown in FIG. 14E, a further switch 930 is ganged to 

switch 858. Switch930 will be closed when switch 858 is open 
and will be open when switch 858 is closed. Thus when the 
operator has depressed switch 858 to its closed position, 
switch 930 will be open to prevent a circuit from being 
completed through contacts CRA10-2 to energize a relay 
CRA31. When, however, the operator releases switch 858, al 
lowing it to resume its open position, switch 930 closes to 
energize relay CRA31 through contacts CRA10-2. Energiza 
tion of relay CRA31 closes a set of normally open contacts 
CRA31-1 (FIG. 14G) to energize solenoid S14B. Energiza 
tion of solenoid S14B shifts valve 760a to a position where it 
blocks oil flow through restrictor 390a. As a result, carrier 23 
is prevented from drifting from its forwardly advanced posi 
tion in the same manner as described in connection with carri 
er 22 and solenoid S14A. 
To return carrier 23 to its retracted position, switch 928 is 

depressed to interrupt the energizing circuit for relay CRA10. 
As a result, all of the normally open contacts under the control 
of relay CRA10 are open. This results in the deemergization of 
solenoid S2B and of relay CRA31. Deenergization of relay 
CRA31 deemergizes solenoid S14B. 

Solenoids S3A and S4A may selectively be energized to 
override a decelerating condition of carrier 22 by depressing 
switch 864 to energize relay CRA15. Energization of relay 
CRA15 closes contacts CRA15-1 to complete the energizing 
circuit for solenoids S3A and S4A as previously described. 
Similarly, deceleration of carrier 23 can be overridden by 
depressing switch 866 to complete an energizing circuit for 
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relay CRA17. As a result of energizing relay CRA17, contacts 
CRA17-1 close to energize solenoids S3B and S4B. As shown 
in FEG, 14B, an additional cycle start, spring-loaded, pushbut 
ton start switch 932 may be provided in parallel with switch 
854. Switches 854 and 932 are advantageously located at dif 
ferent locations. 

Still referring to FIG. 14B, a static cycle spring-loaded push 
button switch934 may be provided for energizing relay CRA6 
without energizing the blower motor starter M6A. 

In the event of an emergency either switch 810 or switch 
8.2 may be depressed to stop operation of the machine by 
deenergizing relay CRA28. Deenergization of relay CRA28 
closes contacts CRA28-1 to energize relay CRA, opens con 
tacts CRA28-2 to interrupt the energizing circuit for relay 
CRA7, opens contacts CRA28-3 to interrupt the energizing 
circuits for the motor networks 836 and 837, for relay 
CRA13, and for timer TDA2, opens contacts CRA28-4 to in 
terrupt the energizing circuit for relay CRA23, and opens con 
tacts CRA28-5 to interrupt the energizing circuit for relay 
CRA29. 

interruption of the energizing circuits for networks 836 and 
837 stops motors 832 or 833 if either or both are operating 
when the emergency switch is depressed, and deemergization 
of relay CRA29 results in the application of the brake units, if 
not already applied. Interruption of the energizing circuit for 
relay CRA7 results in the deemergization of solenoids S10A 
and S10B to cause valves 744 and 744a to return to their illus 
trated positions. Interruption of the energizing circuit for relay 
CRA23 interrupts the energizing circuit for relay CRA25 and 
for solenoids S1A, SB, and S7 to effect the previously 
described hydraulic circuit valve operations. Interruption of 
the energizing circuit for relay CRA25 results in the interrup 
tion of the energizing circuits for solenoids S5 and S6 to effect 
the previously explained operation of the valves associated 
therewith. 

Energization of relay CRA provides an emergency inter 
lock by closing contacts CRA1-4 to complete a holding cir 
cuit for relay CRA1 if relay CRA19 is energized, by opening 
contacts CRA1-2 to interrupt the holding circuit for relay 
CRA6, by opening contacts CRA1-3 to interrupt the energiz 
ing circuit for relay CRA20, by closing a set of normally open 
contacts CRA1-5 (FIG. 14E) to energize relay CRA24, and 
by opening contacts CRA1-1 to interrupt the energizing cir 
cuit by relay CRA32. As a result of energizing relay CRA24 all 
of the six previously described sets of normally closed contacts 
under the control of relay CRA24 are opened to perform the 
previously explained functions. By deenergizing relay CRA32, 
switch 813 must be closed again before the machine can be 
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52 
restarted. 
Lamps indicated at 989 in FIGS. 14A, 14B, 14D, and 14E 

are connected in parallel with a number of the relays to in 
dicated energized conditions for their associated electrical 
components. A lamp 990 (FIG. B) is connected to paralleled 
switches LS4-1, LS5-1, LS6-1 and LS7-1 which are respec 
tively ganged to switches LS4, LS5, LS6, and LS7 and which 
close when their associated switches open by virtue of as 
sociated hydraulic circuit filters being clogged. Under such 
conditions, lamp 990 will be illuminated. 

claim: 
1. Apparatus for integrally joining by friction welding first 

and second workpieces to a third workpiece to form an in 
tegral article, said apparatus comprising: mounting means 
gripping and holding said third workpiece stationary, first 
rotating means gripping said first workpiece and capable of 
being actuated to rotate said first workpiece, second rotating 
means gripping said second workpiece and capable of being 
actuated to rotate said second workpiece, first force applica 
tion means operatively connected to said first rotating means 
and capable of being actuated to move said first workpiece 
toward and into contact with said third workpiece, second 
force application means operatively connected to said second 
rotating means and capable of being actuated to move said 
second workpiece towards and into contact with said third workpiece, first control circuit means operatively connected 
to both said rotating means and both said force application 
means and manually energizable to actuate initially said first 
rotating means and said first force application means and sub 
sequently to actuate said second rotating means and said 
second force application means, and second control circuit 
means operatively connected to both said rotating means and 
said force application means and manually energizable to ac 
tuate simultaneously said first and second rotating means and 
said first and second force application means. 

2. The apparatus of claim 1, wherein energizations of said 
first and second control circuit means are mutually exclusive. 

3. The apparatus of claim 1, wherein said third workpiece is 
held between said first and second workpieces in alignment 
with a common axis about which both said first and second 
workpieces are rotated, said first and second force application 
means respectively applying forces along said axis to said first 
and second workpieces to displace said first and second work 
pieces into rubbing engagement with opposite ends of said 
third workpiece with sufficient pressure to render fusible and 
workpiece regions being rubbed together, whereby welds are 
formed at said regions when rotation of said first and second 
workpiece is stopped. 
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56, 
42, 
43, 
34, 
35, 
52, 
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41, 
29, 
50, 
23, 
20, 
22, 
46, 
47, 

66, 
67, 
7, 

change "CR3-3" (first occurrence) to 
-- CR.3-2 - -; change "being' to -- begin --; 
change "723" to -- 724 --; 
change '22" to -- 23 -- and '23" to -- 2 
change "22" to -- 23 - -; change "deenergized' to -- energized --; 
change "790' to -- 780 - -; 
change '979a" to -- 797 a -- ; 
change "sump' to -- sumps -- ; 
change "774" to -- 744 --; 
change "774a" to -- 744a --; 
change "M61-2' to -- M6A-2 - -; 
change "M61-3' to -- M6A-3 - -; 
after "and" add -- opens --; 
change "valve' to - valves --; 
change '48" and '69" to -- 69 -- and -- 
respectively. 
after "CRA19-3" add -- will not energize 
relay CRA1 since contacts CRA19-3 - -; 
change "CRA1-3" to -- CRAl-4 - -; 
change '986' to -- 896 --; 
change "not" to -- now --; 
change 'CRA24-7'to -- CRA24-6 -- ; 
after 'S3A" add - - , S4A -- ; 
change 'CRA14-1" to -- CRA24-1 --; 
after 'along' insert -- with --; 
change "times' to -- timer --; 
after '774a' insert -- shift to their 
positions where relief valves 740 and 74 
change '836" to -- 837 --; 
change '837' to -- 836 - -; 
change "joint" to -- joints --. 

Signed and sealed this 28th day of September 1971. 

Attesting Officer 
ROBERT GOTTSCHALK 
Acting Commissioner of Pate 


