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ous motor drive to provide frictional heating rather than the energy stored
in a flywheel. As used The present invention concerns a method of
herein the term inertia welding includes other forms ning superalloy
articles by inertia welding com   of rotational friction welding. prising
providing articles having different diameters.   5  The DE-A- 3 115 790
discloses a process of This invention relates to the inertia welding of
friction welding of aluminium or steel articles hav- articles especially
hollow articles such as tubes.  ing different diameters. This invention
also relates to the inertia, welding of  Inertia welding was developed and
has been high strength superalloy articles produced by pow-   widely used
in joining ferrous materials such as der metallurgy. This invention also
relates to the   10  Iron and steel in the heavy construction equipment
repair of superalloy articles by inertia welding.   industry. Recently It
has been employed with rea- Inertia welding Is a process used to join
metal-  sonable success in joining superalloys. The joining lic articles
which are generally symmetrical about   of superalloy materials is much
more demanding an axis of rotation. Such articles may be solid or  than the
joining of ferrous materials since superal- hollow. Thus for example
Inertia welding can be   15  loys have higher softening temperature and are
used to join components together to form an article  much more resistant to
deformation at high tem- such as a crankshaft or a welded hollow tube
peratures. Inertia welding of "powder processed" assembly. The inertia
welding process is described   superalloys are the most difficult of all
inertia weld, for example in US-A-3,234, 644; 3, 235,162;         ing
applications. The zone in the articles to be 62,826; 3,591068; and 4, 365,
136.       -      20  joined, which is to be softened by the welding
Briefly, in Inertia welding the articles to be   process, Is limited and
the degree of upset or joined are located and positioned so that their axes
deformation in the weld zone is similarly limited. of symmetry coincide and
the surfaces to be joined   Consequently, In the Inertia welding of (powder
are in a parallel relationship. One of the articles Is  processed)
superalloys there Is generally a residual held stationary, the other is
attached to a rotatable  25   notch observed at the weld zone. Such a notch
is flywheel. The rotatable article - flywheel combina-  not often observed
in inertia welding of ferrous tion is accelerated to a predetermined
rotational    materials. speed and the rotating article is then forced
against    Unfortunately, in the case of powder processed the stationary
article. The flywheel geometry, mass  nickel superalloys the weld zone
notch invariably and rotational speed determine the available kinetic  30
extends inwardly beyond the depth of the Inertia energy, and this kinetic
energy is dissipated (con-  weld zone. Thus, even after the weld upset is
verted into thermal energy) by friction between the  removed by machining
there a notch usually re- articles to be joined. The articles are forced
to-   mains and removal of the notch requires machining gether. The kinetic
energy is sufficient to cause   to less than the original diameters of the
articles localized softening. When the flywheel rotation   35   which were
joined. If the notch is not fully removed, stops, the force between the
articles is maintained  it acts as a stress riser and as a failure
initiation or increased causing the softened portions of the    site during
subsequent use of the welded article or articles to bond together. The
force between the     even during the subsequent heat treatment. This cles
causes plastic or superplastic deformation   notch problem Is particularly
detrimental in higher in the weld zone. Cooling of the weld zone is fairly
40  strength  superalloys  (i.e. those  having  yield rapid by conduction
of heat Into the articles        strengths in excess of 689.5 MPa (100 ksi)
at This is a desirable process having several non-  [err] ([err])) and in
superalloy materials pro- obvious advantageous features including the fact
duced  by the powder metallurgy techniques. that the process is conducted
under conditions       Superalloys are defined as nickel base alloys stren-
which cause expulsion of a significant amount of  45   gthened by gamma
prime ([err]) precipitation. material from the weld zone thus inherently
remov-      Accordingly it Is an object of the invention to ing all
detrimental surface contamination. The weld  describe a method for inertia
welding materials and zone in the final article Is more characteristic of a
controlling the depth and location of the weld zone forging rather than a
casting. Weld zones produced   notch. by other forms of welding such as
laser, electron   50   It is another object of the invention to disclose
beam and electric fusion welding have weld zones     a method of inertia
welding high strength (and/or which have been melted and resolidified and,
powder metallurgy processed) superalloys while therefore, the weld zones
have characteristics of    minimizing the deleterious effects of the weld
zone casting which is generally less desirable than the   notch.
characteristics of a forging which are approached   55   Finally it Is an
object of the Invention to dis- by the inertia welding weld zone.
close a method for using inertia welding to repair Inertia welding is a
form of friction welding.   superalloy articles. Another form of friction
welding relies on a continu- 2   
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joining superalloy articles by     shows the articles prior to welding.
Fig. 1B shows inertia welding of the present invention is defined  the
articles after inertia welding and shows a notch according to the
characterizing portion of claim 1.  10 at a weld zone, a notch which
penetrates into According to the present invention the notch     the
article a distance below the original diameter of which results from
inertia welding has Its size and    5   the article. Thus the weld zone
area is less than the position controlled by causing the articles to be
area of the articles which were joined. Fig. 2 is a joined to have
significantly different dimension, dif-  32x photomacrograph of identical
wall thickness ferent diameters in the case of solid stock or dif-
articles after inertia welding. This photomacrograph ferent wall
thicknesses in the case of hollow arti-  shows the weld zone and the notch
which extends cles.                                           10  inward of
the original diameter of the pieces being The relative dimensions of the
articles to be    joined. Note that the weld zone is flat. joined have a
significant effect on heat flow from      The essence of the present
invention Is the use the weld zone and by apportioning the heat flow
of dissimilar mating article geometries in inertia differently between the
articles being joined, signifi-  welding. This is in contrast to the prior
art which cant modification and control of the weld joint ge-   15  has to
our knowledge used similar mating geome- ometry occurs. Specifically, the
smaller article    tries for welding components of the same or similar
reaches a higher temperature because the heat        alloy. flow away from
the weld zone into the thin article is   The invention weld zone
geometries, prior to less than that into the thicker article. Consequently
welding, are shown in and discussed with respect the thin article undergoes
more deformation and   20  to Figures 3 and 4. Figure 3 illustrates a solid
contributes more material to the weld zone expul-    article being joined
to a solid article according to sion, causing the weld zone notch to be
moved        the invention. In Figure 3 article A is to be joined to
relative to the position it would have been in had   article B and article
A has a smaller diameter [err] the articles had the same dimensions. The
thicker   than article B whose diameter is [err]. The articles article also
provides compressive stresses and this  25   must be located symmetrically
relative to one an- alters the weld notch geometry. In articles pro-
other meaning that the center line of A, [err] should duced according to
the Invention the weld zone       coincident with the center line of B,
[err]. This is a displays significant curvature, concave with respect
normal requirement of inertia welding. Assuming to the thinner component.
that [err] is coincident with CLb the articles have a The foregoing and
other features and advan-   30  difference In radius, AR and AR' which are
equal to tages of the present invention will become more     [err] minus Db
divided by 2. Obviously AR and AR' apparent from the following description
and accom-    will be equal and equal to the aforementioned value panying
drawings.                                    when [err] and [err] are
coincident. Fig. 1, is a schematic illustrating conventional     Figure 4
shows the joint geometry for the join- inertial welding of two solid
articles having the   35  ing of hollow articles such as tubes according to
same diameters. Fig. 1A shows the articles before    the invention. Again
article A is to be joined to joining and Fig. 1B shows the articles after
joining  article B and the article A and article B are both and shows the
presence of a notch in the weld        hollow articles having center lines
[err] and[err] zone. The weld zone is essentially flat.
respectively. Again the center lines are preferably Fig. 2 is a
photomacrograph showing a cross   40  coincident. Article A has a wall
thickness [err] and section of an actual inertial welded joint between
article B has a larger wall thickness Tb. Article A two hollow articles of
the same wall thickness illus-  has an inside diameter [err] and an outside
diameter trating the notch problem in the weld zone.          of [err]
while article B has an inside diameter [err] Fig. 3 illustrates the
geometry parameters of a  and an outside diameter Odb. S and S' denote the
joint between two solid articles.               45  step which will be
formed on article A is inertia Fig. 4 illustrates the geometry parameters
of a  welded to article B. joint between two hollow articles.
The gist of the Invention Is providing different Fig. 5 is a
photomacrograph of a joint made      dimensions, diameter, in the case of
solid articles according to the invention between hollow articles  and wall
thickness in the case of hollow articles, to Fig. 6 is a schematic of a
welded article pro-   50  control the position and extent of the residual
weld duced by the invention showing a curved weld         zone notch and to
produce a curved weld zone. zone.
This differential geometry produces "steps" on The invention will be
described through refer-   each side of the weld zone. The step dimensions
ence to the accompanying figures which comprise      necessary to achieve
the goals of the Invention drawings and photographs illustrating the prior
art  55   differ as a function of the material involved. The and the
invention. Fig. 1 shows a schematic repre-   necessary ratio of thicknesses
and therefore the sentation of solid superalloy articles of conventional
step dimensions ( [err] or [err] in Figures 3 geometry prior to and after
inertia welding. Fig. 1A  and 4) will vary with material and are best
deter- 3  
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routine experimentation on the part of the  vided herein. We be that the
useful range will skilled artisan.                                   be
between 1.2:1 and 2.0:1. For the particular case of a powder processed
The invention is applicable to the situation kel base superalloy material
(derived from  a       where articles made of identical superalloys are to
commercial superalloy material known as [err]    5   be welded.  The
invention is also applicable to the (industrial designation) which has a
nominal com-    situation where equivalent superalloys are to be position
of 12% chromium, 18% cobalt, 3.2% mo-       welded. The term equivalent
means that the alloys lybdenum, 4.3% titanium, 5% aluminum, 0.8% va-
have comparable high temperature properties. It Is nadium, 0.02%  boron,
0.06%  zirconium, balance      well known that the high temperature
properties nickel) with a grain size of ASTM  10.5 or finer   10  (the
properties near and above the recrystallization which has received a heat
treatment including a      temperature) of superalloys are controlled by a
solution  treatment at [err] ([err]), an oil       variety of conditions
including composition, grain quench from that temperature, and a subsequent
size and prior heat treatment. The term equivalent low temperature heat
treatment including exposure     here means that the creep strength of the
alloys to to [err]([err]),[err]  ([err]), [err]   15   be joined are within
30%  of each other when ([err]), and [err] ([err]) and having a mini-
measured at a temperature midway between the mum yield strength at [err]
([err]) of 1034.25    recrystallization temperature and the melting tem-
[err] (150 ksi), the ratio of [err] to [err] in Figure 3 or  perature of
the alloys. To be equivalent the super- [err] to [err] in Figure 4 should
be from 1.5 to 1.7.     alloys must also have recrystallization and melting
[err], with reference to Figure 4 and the joining of   20  temperatures
which are within [err] ([err]) of hollow articles of that material, a thin
article having  each other. a wall thickness of 0.50 cm  (0.200 inch) would
Figure 5 is a photomacrograph at 20x illustrat- advantageously be joined to
a thick article having a  ing an inertia weld zone made according to the
wall thickness of 0.76 to 0.86 cm (0.300 to 0.340     present invention
illustrating that the weld zone inch).
25   notch does not penetrate below the original dimen- The invention will
generally be applied to arti-  sions of the thinner article. cles whose
nominal diameters (the average of in-         Figure 5 illustrates a
significant feature of arti- side and outside diameters) are essentially
equal     cles inertia welded according to the invention. As so that
therefore, the outer step S and the inner    can be seen in Figure 5 the
inertia weld -zone has a step S' shown in Figure 4 will usually be
essentially   30  significant degree of curvature. Figure 5 can be equal.
It is entirely within the scope of invention  contrasted  with  Figure  2
which  is  another however to have different steps between the inside
photomacrograph illustrating a conventional inertia and outside so tong as
both steps fall within the    weld showing a flat or planar weld zone. The
range of preferred step dimensions set by the         curved inertia weld
zone, shown in Figure 5, is an previously mentioned ratio, 1.5 to 1.7 for
the par-  35  Important feature of the invention and the degree of ticular
alloy previously described. Thus for example  curvature can be used as a
guide for the skilled in joining a 0.50 cm (0.200 inch) wall thickness
artisan in adapting the invention to different materi- article, the range
of wall thickness articles which  als or other changed conditions. It is
the curved be advantageously joined is from 0.76 to 0.86    inertia weld
zone which causes the directed expul- cm (0.300 to 0.340 inch). This would
result, in the   40  sion of material and contributes to the control of
case of articles having the same nominal diam-        the residual weld
notch location and magnitude. eters, in a preferred range of step
dimensions from      As shown in Figure 6 a tangent drawn to the 1.27 to
1.78 mm (0.050 to 0.070 inch). It is clearly  curved inertia weld zone and
projected back to the within the scope of the invention to inertia weld
center line of the welded article (the axis of rota- articles whose
dimensions are such that one step   45  tion) will produce an angle a of
less than [err]. The has a dimension S of 1.27 mm (0.050 inch) and the
angle a, as measured on the Figure 5 photomacro- other step has a dimension
S' of 1.78 mm (0.070       graph, is approximately [err]. As another way of
inch).                                                defining the present
invention is to say that the By way of further example, material of the
invention benefits will be observed believed that same composition as set
forth above (that based   50   when a tangent line drawn to the curved weld
zone on IN100) but given a different heat treatment        at the point
where the curved weld zoneterminates which provides a lesser yield strength
and greater   (the notch area) and projected back to the center elongation
at elevated temperatures, has a desired    line of the welded article forms
an angle a of ratio of thin to thick articles of 1.3 to 1.5. As     between
about [err] and about [err]. previously stated the skilled artisan will be
able to  55  The utility of the present invention is high in determine the
ratio needed for other superalloy       the context of weld repairing
damaged articles materials through the use of a relatively few num-    such
as gas turbine engine components. Such ber of experiments based on the
Information pro-     damage may occur as a result of the in service use 4 
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during fabrication as the result of    6. Method according to claim  1 for
the inertia machining errors. The general procedure is to re-      weld
repair of high strength superalloy articles move the damaged portion from
the non damaged          characterized in comprising the steps of re-
portion by machining and then to replace the     moval of a damaged portion
of the article leav- damaged portion with an undamaged portion of a   5
ing a nondamaged portion and replacement of proper geometry by inertia
welding. The obvious        said damaged portion by inertia welding a re-
requirement is that any residual weld zone notch       placement portion to
the damage free portion not diminish the strength or utility of the
article. As  wherein said replacement is larger in cross previously noted,
inertia welding as practiced in the  section at the weld zone than said
nondamag- prior art would not meet this criteria (when welding   10  ed
portion and produces thereby a curved high strength and/or powder
metallurgy processed       weld zone and so that these residual weld
superalloy) since the notch at the weld zone would     notch does not
extend into the nondamaged extend inwardly of the original diameter of the,
portion; machined to size, original undamaged portion of           removal
of the excess material from the the welded article. The alternatives, each
undesira-  15  replacement portion. ble, were to tolerate a notch at the
weld zone and/or to reduce the entire diameter of the article
Patentanspruche below that of the original design. It can readily be
visualized that according to the present invention a  1. Verfahren zum
Verbinden von Superlegie- thicker wall section piece could be welded onto a
20  rungsgegenstlnden  durch  Schwungradrelb- thin wall original, machined
to size, section and that  schwe;Bung, welches das Schaffen von Gegen- the
weld zone notch could thereby be caused to be      stinden mit
unterschiedlichen Durchmessem located outside of the original diameter thus
per-     umfamt, dadurch gekennzeichnet, daB diese mitting the oversize
repair portion of the article to  Durchmesser der Gegenstinde sich um sin
be machined to the original design size with the   25  Verhilltnis von 1,2:
1 bis 2,0: 1 unterscheiden, complete removal of the weld zone notch.
wodurch die Gr6Be und der Ort einer Kerbe, die Folge der
Schwungradreibschweilung ist, Claims
so gesteuert wird, daB sie nicht unter den Durchmesser des klelneren
Gegenstandes ein- 1. Method of Joining superalloy articles by inertia  30
dringt, indem  elne gekrUmmte' Scwungra- welding, comprising providing
articles having       dreibschwelBzone erzeugt wird. different diameters,
characterized In that these diameters of the articles differ by ratio of
1.2:1  2. Verfahren nach Anspruch 1, dadurch gekenn- to 2.0:1 whereby the
size and location of a         zeichnet, daB die Gegenstande, die verbunden
notch resulting from inertia welding is con-  35    werden,
pulververarbeltete Superlegierungen trolled so as not to penetrate below
the diam-      sind. eter of the smaller article by producing a curved
inertia weld zone.                       3. Verfahren' nach Anspruch 1,
dadurch gekenn- ;-*y zeIchnet, daB die Gegenstinde, die verbunden 2. Method
according to claim 1 characterized in  40    werden, hohl sind und daB das
Verhiltnis der that the articles being joined are powder pro-
Wanddicken der Gegenstinde von 1,2 : 1 bis cessed superalloys.
2,0 : 1 reicht. 3. Method according to claim 1 characterized in     4.
Verfahren nach Anspruch 3, dadurch gekenn- that the articles being joined
are hollow and   45  zeichnet, daB die Gegenstinde, die verbunden the ratio
of the wall thicknesses of the articles   werden, pulververarbeitete
Superlegierungen from 1.2:1 to 2.0:1.                                sind.
4. Method according to claim  3 characterized in    5. Verfahren nach
Anspruch 1, dadurch gekenn- that the articles being joined are powder pro-
50  zeichnet, daB sine Tangente an die gekrammte cessed superalloys.
Schweigzone (in dem  Bereich der Stufe) einen Winkel von 50 I bis 80* mit
der Schwungra- 5.  Method according to claim  1 characterized in
dreibschweiBdrehachse bildet. that a tangent to the curved weld zone (in
the region of the step) makes an angle of from   55  6. Verfahren nach
Anspruch  1, fUr die Schwun- [err] to [err] with the inertia weld axis of
rota-    gradreibschweiBreparatur von  hochfesten  Su- tion.
perleglerungsgegenstalnden,  gekennzeichnet durch die Schritte Enffemen
eines beschadig- 5  
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S   * or may occur during fabrication as the result of   6. Method
according to claim 1 for the inertia machining errors. The general
procedure is to re-     weld repair of high strength superalloy articles
move the damaged portion from the non damaged         characterized in
comprising the steps of re- portion by machining and then to replace the
moval of a damaged portion of the article leav- damaged portion with an
undamaged portion of a   5    ing a nondamaged portion and replacement of
proper geometry by inertia welding. The obvious       said damaged portion
by inertia welding a re- requirement is that any residual weld zone notch
placement portion to the damage free portion not diminish the strength or
utility of the article. As  wherein said replacement is larger in cross
previously noted, inertia welding as practiced in the  section at the weld
zone than said nondamag- prior art would not meet this criteria (when
welding   10  ed portion and produces thereby a curved high strength and/or
powder metallurgy processed      weld zone and so that these residual weld
superalloy) since the notch at the weld zone would    notch does not extend
into the nondamaged extend inwardly of the original diameter of the,
portion; machined to size, original undamaged portion of          removal
of the excess material from the the welded article. The alternatives, each
undesira-  15  replacement portion. ble, were to tolerate a notch at the
weld zone and/or to reduce the entire diameter of the article
Patentanspruche below that of the original design. It can readily be
visualized that according to the present invention a  1. Verfahren zum
Verbinden von Superlegie- thicker wall section piece could be welded onto a
20  rungsgegenst~nden  durch  Schwungradreib- thin wall original, machined
to size, section and that  schweiBung, welches das Schaffen von Gegen- the
weld zone notch could thereby be caused to be     standen mit
unterschiedlichen Durchmessern located outside of the original diameter
thus per-    umfaBt, dadurch gekennzeichnet, daB diese mitting the oversize
repair portion of the article to  Durchmesser der GegenstAnde sich um ein
be machined to the original design size with the   25  Verhdltnis von 1,2:
1 bis 2,0: 1 unterscheiden, complete removal of the weld zone notch.
wodurch die GrdBe und der Ort einer Kerbe, die Folge der
Schwungradreibschweiiung ist, Claims
so gesteuert wird, daB sie nicht unter den Durchmesser des klelneren
Gegenstandes ein- 1. Method of joining superalloy articles by inertia  30
dringt, Indem  elne gekr(3mmte Schwungra- welding, comprising providing
articles having     dreibschweilzone erzeugt wird. different diameters,
characterized in that these diameters of the articles differ by ratio of
1.2:1  2. Verfahren nach Anspruch 1, dadurch gekenn- to 2.0:1 whereby the
size and location of a       zeichnet, daS die Gegenstinde, die verbunden
notch resulting from inertia welding Is con-  35  werden,
pulververarbeltete Superlegierungen trolled so as not to penetrate below
the diam-    sind. eter of the smaller article by producing a curved
inertia weld zone.                      3. Verfahren nach Anspruch 1,
dadurch gekenn- zeichnet, dag die GegenstInde, die verbunden 2. Method
according to claim 1 characterized in  40   werden, hohl sind und daB das
VerhAltnis der that the articles being joined are powder pro-    Wanddicken
der Gegenstlnde von 1,2 : 1 bis cessed superalloys.
2,0: 1 reicht. 3.  Method according to claim 1 characterized in    4.
Verfahren nach Anspruch 3, dadurch gekenn- that the articles being joined
are hollow and   45  zeichnet, daB die Gegenstinde, die verbunden the ratio
of the wall thicknesses of the articles  werden, pulververarbeitete
Superlegierungen from 1.2:1 to 2.0:1.                              sind. 4.
Method according to claim 3 characterized in    5. Verfahren nach Anspruch
1, dadurch gekenn- that the articles being joined are powder pro-  50
zeichnet, daB eine Tangente an die gekrOmmte cessed superalloys.
Schweilzone (in dem Bereich der Stufe) einen Winkel von 50 bis 80* mit der
Schwungra- 5. Method according to claim 1 characterized in
dreibschwei~drehachse bildet. that a tangent to the curved weld zone (in
the region of the step) makes an angle of from   55 6. Verfahren nach
Anspruch 1, fur die Schwun- [err] to [err] with the inertia weld axis of
rota-    gradreibschweil3reparatur von hochfesten Su- tion.
perlegierungsgegenstanden,  gekennzeichnet durch die Schritte Entfernen
elnes besch~dig- 5   
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Gegenstandes, wobel ein nicht-         et produire ainsi une zone de
soudage courb6e beschadigter Tell zurickbleibt, und Ersatz des       et de
sorte quo cette entaille r~siduelle du beschidigten Tells durch
Schwungradreibver-          soudage ne s'4tend pas dans la partie non-
schweiBung eines Ersatzteiles mit dem  be-           endommagee;
schfdigungsfrelen Tell, wobel der Ersatz im    5         l'enIbvement de la
matiere en excbs de la Querschnitt In der Schweilzone groter ist als
partie de remplacement. der ,nichtbeschildigto Teil und dadurch eine
gekrUmmte SchweIBzone und so erzeugt, daB sich die: verblelbonde
SchweiSkerbe nicht in .don nichtbeschadigten ........Tell erstreckt;   10
Entffrnen des OberschUssigen Materials von deam Ersatzteil.
: 15 1. Procede de soudage d'articles en superallia- ges par soudage par
Inertie, comprenant N'utfli- sation darticles ayant des diambtres
differents, caract*ris6 en ce quo ces diambtres des arti- cles diffirent en
un rapport de 1,2:1 a 2,0:1 de   20 sorte quo la dimension et la position
d'une entaille resultant du soudage par inertie est contr681e de fagon a no
pas p~netrer en- dessous du diamatre de Particle le plus petit en
produisant une zone de soudage par inertie  25 courbee. 2. Proced4 selon la
revendication 1 caracterisd en ce que les articles & souder sont des arti-
cles ensuperalliages traites par la metallurgie  30 des poudres.
3.--Proc~d.4 selon la revendication 1 caract ris- en ce.queoles articles a
souder sont creux et le rapport des 6paisseurs de parol des articles* 35
est entre 1,2:1 I 2,0:1. 4. Proced6 selon la revendication 3 caracterise en
ce les articles a souder sont des superallia- ges trait~s par la
m~tallurgie des poudres.  40 5. Procede selon la revendication 1
caract~ris4 en: ce quo une tangente a la zone de soudage courb6e (dans la
reglon de l'tage) falt un angle de 50  I 80  par rapport A I'axe de   45
rotation de la soudure par inertio. 6. Proced4 selon la revendication 1
pour la repa- ration par soudage par inertie d'articles en superalliages de
haute resistance caract6ris4   50 en ce qutil comprend les dtapes d'enlever
une partle endommagie de I'article en laissant une partle non-endommagde et
a remplacer la par- tie endommagee par soudage par inertie d'une partie de
remplacement sur la partle sans   55 dommage de sorte quo ce romplacement
soit en section transversale plus grand a la zone de soudage quo cette
partle non-endommagde 6    


