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ABSTRACT OF THE DISCLOSURE 

Weldable age-hardenable nickel-containing alloys and 
welded articles made from such alloys are provided 
wherein the alloys have additions of boron and/or zir 
conium therein as strengtheners and also include a haf 
nium .001% to 0.5% addition to improve weldability. 

This invention relates to nickel-base alloys and, more 
particularly, to hafnium-containing nickel-base alloys 
having improved weldability. 

Various nickel-containing alloys are well known to have 
exceptional strength at high temperatures and are com 
monly used when creep resistance is essential. These al 
loys vary widely in composition, but all those with which 
this invention is concerned are age-hardened and have 
a face-centered cubic lattice structure and a base con 
sisting, in addition to nickel, of one or more of iron, 
cobalt, and chromium, with or without one or more 
metals of high melting point such as tungsten, molyb 
denum, niobium and tantalum. In these alloys nickel may 
be the main constituent, and then normally amounts to 
30% or more of the alloy, or only a minor constituent 
as, for example, in the age-hardenable stainless steels. In 
general, all the alloys in question contain at least 7.5% 
nickel. 
The alloys with which this invention is concerned are 

of a composition such that a strengthening phase is pre 
cipitated upon heat treatment. In some, the strengthening 
phase is carbidic and in others, it contains titanium or alu 
minum or both. These alloys we refer to as age hardenable. 
As the compositions of these alloys are adjusted to in 

crease the strength at high temperature, the ductility at 
high temperature commonly falls. Some years ago, the 
striking discovery was made that small amounts of boron 
and zirconium substantially improve the ductility at high 
temperature without loss of, and in many cases with in 
crease in, the strength. At the present time alloys in which 
the highest strength at high temperature, say 650° C. and 
above, is required commonly contain both boron and zir 
conium in amounts up to 0.03% boron and 0.3% zir 
conium. 

Unfortunately boron and zirconium severely reduce the 
weldability of the alloys. Their presence increases the 
tendency for cracks to form in both the deposited weld 
metal and the heat-affected zones, and this leads to un 
sound welds. Even if the alloy is being welded to a readily 
welded metal or alloy, e.g. mild steel, cracks may form 
in the heat-affected zone of the alloy that contains boron 
or zirconium. Weldability depends not only on the com 
position of the alloys that are being welded but also on the 
conditions of welding, including particularly the heat 
input and the degree of restraint of relative movement 
between the surfaces that are being welded together. If the 
heat input is high the surfaces being welded are displaced 
by thermal expansion to a greater extent than if it is low, 
thus increasing the stress to which the hot weld metal 
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and the heat-affected zones are subjected during contrac 
tion when the welded structure cools. If there is complete 
restraint of relative movement, the deposited metal and 
the heat-affected zones are subjected to much more stress 
as a result of the contraction on cooling than if the welded 
surfaces can move towards one another. In either case 
cracking may occur. 
The degree of restraint in a joint of a given con?gura 

tion. also depends on the section size of the component 
parts. Thicker sections are less able to yield on cooling 
and thereby relieve the stress on the joint. In a thick sec 
tion, e.g. one greater than one-half inch, the effects of 
thermal expansion at right angles to the plate surface 
lead to additional stress in the joint, which increases as 
the, thickness increases. 
The effect of boron and zirconium on weldability de 

pends both on the composition of the alloys as a whole 
and on the content of boron or zirconium or both. Some 
of the alloys are not weldable even when they are free 
from boron and zirconium. In other alloys the presence of 
either boron or zirconium inhibits weldability, even under 
the most favorable welding conditions. Still other alloys 
can be welded when the contents of boron and zirconium 
are very small, but lose weldability when the contents of 
boron and zirconium are increased to desirable values. 

Because of these facts it is not at present feasible to 
make use of the alloys having the highest high-tempera 
tur'e properties if components are to be fabricated by 
methods that include welding, particularly when thick 
sections are concerned. 
We have now discovered a way in which age-hardenable 

alloys containing boron and/or zirconium, in amounts 
sufficient to substantially increase strength and ductility, 
can be made weldable without adversely affecting strength 
or ductility. 
An object of the present invention is to provide high 

temperature alloys having high strength, ductility and 
weldability. 

Another object of this invention is to provide high tem 
perature, age-hardenable. alloys containing boron and/or 
zirconium which can be welded without cracking. 
A further object of this invention is to provide a welded, 

high temperature alloy free from cracks and other weld 
defects. 

Other objects and advantages will become apparent 
from the following description taken in conjunction with 
the accompanying drawings in which: 
FIGURES 1 to 3 show the permissible levels of boron 

and/or zirconium as a function of hafnium content in 
alloys of three different base compositions, and 
FIGURE 4 shows the effect of hafnium on the multi 

plying factor. 
The invention is based on the surprising discovery that 

the weldability of alloys of the kind in question containing 
boron or zirconium or both is much improved if the alloys 
contain a small amount of hafniums, and generally speak 
ing, the present invention contemplates weldable, e.g., 
arc-weldable or otherwise, age-hardenable, nickel base 
alloys containing boron and/or zirconium with small 
additions of hafnium. The improvement due to hafnium 
appears to be only a little affected by the base composi— 
tion of the alloy, but to be dependent upon the boron and 
zirconium contents. 

Extremely small additions of hafnium, that is to say 
as little as 0.005% or less, improve the weldability of 
the alloys, but the greatest improvement is obtained with 
amounts of hafnium in the range of 0.007% to 0.07%. 
The way in which hafnium acts is not understood. One 
possibility is that the hafnium increases the melting point 
of grain boundary constituents and thus reduces or elim 
inates liquid ?lms around the grains which provide lines 
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of Weakness in the alloy during cooling after welding. 
Alternatively the hafnium addition may change the way 
in which the zirconium and boron are distributed in the 
alloy, and thus counteract their adverse effect on welda 
bility. Whatever the mechanism by which it acts, this ad 
vantageous effect of hafnium enables us to produce welded 
articles in which at least one of the surfaces that are 
welded together is of an alloy of the kind in question 
that contains boron or zirconium or both and also 
hafnium in an amount such as to render the alloy or alloys 
Weldable despite the presence of the boron or zirconium 
or both. 
Weldable alloys in accordance with the invention have 

a face-centered cubic lattice structure and comprise up 
to about 35% chromium, up to about 30% or even 45% 
cobalt, up to about 80% iron, up to about 1.5% carbon, up 
to about 10% manganese, up to about 2% copper, up to 
about 10% molybdenum, up to about 15% or 20% or 
even 27% tungsten, up to about 10% niobium, up to about 
10% tantalum, up to about 8% silicon, up to about 8% 
titanium, up to about 8% aluminium, up to about 2% 
vanadium, at least one metal selected from the group 
consisting of boron and zirconium, an amount of hafnium 
effective to prevent cracking of the alloy on welding, and 
the balance essentially nickel in amounts of at least 7 .5%. 
One group of such alloys in which the strengthening phase 
contains titanium and aluminium comprises about 12% 
to 22% chromium, up to about 23% cobalt, up to about 
40% iron, up to about 0.2% carbon, up to about 1% 
manganese, up to about 0.5% copper, up to about 6% 
molybdenum, up to about 2% tungsten, up to about 2% 
niobium, up to about 2% tantalum, up to about 2% sili 
con, about 0.2% to 3.5% titanium, about 0.1% to 5% 
aluminium, 0.005 % to 0.2% hafnium, at least one metal 
selected from the group consisting of boron and Zirconium, , 
and the balance essentially nickel in amounts of at least 
about 7.5%. Generally speaking the amount of hafnium 
present will be from 0.001% to 0.5%, e.g. about 0.005% 
to 0.2% hafnium. , 

The amount of hafnium required to provide weldability 
in an alloy of given base composition may readily be deter 
mined without the need to produce test plates of large 
numbers of alloys of different composition by a simple 
test in which weld deposits of the alloy under test is made 
between plates of an alloy of the base compositionfree 
from boron, zirconium and hafnium, the deposits being 
formed from cast ?ller rods containing varying amounts 
of these elements; such ?ller rods can be made quite 
easily. ' 

In carrying out such tests, a vertical and horizontal 
plate of an alloy of the base composition under test were 
arranged in the form of an inverted T, the vertical plate 
being held 1A3" away from the horizontal plate by a 
spacer. The plates were joined and held in position by a' 
weld along one lower edge of the vertical plate and by 
metal supports welded to both plates and arranged at 
right angles to both of them, on the side on which the 
holding weld between the plates was made. The plates 
forming the T were free from boron, zirconium and 
hafnium. 
The test weld was made between the other lower edge 

of the vertical plate and the adjacent surface of the hori 
zontal plate, using the inert-gas-shielded tungsten-arc 
process, using a 1A" diameter ?ller rod of the alloy of 
which the weldability was being tested. This had the same 
base composition as the plates of the T, but also contained 
one or more of boron, zirconium and hafnium. A single 
pass was made, and the resulting weld deposit was in 
spected with the naked eye, the absence of any visible 
cracks being taken as the criterion of weldability of the 
alloy of the composition of the deposit. The results of 
such tests on alloys of three different base composition 
were used to construction FIGURES 1 to 3 of the ac 
companying drawings, each of which is a graph in which 
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4 
the boron contents are plotted as abscissae and the zir 
conium contents as ordinates. 
FIGURE 1 relates to alloys all nominally containing 

20% chromium, 16% cobalt, 2.4% titanium and 1.2% 
aluminium, the balance being substantially all nickel, 
except for varying amounts of boron, zirconium and 
hafnium. Each of the lines in FIGURE 1 indicates the 
approximate boundary zone for weldability in accord 
ance with the hafnium content, those alloys with composi 
tions such as to fall below the line being Weldable. Thus 
it will be seen that in the absence of hafnium only alloys 
containing up to either 0.004% boron or 0.04% zirco 
nium, or lesser amounts of both, can be welded, and these 
contents are not enough to give the desired high-tempera 
ture strength. When the hafnium content is 0.03%, alloys 
containing up to 0.02% boron and up to 0.13% zir~ 
conium can be Welded. 

It will readily be appreciated that FIGURE 1 can be 
used to determine the amount of hafnium required in an 
alloy of any given boron and zirconium content. Thus an 
alloy containing 0.005% boron and 0.02% zirconium 
is indicated by the point X in FIGURE 1, which is just 
above the 0.005% hafnium line, and so should contain 
more than 0.005 % hafnium to be Weldable. However, it 
is also above the 0.1% hafnium line, so 0.1% hafnium 
is too much. 
FIGURE 1 also shows that the bene?cial effect of 

hafnium decreases as the hafnium content increases 
above 0.03%, but the upper limit of the hafnium content 
that brings about improvement depends not only on the 
total content of boron and zirconium but also upon their 
relative contents. Thus in the boron-free alloy the pres 
ence of 0.1% hafnium actually decreases the weldability, 
and the upper limit of the hafnium content in such an 
alloy is 0.08%. In a zirconium-free alloy, however, 
hafnium contents of 0.2% or more improve the weld 
ability. 
The facts graphically shown in FIGURE 1 can be 

mathematically expressed as follows: 

FIGURE 2 relates to the welding of alloys nominally 
containing 42% nickel, 16% chromium, 3.3% molybde 
num, 1.2% titanium ‘and 1.2% aluminium, the balance 
being substantially all iron, except for varying quantities 
of boron, zirconium and hafnium. It will be seen that in 
an alloy (Y) containing 0.005% boron and 0.02% zir 
conium, 0.01% hafnium will confer weldability. Again 
0.1% hafnium is too much. 
FIGURE 3 relates to alloys all nominally containing 

15% chromium, 20% cobalt, 5% molybdenum, 1.2% 
titanium and 4.6% aluminium, the balance being nickel 
except for varying quantities of boron, zirconium and 
hafnium. Alloys of this base composition are unweldable 
in the absence of boron and zirconium, as is shown by 
FIGURE 3. The invention enables these alloys to be 
welded even when they contain boron and zirconium. It 
‘will be seen, for example that in an alloy (Z) [again con 
taining 0.005% boron and 0.02% zirconium, 0.01% 
hafnium is not enough, but only a little more is required. 
On the other hand 0.1% hafnium is too much. 
The facts graphically shown in FIGURES 2 and 3 can 

be mathematically expressed as follows: 

Figure 2 Figure 3 

Hi content: 
Nil... ___ 27 Zr+189 B 31 ________________ __ 
0.01%. 15 Zr+75 B 31 15 Zr+150 B 31 
0.03%__ 7 Zr+78 B31 9 Zr+60 B31 
0.1% __________ __ ___. 27 Zr+150B31 39 Zr+150 1331 
0.2% __________________________ __ 48 Zr+375 B31 ________________ __ 
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The increased tolerance for boron and zirconium with 
changes in hafnium content is shown by the reduction 
in the value of the multiplying factor for these elements 
in the equations. In FIGURE 4 of the accompanying draw 
ings the multiplying factors for both boron and zircopium 
are plotted against hafnium content, the curves in full 
lines relating to the alloys of FIGURE 1, those in broken 
lines to the alloys of FIGURE 2, and those in chain lines 
to the alloys of FIGURE 3. FIGURE 4 clearly shows 
the desirablity of working in the range of 0.007% to 
0.07% hafnium. ‘ 

The equations given above relate to the composition of 
both the weld deposit and the heat-affected zones when 
the weld has been made. 

In determining the hafnium content of an alloy of 
the kind in question regard must, of course, be paid to 
the possible effect of dilution of the alloy by a weld metal 
of composition different ‘from that of the alloy. 
Use is made of these facts in the invention by including 

hafnium in high temperature age-hardenable alloys! that 
contain boron or zirconium or both and producing articles 
or components from them by welding with or without a 
?ller. ' 

A welded article according to the invention may con 
sist of a single piece of an alloy having two surfaces 
Welded together to form, for example, a tube; of two 
components of the same alloy welded together; of two 
components of different‘ alloys each of the kind in ques 
tion welded together; or of a component of an alloy of 
the kind in question welded to a weldable metal or alloy. 
In the last-mentioned case, the bene?cial effect is to pre 
vent cracking in the heat affected zone of the alloy of the 
kind in question. 
The welding may be effected with or without a ?ller. If 

the ?ller is used it may conveniently be of an alloy of 
the kind in question, which preferably but not neces 
sarily also contains boron or zirconium or both. If it 
does contain boron or zirconium or both it should con 
tain hafnium as well. The use of a ?ller of an alloy of 
the kind in question which is free from boron and zir 
conium leads to loss of strength at the weld. Therefore 
these elements are preferably present in such a filler, and 
it is desirable also to offset their effect by the inclusion of 
hafnium in the ?ller. The most uniform properties 
throughout a welded structure are generally obtained 
when the surfaces that are welded together and the 
?ller used in the welding are all of the same alloy. 
When, however, the design of the (welded article is 

such that high strength is not required in the weld, 
though of course cracking must be avoided, a ?ller that 
is less susceptible to cracking may advantageously be 
used. Again, when the parts to be welded are of dis 
similar alloys, it is ‘advantageous to use a ?ller different 
in composition from, but compatible with both the alloys. 
The nickel base alloys which are weldable in accord 

ance with this invention and the alloys for use as ?ller 
material may be prepared in the usual manner of prepar 
ing high temperature alloys. In this regard, preparation 
by vacuum melting is satisfactory but is not essential. 
Hafnium and zirconium commonly occur together in 

nature, and it may be convenient to introduce the desired 
amounts of hafnium and zirconium by means of an addi 
tion agent containing both of these metals, e.g. a nickel 
zirconium-hafnium alloy. 
For the purpose of giving those skilled in the art a bet 

ter understanding of the invention, the following illus 
trative examples are given: 

EXAMPLE I 

An alloy, prepared in the usual manner, contained 20% 
chromium, 16% cobalt, 2.4% titanium, 1.2% aluminium, 
0.003% boron, 0.02% zirconium, 0.08% hafnium, bal 
ance essentially nickel. A second alloy, prepared in the 
same manner, contained 0.11% hafnium, but otherwise 
had a composition identical to the ?rst. A third alloy, 
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6 
prepared in the same manner, was free from hafnium but 
otherwise had a composition identical to the ?rst two 
alloys. Butt welds were made between pairs of % inch 
thick plates of the alloys by the ?ne wire process under 
highly restrained conditions, using a filler of the same 
composition as the plates being welded. The weld cracked 
when the alloy was hafnium free but was sound when 
the hafnium content was 0.08% and again when it was 
0.11%. 

EXAMPLE II 

An alloy, prepared in the usual manner, contained 42% 
nickel, 16% chromium, 3.3% molybdenum, 1.2%titani 
urn, 1.2% aluminium, 0.004% boron, 0.02% zirconium, 
0.1% hafnium, balance substantially iron. Another alloy, 
prepared in the same manner, had an identical composi 
tion to the ?rst except that it did not contain hafnium. 
Butt welds were made between pairs of 5A3 inch thick 
plates of the alloys by the metal-inert gas short are proc— 
ess under highly restrained conditions, using a ?ller of 
the same composition as the plates being welded. The 
heat affected zone of the hafnium free alloy showed 
cracks while the weld made with the hafnium containing 
alloy was sound. 

EXAMPLE III 

This is an example of welding with a non-matching 
filler material. An alloy, prepared in the usual manner, 
contained 42% nickel, 16% chromium, 3.3% molybde 
num, 1.2% titanium, 1.2% aluminium, 0.003% boron, 
0.02% zirconium, 0.07% hafnium, balance essentially 
iron. Another alloy, prepared in the same manner, had 
an identical composition to the ?rst except that it did not 
contain hafnium. Butt joints were made between pairs 
of % inch thick plates of the alloys, under highly re— 
strained conditions, using the metal-inert gas spray trans 
fer welding process. The ?ller material employed was a 
nickel-base alloy containing 16% chromium, 10% iron, 
2% manganese and 3% titanium, the balance being nickel. 
The plates of hafnium-free alloy cracked in the heat-af 
fected zone, but sound welds were obtained ‘between those 
of the hafnium-containing alloy. 
The presence of hafnium in the amounts required by 

the invention in alloys of the kind in question that con 
tain boron or zirconium or both has not been found to 
impair the stress-rupture properties of the alloys. 
The good welding characteristics displayed by the al 

loys of this invention, despite the presence of apprecia 
ble amounts of boron and/or zirconium, greatly enhance 
their potential for high temperature applications such as, 
for example, use in aircraft gas turbines as jet pipes, ?ame 
tubes and jet silencers. 
Although the present invention has been described in 

conjunction with preferred embodiments, it is to be un 
derstood that modi?cations and variations may be resort 
ed to without departing from the spirit and scope of the 
invention, as those skilled in the art will readily under 
stand. Such modi?cations and variations are considered to 
be within the purview and scope of the invention and ap 
pended claims. 
We claim: 
1. A crack-free welded article having at least one metal 

body with a fused joint therein with at least one of the 
surfaces at the fused joint being made of an age-harden 
able nickel-containing alloy having a face-centered cubic 
lattice structure and being composed of at least one 
metal from the group consisting of iron, cobalt and 
chromium; iron, when present, being present in an amount 
up to 80%; cobalt, when present, being present in an 
amount up to 45%; chromium when present, being pre 
sent in an amount up to 35%, up to about 1.5% carbon, 
up to about 10% manganese, up to about 2% copper, 
up to about 10% molybdenum, up to 27% tungsten, up 
to about 10% niobium, up to about 10% tantalum, up 
to about 8% silicon, up to about 8% titanium, up to 
about 8% aluminum, up to about 2% vanadium, at least 
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one element selected from the group consisting of boron 
in an amount up to 0.03% and zirconium in an amount 
up to 0.3% to strengthen and improve the ductility of 
the alloy, hafnium in an amount from 0.001% to 0.5% 
effective to prevent cracking of the welded article, and 
the balance essentially nickel in an amount of at least 
7.5%. 

2. A Welded article according to claim 1 in which all 
the welded surfaces are of an alloy of the same kind. 

3. A welded article according to claim 1 in which the 
hafnium content of the alloy is from 0.007% to about 
0.07%. 

4. A Welded article according to claim 1 in which the 
hafnium is present in the amount of about 0.03%. 

5. A welded article in accordance with claim 1 where 
in the alloy is composed of about 42% nickel, about 16% 
chromium, about 3.3% molybdenum, about 1.2% titani 
um, about 1.2% aluminium, about 0.004% boron, about 
0.02% zirconium, about 0.1% hafnium, and the balance 
substantially iron with normal amounts of impurities. 

6. A welded article in accordance with claim 1 where 
in the alloy is nickel~base and is composed of about 20% 
chromium, about 16% cobalt, about 2.4% titanium, about 
1.2% aluminium, at least about 0.001% boron, at least 
about 0.02% zirconium and about 0.08% to 0.11% haf 
mum. 

7. A weldable age-hardenable nickel-containing alloy 
composed of about 12% to 22% chromium, up to about 
23% cobalt, up to about 40% iron, up to about 0.2% 
carbon, up to about 1% manganese, up to about 0.5% 
copper, up to about 6% molybdenum, up to about 2% 
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tungsten, up to about 2% niobium, up to about 2% 
tantalum, up to about 2% silicon, about 0.2% to 3.5% 
titanium, about 0.1% to 5% aluminium, about 0.005% 
to 0.2% hafnium, at least one metal selected from the 
group consisting of boron in an amount up to 0.03% 
and zirconium in an amount up to 0.3% and the balance 
essentially nickel in an amount of at least 7.5%. 

8. A ?ller material in accordance with claim 7 where 
in the hafnium is present in amounts of about 0.007% 
to 0.07%. 

9. A ?ller material in accordance with claim 7 wherein 
the hafnium is present in the amount of about 0.03%. 
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