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Robert lLacock Cairns and John Stanwood Benjamin, 
Su?ern, N.Y., assignors to The National Nickel Com 
pany, Inc., New York, N.Y. 

Filed Jan. 31, 1972, Ser. No. 221,979 
Int. Cl. (321d 1/26; B221? 3/24 

US. Cl. 14.8-11.5 F 9 Claims 

ABSTRACT OF TIE DISCLOSURE 

A method is provided for producing a hot worked high 
temperature heat resistant dispersion-strengthened super 
alloy, characterized by a metallographic structure consist 
ing essentially of large coarse grains having a preferred 
orientation relative to the axis of working, the method 
comprising subjecting a dispersion-strengthened alloy, e._g., 
superalloy, to zone annealing at an elevated _germ_1nat1ve 
grain‘ growth temperature to form coarse grams disposed 
in the working direction of the allloy and to achieve 
improved properties. 

This invention relates to a powder metallurgy method 
for producing a preferred microstructure in a dispersion 
strengthened heat resistant alloy, such as dispersion 
strengthened age-hardenable superalloys and, in partic 
ular, to a method for producing hot worked dispersion 
strengthened superalloy shapes from mechanically alloyed 
metal powder characterized by improved high tempera 
ture stress-rupture and creep properties. 

RELATED APPLICATION 

In US. Pat. No. 3,591,362, granted July 6, 1971, which 
is incorporated herein by reference, a method is disclosed 
for producing a mechanically alloyed composite metal 
powder. In its broad aspects, the method comprises mix 
ing a compressively deformable metallic powder with at 
least one other powdered material from the group con 
sisting of a non-metallic material and another metallic 
material and dry milling the mixture under conditions of 
repeated mutual impact compression su?iciently energetic 
to substantially reduce the thickness of at least the com 
pressively deformable metallic constituents of the mixture 
and for a time su?icient to produce non-pyrophoric 
Wrought composite particles which individually have sub 
stantially the composition of the mixture. 

In a particular embodiment of that invention, a dry 
charge of attritive elements (e.g., nickel balls of plus 14 
minus 1/2 inch average diameter) and a powder mass of 
predetermined composition is provided comprising a plu 
rality of constituents, at least one of the constituents bemg 
a compressively deformable metal in an amount of at 
least 15% by volume, with the remainder of the powder 
mass being at least one other constituent from the group 
consisting of a non-metal and another metal, the metals 
having a melting point of at least l000° K. The volume 
ratio of the attritive elements to the powder mass is at 
least about 4:1 and, more advantageously, at least about 
10:1. The charge is then subjected to agitation milling, 
for example, in an attritor mill, under conditions in which 
a substantial portion of the attritive elements is main 
tained kinetically in a highly activated state of relative 
motion, whereby to cause the constituents to unite and 
form composite metal particles, the milling being con 
tinued until cold worked composite metal particles are 
produced characterized by markedly increased hardness 
(that is, the particles contain a substantial amount of 
stored energy) and further characterized by an internal 
structure in which the constituents are intimately inter 
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dispersed. Thus, when the particles, which, in a preferred 
embodiment, are heavily cold worked to reach substan~ 
tially the saturation hardness of the system involved, are 
subjected to a diffusion heat treatment, the intmiately in 
terdispersed constituents diffuse one into the other rather 
quickly to produce a homogenized matrix. 

:In its more particular aspects, the method is applicable 
to the production of dispersion-strengthened superalloys 
having a matrix composition normally very di?icult to 
produce by conventional powder metallurgy techniques, 
including alloys falling within the range of about 5% to 
35% or even up to 60% chromium, about 0.5% to 6.5% 
aluminum, about 0.5% to 5.6% titanium, up to about 
15% molybdenum, up to about 20% tungsten, up to about 
10% columbium, up to about 10% tantalum, up to about 
3% vanadium, up to about 2% manganese, up to about 
2% silicon, up to about 0.75% carbon, up to about 
0.1% boron, up to about 1% zirconium, up to about 
0.2% magnesium, up to about 4% hafnium, up to about 
35% iron, up to about 10% by volume of a refractory 
dispersoid, and the balance essentially nickel in an amount 
at least about 40% of the total composition. As will be 
appreciated, cobalt can replace nickel. It is understood, 
therefore, that when nickel is mentioned herein, it is 
deemed that cobalt is an equivalent. 

In copending application Ser. No. 131,761, ?led Apr. 6, 
1971, in the names of John S. Benjamin, Robert L. Cairns 
and John H. Weber and assigned to the same assignee, a 
process is provided by means of which coarse elongated 
grains can be uniformly produced substantially through 
out a metal shape or member, having as its object to en 
hance still further the mechanical properties of hot worked . 
shapes produced from composite metal powders of the 
type described in the previously mentioned US. Pat. No. 
3,591,632. This is achieved in copending application Ser. 
No. 131,761 by providing a con?ned batch of cold worked 
mechanically alloyed composite particles comprised of al 
loying constituents which when alloyed together provide 
a superalloy composition (which is preferably age-harden 
able) and then hot working (e.g., hot extruding) the con 
?ned batch under correlated conditions of temperature, 
reduction ratio and strain rate such that when the result 
ing hot worked product is subsequently heated to an 
elevated germinative grain growth temperature, e.g., from 
about 2250° F. to below the incipient melting point of the 
alloy for a time up to about 4 hours or more, coarse 
grains are formed disposed in the working direction of the 
alloy. For purpose of brevity, the subject matter of ap 
plication Ser. No. 131,761 is similarly incorporated here 
in to the extent necessary to understand the background 
leading to the present invention. 

OBJECTS OF THE INVENTION 

It is thus an object of this invention to provide an im 
proved method for enhancing the high temperature-stress 
rupture and creep properties of dispersion-strengthened 
superalloys. 
Another object is to provide a hot worked dispersion 

strengthened superalloy shape having an improved metal 
lurgical structure characterized by a substantially uniform 
distribution of coarse elongated grains disposed in the 
working direction of the alloy shape. 
A further object is to provide a method of material 

ly enhancing the mechanical properties of an extruded 
age-hardenable superalloy shape, such as age-hardenable 
dispersion-strengthened superalloys, by employing a rela 
tively high temperature directional grain growth or an 
nealing step. 

Still another object is to provide a simple hot working 
and annealing or high temperature grain growth step for 
producing a dispersion - strengthened age - hardenable 
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nickel-base superalloy shape having a substantially uni 
form distribution of coarse elongated grains across the 
cross section. 
These and other objects will more clearly appear when 

taken in conjunction with the following disclosure and 
the accompanying drawing, wherein: 

vFIG. 1 is a plot on semi-logarithmic coordinates show 
ing the relationship of extrusion ratio and extrusion tem 
perature for hot working dispersion-strengthened nickel 
base, age-hardenable superalloys, the area shown outlining 
the preferred combinations of extrusion ratio and extru 
sion temperature for subsequent application of the present 
invention; ‘ 

FIGS. 2A through 2D are reproductions of a series of 
photomacrographs taken at 2 times magni?cation com 
paring the effects of conventional annealing (FIG. 2A) 
and of zone annealling (FIGS. 2B, 2C and 2D) on the 
size and shape of coarse grains obtained in dispersion 
strengthened superalloy bars; and 
FIG. 3 is a photograph of a partially zone annealed 

bar in section to illustrate the effect of zone annealing 
upon an extruded superalloy bar. 

STATEMENT OF THE INVENTION 

Generally speaking, the present invention is directed 
to a method for producing a hot worked dispersion 
strengthened heat resistant alloy, e.g., superalloy, shape 
characterized by improved mechanical properties at ele 
vated temperatures and by a metallographic structure con 
sisting essentially of large coarse grains disposed in the 
direction of working of the hot worked shape. One aspect 
of the invention resides in providing a batch of me 
chanically alloyed composite particles formed of constit 
uents which, when alloyed together, provide a high tem 
perature heat resistant alloy, e.g., an age-hardenable dis 
persion-strengthened superalloy, the composite particles 
being of substantially saturated hardness. The foregoing 
composite particles are characterized metallographically 
by an internal structure comprising said constituents sub 
stantially intimately united and interdispersed. A con?ned 
shape of the mechanically alloyed composite particles is 
hot worked in accordance with the invention at a tem 
perature of over about 1600° F. and ranging up to about 
2200° F. correlated to reduction ratios ranging broadly 
from over about 7 to about 35 (as more fully discussed 
hereinafter), and at a strain rate greater than a minimum 
value de?ned hereinafter such that when the resulting hot 
worked alloy is subsequently subjected to zone annealing 
at an elevated germinative grain growth or annealing 
temperature, elongated coarse grains are formed with the 
longitudinal axis thereof disposed in the working direc 
tion of the alloy shape. By “zone annealing” is meant 
the phenomenon by which coarse grains are formed by 
causing a hot zone at an elevated germinative grain growth 
temperature to traverse a hot worked shape from one end 
to the other in the direction of working so as to cause 
sequential growth of coarse elongated grains through the 
hot worked shape. For example, where the alloy shape is 
one obtained by extruding a cylinder of 3.5 inches in 
diameter to a rod three-quarters of an inch in diameter, 
the coarse grains are elongated like ?bers in the direction 
of working, that is, in the longitudinal direction of the 
rod. Similarly, where the ?nal extruded shape has a rec 
tangular cross section, the coarse grains may be plate-like 
in shape, the major axis of each grain being generally 
disposed in the direction of Working. 
The foregoing method is unique in that the internal 

stored energy required for grain growth is introduced by 
the mechanical alloying process in producing the initial 
powder and by the thermomechanical processing condi 
tions. In the case of hot working by extrusion, a single 
hot extrusion is su?icient to effect the consolidation of 
a product capable of developing coarse grains at an ele 
vated temperature to provide a metallographic structure 
characterized by large coarse grains elongated in the di 
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4 
rection of working. By employing the aforementioned 
method, excellent high temperature properties are ob 
tained in the grain grown product without the need of 
further working. 

The foregoing zone annealing process is particularly 
advantageous over the grain growth technique described 
in copending application Ser. No. 131,761 in that the ?nal 
product tends to exhibit additionally improved high tem 
perature properties in combination with improved duc 
tility as measured by percent elongation at failure of test 
specimens subjected to high temperature stress-rupture 
tests at various applied stresses. When grain growth is 
induced by a slowly moving hot zone traversing the hot 
worked consolidated shape, continuous growth of coarse 
grains in the direction of zone motion is generally favored. 
In this way, larger, more elongated grains are formed, and 
improved mechanical properties result. 

In carrying out one embodiment of the method aspects 
of the invention, the moving hot zone was produced by 
means of a resistance furnace travelling on a carriage 
surrounding a stationary ceramic tube which contained the 
hot worked specimens or bars to be treated. 
As will be understood by those skilled in the art, the 

moving hot zone may be produced in other ways, such 
as by means of moving induction coils or other heating 
elements; or, alternatively the specimen itself may be 
moved through a hot zone of a stationary furnace. 

While the invention has been applied to the production 
of a dispersion-strengthened, age-hardenable nickel-base 
alloy having a nominal composition consisting essentially 
by weight of about 19% chromium, about 2.4% titanium, 
about 1.2% aluminum, about 0.07% zirconium, about 
0.007% boron, about 0.05% carbon, and the balance 
essentially nickel, it is to be understood that the invention 
is applicable to dispersion-strengthened alloys in general. 
The dispersoid added to the composition, e.g., ThOz, 
Y2O3, and the like, may be in the range of about 1% to 
about 5% or even up to about 10% by volume, e.g., 
nominally about 2.25 volume percent of particles prefer 
ably having average si-ze range of about 100 to 500 or 
even about 1000 angstroms, e.g., about 300 angstroms. 
The foregoing superallo'y is the dispersion-strengthened, 
hot extruded condition exhibits improved high tempera 
ture stress-rupture properties when it is preferably sub 
jected to a grain coarsening heat treatment by zone an 
nealing, at a temperature of at least about 2200° F. and 
preferably at a temperature of at least about 2300° F. 
Thereafter, the alloy may be further heat treated and 
age-hardened. Prior to the germinative grain growth treat 
ment by zone annealing, the foregoing is achieved by 
advantageously controlling in combination the hot work 
ing reduction ratio (e.g., the extrusion ratio), the hot 
working or extrusion temperature and the hot working 
strain rate. The coarse grains are characterized by pre 
ferred orientation after germinative grain growth treat 
ment. In the case of an extruded rod-like product, there 
is an increase in grain size of at least 100 fold in the 
longest direction. 
The reduction ratio is determined by the original cross 

section area of the shape before working divided by the 
cross section of the ?nal product produced therefrom 
after working. For example, a shape or billet of 3.5 inches 
in diameter hot worked (e.g., hot rolled, hot press forged 
or hot extruded) to a ‘?nal diameter of about ?ve-eighths 
of an inch undergoes a change in cross section corre 
sponding to a reduction ratio of about 31.4: 1. 

It has been found that when extrusion is employed, 
the extrusion temperature, i.e., the temperature to which 
the material is heated for extrusion, for uniform results 
should advantageously not be less than about 17-60“ F. 
and may range up to about 2200° F. 

While further mechanical hot or warm working is per~ 
missible after the hot consolidation as by hot extrusion, 
it is not essential to the development of the desired micro 
structure. 
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An important advantage of the invention resides in the 
use of mechanically alloyed metal particles of substan 
tially saturation hardness. By using such metal powder 
in the process of the invention, large coarse elongated 
grains can be produced uniformly across substantially 
the whole cross section of the ?nal product. This is an 
unexpected improvement, considering that in normal 
extrusion processes, the grain size after recrystallization 
may be different across the cross section due to strain 
gradients varying from a maximum at the outside surface 
of the hot worked product to a minimum at the center 
thereof. The advantages achieved by the method will be 
appreciated from the following detailed description of 
the invention. 

DETAIL ASPECTS OF THE INVENTION 

As stated hereinabove, it is important in achieving the 
results of the invention to employ in combination me 
chanically alloyed metal powder of substantially satura 
tion hardness, to control the hot working reduction ratio 
(e.g., extrusion ratio), the hot working temperature, the 
hot working strain rate and to employ a grain coarsening 
heat treatment. All factors are important to obtain the 
desired results. Where hot extrusion is employed as the 
hot working technique, it has been found that the mini 
mum ram speed should be that determined by the follow 
ing equation: 
(1) K_K exp (—Q/RT) 

wherein 
V =ram speed 
D=diameter of the extrusion press liner (elfective extru 

sion billet diameter) 
¢=extrusion ratio 
T=extrusion temperature in ° K. 
Q=‘65,000 calories per mole 
R=gas constant 
K=a constant ranging from 0.64>< 1010/ sec. to 6.4 X 1010/ 

sec. (preferably at least 2.175><101°/sec.) 
Em§=thermomechanical energy component ranging from 

1.793 to 2.250 (preferably at least 2.028) 

It should be appreciated that, in extrusion, strain rate 
is not directly measurable. Strain rate in extrusion is 
known to be directly proportional to the speed of the 
extrusion ram and inversely proportional to the diameter 
of the press liner (billet container). The foregoing em 
pirical Equation 1 is based upon data obtained on ex 
truded bar produced in a 750-tone Loewy-BLH Hydro 
press extrusion press having a liner diameter of 3.5 inches 
and having the nominal composition set forth hereinbe 
fore in the section entitled “Statement of the Invention.” 
For this press and alloy combination, the invention has 
been found particularly applicable to bars extruded within 
the closed area KLMNK of FIG. 1. Within this area the 
conditions of Equation 1 are met by the aforementioned 
press operated at full throttle. It should be realized that 
other presses which are capable of delivering higher strain 
rates would satisfy the requirements of Equation 1 over 
a wider region than KLMNK and produce material suit 
able for subjection to the process of the invention. 
As illustrative of the method employed in achieving 

the results of the invention, the following example is 
given. 

EXAMPLE 1 

A nickel-titanium-aluminum master alloy is ?rst pre 
pared by vacuum induction melting. The resulting ingot 
is crushed and ground to minus 200 mesh powder. The 
powder (Powder A) contains 72.93% nickel, 16.72% 
titanium, 7.75% aluminum, 1.55% iron, 0.62% copper, 
0.033% carbon, 0.050% A1203 and 0.036 TiOz. About 
14.9 weight percent of this powder is blended with 63.7% 
carbonyl nickel powder having a Fisher subsieve size of 
about 5 to 7 microns, 19.8% chromium powder having 
a particle size passing 100 mesh, 00.25% of a Ni-2‘8% 
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6 
zirconium master alloy passing 200 mesh, 01.04% of a 
‘Ni-17% boron master alloy passing 200 mesh and about 
1.33% by Weight of yttria of particle size of about 350 
A. About a 10,000 gram weight of powder blend is dry 
milled in an attritor mill using 10 gallons (about 390 
pounds) of plus 1A inch carbonyl nickel pellets or balls, 
at a ball-to-powder volume ratio of about 18 to 1 in‘a 
sealed air atmosphere for about 20 hours with an impeller 
speed of 182 r.p.m. The time of milling is sufficient to 
produce wrought composite metal particles to and beyond 
the point of saturation hardness. Several batches of the 
powder are made by the foregoing method, the batches 
being thereafter sieved to remove abnormally large par 
ticles, for example, plus 45 mesh. The microstructure of 
the particles making up the powder is characterized by 
nearly complete homogeneity, when viewed optically at 
250 diameters, comprising each of the constituents sub 
stantially intimately united and dispersed. vWith this mate 
rial it was found that increasing the time of milling at 
132 r.p.m. from 20 to 40 hours markedly improves homo 
geneity of the mechanically ‘alloyed powder to the point 
that fragments of the starting ingredients become practi 
cally indistinguishable upon optical examination at 250 
diameters. Experience indicates that in the aforemen 
tioned mill, the structural homogeneity obtained about 20 
hours milling at 182 r.p.m. is about the same as that 
obtained upon 40 hours milling at 132 r.p.m. 

In producing an extruded shape of the alloy, sufficient 
weight of the composite powder of minus 45 mesh is con 
?ned within a mild steel extrusion can having a diameter 
of about 3.5 inches. A plurality of billet assemblies was 
produced in this way and each assembly was then ex 
truded at a full throttle setting on a Loewy Hydropress of 
750 tons capacity using a hot graphite follower block 
behind the billet and at different reduction ratios and tem 
peratures. At high temperatures and low extrusion ratios, 
the product was underworked and the grain structure 
appeared mixed, containing both ?ne and coarse grains, 
after the same germinative grain growth heat treatment. 
For application of the zone annealing process, we have 
found hot extrusion from temperatures of about 1600° F. 
to 2200° F. to be particularly advantageous when corre 
lated to extrusion ratios as shown in FIG. 1. The correla 
tion in FIG. 1 was determined experimentally in the afore 
mentioned 750-tone Loewy Hydropress. 
The coordinates at the intersections of the lines bound 

ing the closed curve KLMNOK on FIG. 1 are as follows 
with extrusion ratio and extrusion temperature being 
given respectively in each case: K(7; 1600° F.); L(9.5; 
1600° F.); M(35; 2020° F.); N(35; 2210° F.) and 0(7; 
1700° F.). 

High Temperature Zone Annealing 

In carrying out the invention, a number of extrusions 
was produced of various dispersion-strengthened nickel 
base superalloys using 3.5 inch diameter billets of canned 
mechanically alloyed powders milled beyond the point of 
saturation hardness. Hot graphite follower blocks were 
used behind each billet. Stress-rupture properties were 
compared after a conventional heat treatment of 2 hours 
at 2325° F., 7 hours at 1975° F. and 16 hours at 1300" 
F., and after a heat treatment in which the ?rst step of 2 
hours at 2325° F. was replaced by the passage of a hot 
zone (2325° F.) about 2.2 inches long along the specimen 
at a rate of 1.75 inches per hour. 
The nominal alloy compositions of the specimens ex 

truded are given as follows: 

TAB LE 1 

Composition, percent by weight 

Cr Al Ti Go Zr 
Alloy 
number 0 Ni 

76 0. 007 
0. 007 
0. 007 
0. 007 61 
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The extrusion conditions are set forth in Table 2 below: 

TABLE 2 

Extrusion 

Temp., Ram speed, 
Alloy number ° F. Ratio inches/see. 

2, 000 21. 8 3 
2, 000 21. 8 1 7-5 
2, 000 31. 4 2 
2, 000 21. 8 4 

1 Speed initially 7 inches per second, falling to 5 inches per second as 
the extrusion proceeded. 

The stress-rupture properties at 1900° F. of alloys 
Nos. 1, 2 and 4 extruded at below 2100" F. at a ratio of 
21.8 in particular were superior to those of the same 
alloys conventionally treated. Very good results were 
also obtained with Alloy No. 3 extruded at a ratio of 
31.4 at a temperature of 2000° F. A comparison between 
the conventional heat treatment and zone annealing is 
given in Table 3 as follows: 

TABLE 3 

Rupture Percent 
Alloy Heat Stress, Temp., li , -— 
number treatment k.s.i.1 ° F. hrs. El2 RA 3 

1 ......... __ Conventional- 15 1, 900 3. 1 0. 8 0 
16 1, 900 1. 8 0. 8 0. 9 
17 1, 900 0. 9 0. 8 0. 9 
40 1, 400 7. 1 0.8 0. 8 

Invention...:_ 16 1,900 961 5. 6 10. 4 
17 1, 900 324 5. 2 17. 9 
19 1, 900 4. 8 11. 0 22. 0 
50 1, 400 0. 2 41. 7 52. 2 

2 ......... __ Conventional- 14 1, 900 1. 5 1 0 
45 1, 400 2. 8 1. 6 4. 5 

Invention......v 15 1, 900 1, 800 .......... . 
17 1, 900 1, 400 .......... _. 
19 1, 900 278. 7 3 2 1. 5 
45 1, 400 1. 6 16 28 

3- _ : ..... -.-- Conventional- 13 1, 900 2.9 0 1. 2 
15 1, 900 0.5 1 0 

37. 5 1, 400 123. 5 4 1 
40 1, 400 37. 7 0 0 

Invention-.--- 15 1, 900 646 3. 2 4. 8 
16 1, 900 142 4 7 
40 1, 400 126. 7 6 13 
45 1, 400 38. 7 5 12 

3 .... ..'..... Conventional- 13 1, 900 66. 9 0. 6 1 
15 1, 900 5. 45 l. 3 0. 5 
40 1, 400 198. 6 0.6 1. 4 
45 1,400 32 4 0.6 0 

Inventiom- -. _ 16 1, 900 686 1. 6 1 
18 1, 900 14. 8 3. 2 5. 5 
45 1, 400 41 4. 8 7. 4 

1 K.s.i.=1,000 lbs/in.2 
2 El=percent elongation. 
3 RA= percent reduction-in area: 

It will be noted that the results obtained with the heat 
treatment of the invention are generally superior to those 
obtained with the conventional heat treatment in two re 
spects: the stress-rupture lives are higher and the cor 
responding ductility as determined by percent elongation 
or percent reduction in area at failure is greater. The 
results in relation to Alloy No. 2 indicate that the pro 
cedure of the invention enabled raising the 100‘ hour rup 
ture life at 1900” F. of this material from less than 15 
k.s.i. as conventionally processed to greater than 17 
'k.s.i. after zone annealing. Bars extruded under conditions 
near the line KON of FIG. 1 will be improved mainly in 
ductility as compared to conventionally annealed material. 

In another instance canned mechanically alloyed pow 
ders containing about 0.05% carbon, about 19% chro 
mium, about 1.2% aluminum, about 2.4% titanium, 
about 0.07% zirconium, about 0.007 % boron 33% 
yttria, by weight, and the balance essentially nickel 
having a particle size of about 350 A., were extruded at 
215-0° F. at an extrusion ratio of 31.4. In this instance, 
the extrusion ram speed was too slow especially in view of 
the high extrusion temperature. A throttle setting of only 
30% for the 750-ton press was used and unsatisfactory 
properties were developed at 1900° F. even after zone 
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8 
annealing of'the resulting bar. Thus, a rupture life of 
106 hours with an elongation of 16% and a reduction in 
area of 35% was determined at 1900° F. under an applied 
stress of 15 k.s.i.; and, at 1400° F., under an applied stress 
of 30 k.s.i., a rupture life of 1.5 hours with an elongation 
of 45% and a reduction in area of 62% resulted. The 
throttle setting for the extrusions in the case of each of 
Alloys 1 to 4 was 100% on the 750-ton press. 
As stated hereinabove, the moving hot zone was ap 

plied at a rate of 1.75 inches per hour. The actual heating 
rate and time at temperature of the bar being heated 
will depend on the size of the bar being heated, the size 
of the hot zone, the temperature pro?le of the hot zone, 
and the rate of relative movement between the hot zone 
and the bar being heated (one or the other may move). 
The required heating rate is easily obtainable by experi 
mentation. 

For example, the heating of the extruded bar to the 
germinative grain growth temperature should not be so 
slow in the range of about 1900" F. to 2200“ F. (re 
ferred to as the sub grain-growth energy annealing range), 
that stress or energy annealing occurs to the extent that 
the stored energy in the work being treated is substan 
tially removed. Stress or energy annealing is relatively 
slow at temperatures up to about 1900° F. However, the 
residence time during the heating up period above 1900° 
F. and below the grain growth temperature is important 
and should not be so long, e.g., in excess of 30‘ minutes, 
that the metal bar is substantially stress or energy an 
nealed. When the residence time in the temperature region 
between 1900° F. and the grain growth temperature is too 
long, generally ?ne grains are obtained when the specimen 
involved is ?nally heated to the germinative grain growth 
temperature. 

Thus, it is important that the heating rate through 
the temperature range below the germinative grain growth 
temperature should be suf?ciently rapid to avoid substan 
tial stress and energy annealing before the bar reaches 
the germinative grain growth temperature. On the other 
hand, the residence time of the alloy bar at the germina 
tive grain growth temperature should be at least su?‘icient 
to promote germinative grain growth. Tests have indi 
cated that once the extruded alloy bar has reached the 
appropriate germinative grain growth temperature, the 
residence time should be at least about 5 minutes and, 
more preferably, in excess of about 10 minutes. 

It is to be appreciated that the temperature reached 
at the center of the bar being heated lags behind the tem 
perature imposed by the travelling hot zone. Furthermore, 
the maximum temperature of the bar being heated gener 
ally will be below the maximum temperature of the hot 
zone. In addition, if the zone is too short and/or travels 
too fast, the desired temperature may not be reached in 
the bar being heated or the time at the germinative grain 
growth temperature may be too short. 

Several tests were made at various hot zone speeds on 
extruded alloys made from mechanically alloyed powder 
similar to that described in Example 1, using a hot zone 
length above 2300° F. of about 2.2 inches. The results of 
these tests are given in the following examples: 

EXAMPLE 2 

An extruded alloy bar No. 5 was produced having a 
diameter of about ?ve-eighths of an inch from mechani~ 
cally alloyed powders of substantially saturation hardness 
and having the following composition by weight: about 
20.5% chromium, about 2.9% titanium, about 1.5% 
aluminum, about 0.06% zirconium, about 0.007% boron, 
about 0.07% carbon, about 1.23% Y2O3 having a par 
ticle size of about 350 A. and the balance essentially 
nickel. The bar was extruded from a 3.5 inch diameter 
can of powder at a temperature of about 2000° R, an 
extrusion ratio of about 31.8, and a ram speed exceeding 
one inch per second. The extruded alloy was subject to 
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zone annealing at various zone speeds and the following 
results obtained: 

TABLE 4 

Calculated Time between 

time iat. 1,3085%‘.F arid Zone 5 eed 2 300 F. n . n 
inches our’ ’ minutes Grain structure ' minutes 

17 Coarse, elongated--. 13 
11. 5 _-...do ............. .; 9 
9. 7 7. 5 
8.6 6. 7 
7.9 ._--. o... 6.1 

5 4. 5 

As will be noted from Table 4, the residence time at 
2300° F. should preferably exceed about 5 minutes. 

EXAMPLE 3 

This example illustrates the e?ect of too slow a speed 
through the hot ‘zone. Material from the same alloy bar 
as that of Example 2 was employed. The results obtained 

15 

10 
the same as those of Example 1. Yttria of varying particle 
size in varying amounts was included in each of the 
charges. The resulting powders were packed in 31/2 inch 
diameter metal cans and were hot extruded without evac~ 
nation of the cans. In each instance, the extrusion ratio 
was 22:1 and the heating temperature prior to extrusion 
was 2000" F. with the exception of Alloy 6 for which the 
heating temperature was 1950° F. Alloy 6 contained 
2.25% by volume of yttria having a particle size of 162 
angstroms, Alloy 7 contained 2.25 volume percent of 
yttria having a particle size of 170 angstroms. Alloys 8, 
9 and 10 contained, respectively, 1%, 4% and 5.5% 
volume of yttria having a particle size of about 151 
angstroms and Alloy 11 contained 5.5 volume percent of 
yttria having a particle size of 278 angstroms. Test bars 
made from each of the extrusions were subjected to con 
ventional heat treatment at high temperature followed by 
aging seven hours at 1975° F. and 16‘ hours at 1300° F., 
while corresponding test bars from each extrusion were 
also subjected to a high temperature zone anneal using a are s follows: 20 , , 

a zone traveling at two inches per hour. Each of the thus 
TABLE 5 heat treated bars was subjected to stress rupture testing 

Calculated Tiiggopgjt‘weeg at 1900“ F. with the results set forth in the following 
Zone Speed’ 2306011111313; 5,200.. 'Fa'rin Tables 6 and 7 containing respectively the results of test 
inches/hour minutes Grain structure minutes 25 mg conducted upon the conventionally heat treated mate 

920 Fmem“, _______ n 712 rial and the zone annealed material. The grain growth 
224 Fine in center 17% temperature, or zone temperature, and the grain shape 
{22 '655rS‘f,','?§é;a;;t'e -_ 114 resulting from the high temperature heat treatment is 
132 __.-- o ............. _- 102 ‘also given in each of the tables. 
33 Coarse, elongated.-. 26 30 

TABLE 6 
It will be evident from the data of Table 5 that the Conventional Heat Treatment-—1,900° F. Stress Rupture 
residence time in the temperature range between 1900° P. All Rqcmtam. Percent 
and 2200" F. should be less than 60 minutes. W M10“ temv- Grain Stress Life. 

number erature°F. sh k. .. . . . The rate of travel of the hot zone may range from 35 ape 81 hours Elons RA 
above 1 inch to 17 inches per hour, preferably from about 6-" 2.325 Equiaxed- 16 0 0.8 0.8 

_ _ . . 7. 2,325_--do_- __ 15 25 1.3 1.6 2 lnches to 15 inches per hour. It W111 be appreclated that g_ 2425 ___do__ 15 0,1 34 5_1 
the upper speed limit is a function of bar diameter and '26» gig? -. 8.5 3.3 g 
furnace characteristics. The important thing is to bring ______ __ 1425:3011: 15 0:6 112 0,9 
the entire bar cross-section, including the center, to the 40 

TABLE 7 

Zone Reerystullization~1,900° F. Stress Rupture 

IOU-hour 
Zone Percent stress 

tempora- Grain Stress Life, improve 
ture,°F. shape k.s.i. hours Elong. RA. ment, k.s.i. 

Coarse .... __ 17 530 1. 8 2. 0 
2'35‘, {mange/ted. . 19 1.4 9.7 30 } 3 
2 350 {Coarse .... ._ 16 290 5.3 3.0 } 2 
' Elongated ..... .. _____________________________ .. 

2 400 {Coarse ____ .- 18 230 3.2 11 } 5 ’ Elongated-- 19 38.4 4.8 18 

2 400 {Coarse ____ ._ 17 37 2.7 4 } 3 
' s as .2 OBI‘SB ____ ._ ' 

2 400 { ed 19 4.5 10.4 29} 5 
{ 17 17 6.4 9 } 3 

18 2 8.0 11 

grain growth temperature in the time required and keep 
it at that temperatures for at least 5 to 10 minutes and 
not longer than 4 hours. It will be observed from this 
example that the temperature pro?le of the hot zone 
should be as steep as possible to minimize residence time 
of the work being heated at lower temperatures, e.g., 
below about 2150° F., caused by zone temperature pro~ 
?le, metal conductivity and other eifects. 

Regardless of the particular temperature pro?le em 
ployed, the residence time for germinative grain growth 
at temperatures ranging from 2150° F. to below the incip 
ient melting point of the alloy should be in excess of 5 

60 

65 

minutes, preferably at least about 10 minutes, and range 70 
up to about 4 hours. 

EXAMPLE 4 

A further series of six bars was prepared from mechani 
cally-alloyed powders attritor milled well beyond the point 
of saturation hardness. The charge materials used were 75 

Broadly speaking, the zone annealing heat traetment 
may comprise at least a ?rst step by zone annealing at 
an elevated annealing temperature to solution treat, 
homogenize and germinatively grow the grains and form 
large coarse grains in the direction of working of the hot 
worked product. In certain cases, a resolution treatment 
may be required because of coarse gamma prime precipi 
tation occurring during slow cooling from the high zone 
annealing temperatures. Subsequent heat treatment to 
age the alloy to the desired hardness and strength may or 
may not be employed. Aging may not be required where 
the alloy is used at a temperature at which aging occurs 
in situ. Aging treatments comprise one or more steps and 
may be a series of aging sub-steps at successively lower 
temperatures where desirable. Thus, for an alloy com 
prising nominally the preferred. composition set forth 
hereinbefore, a three-step heat treatment found particu 
larly advantageous comprises: (1) subjecting the hot 
worked alloy to a grain growth temperature of about 
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2325 ° F. to 2400° F. by means of a moving hot zone, 
wherein a protective environment, e.g., argon, may be 
provided; (2) thereafter, heating at a resolution tempera 
ture of 1975° F. for a suitable time, e.g., 7 hours, in air 
followed by air cooling; and (3) ?nally aging the alloy 
at 1300” F. for a longer time, such as 24 hours, in air 
and then air cooling. The ?rst step results in a marked 
increase in grain size by zone annealing having a pre 
ferred orientation relative to a working direction. For 
example, as stated hereinbefore, in the case of an elon 
gated extruded product, the coarse gra-ins are elongated 
and are disposed or exhibit a preferred orientation in the 
direction of extrusion, that is, the longitudinal axis of the 
elongated product. In the case of a hot worked product in 
which the cross section is somewhat rectangular, the 
grains tend to be plate-like and to be disposed or show 
a preferred orientation in the direction of the major 
axis of working, that is, in the longitudinal direction and 
thus exhibit higher mechanical properties in the longi 
tudinal direction. 
The coarse grains generally exhibit aspect ratios of 

greater than about 3:1, in some cases greater than 10:1 
or 15:1 or even higher. The aspect ratio is that ratio that 
de?nes grain con?guration correlated to the direction of 
interest, e.g., direction of applied stress. The ratio is de 
termined as the average dimension of the grain parallel to 
the direction of interest divided by its average dimension 
along a minor axis. 
Commensurate with the formation of the coarse grain 

structure is an incremental improvement of the stress 
rupture properties at both intermediate temperatures, e.g., 
1400" F., and at high temperatures, e.g., 1900" F., deter 
mined in the direction of working. 
FIG. 2 illustrates photomacrographs (A to D) taken 

at 2 times magni?cation showing the improved grain 
structures (after zone annealing heat treatment at 2325 ° 
F.) obtained on an alloy comprising by weight 18.2% 
chromium, 1.3% total aluminum, 2.3% titanium, 0.004% 
boron, 0.06% zirconium, 1.34% Y2O3, 0.055% carbon, 
0.68% total oxygen, and the balance essentially nickel. 
The alloy was produced from mechanically alloyed pow 
der of substantially saturation hardness provided as de 
scribed in Example 1, which powder was then placed into 
mild steel cans of about 3.5 inches in diameter. The cans 
were welded shut to form extrusion billets. The billet 
assembly was extruded at an extrusion speed exceeding 
one inch per minute using hot graphite follower blocks 
from the aforementioned diameter of about 3.5 inches 
through a die 0.625 inch in diameter corresponding to an 
extrusion ratio of about 31.4 to 1 at a temperature of 
about 2150° F. FIG. 2A depicts the kind of macrostruc 
ture obtained when the extruded bar is soaked conven 
tionally at the germinative grain growth temperature of 
about 2325 ° F. for 2 hours, while FIGS. 2B, 2C and 2D 
show the microstructure obtained after zone annealing at 
the same temperature. With regard to FIG. 2B, the hot 
zone traversed the bar at about 4.4 inches per hour. This 
specimen was pointed at the starting end to encourage the 
formation of a limited number of grains. However, the 
comparison of FIG. 2B with FIG. 2C zone recrystallized 
under the same conditions showed that the pointing was 
not necessary. The specimen of sample FIG. 2D was 
pointed and then cold deformed at the point and the hot 
zone then allowed to traverse the sample at a rate of 1.75 
inches per hour. Fewer grains formed at this rate of 
travel. FIG. 3 illustrates a par produced similarly to those 
of FIGS. 2A through 2D which was removed from the 
furnace and cooled before complete passage of the hot 
zone which traveled at 18.3 inches per hour. The ?ne 
grain of the untreated material is clearly evident as is the 
effect of advancing the hot zone upon the grain structure 
in the zone annealed portion of the bar. The effect of the 
temperature lag in the center of the bar as compared to 
the bar surfaces is also shown. The capability of pro 
ducing parts which are ?ned-grained in one portion and 
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12 
coarse-grained in another portion is clearly demonstrated 
by FIG. 3. 

Stating it broadly, the heat treatment of hot worked 
alloy products produced from mechanically alloyed pow 
der may vary over the following ranges: 

First step: Zone annealing from about 2200° F. to below 
the incipient melting point as described hereinabove; 

Optional second step: Solution heating at about 1750° F. 
to 2400° F. for about 1/2 hour to 16 hours; 

Optional third step: And then aging at about 1150° F. to 
1600° F. for about 1 to 100 hours. 

While the invention has been described in conjunction 
with a nickel-base alloy, the invention is particularly 
applicable to the following range of compositions: about 
5% to 60% chromium, about 0.5% to 6.5% aluminum; 
about 0.5% to 6.5% titanium; up to about 15% molyb 
denum, up to about 20% tungsten; up to about 10% 
columbium; up to about 10% tantalum, up to about 3% 
vanadium; up to about 2% manganese; up to about 2% 
silicon; up to about 0.75% carbon; up to about 0.1% 
boron; up to about 1% zirconium; up to about 0.2% 
magnesium; up to about 6% hafnium; up to about 35% 
iron; up to 10 volume percent of a dispersoid, the balance 
essentially atleast about 40% nickel. Generally speaking, 
the alloys to which the invention is applicable have a 
melting point of at least about 2300° F. The composition 
may comprise cobalt since nickel is generally considered 
an equivalent of cobalt. The dispersoid may include those 
selected from the group consisting of ThO2, Y2O3, Laz‘Oa 
and the rare earth mixtures “didymia” and Rare Earth 
Oxides, and other oxides having free energies of forma 
tion exceeding 90 kilocalories per gram atom of oxygen 
at about 25° C. The size of dispersoid found advanta 
geous in producing dispersion-strengthened superalloys 
may range from about 50 angstroms to 5000 angstroms, 
and, more advantageously, from about 100 angstroms to 
1000 angstroms. Preferably, the alloys contain about 10% 
to 35% chromium, about 0.5% to 6% aluminum, about 
1% to 5% titanium, up to about 5% molybdenum, up 
to about 10% tungsten, up to about 3% columbium, up 
to about 5% tantalum, up to about 15 % cobalt, up to 
about 1% vanadium, up to about 2% manganese, up to 
about 1% silicon, up to about 0.2% carbon, up to about 
0.1% boron, up to about 0.5% zirconium, up to 0.2% 
magnesium, up to 2% hafnium, up to about 10% iron, 
about 0.5 volume percent to 5 volume percent of a dis 
persoid, the balance essentially at least about 40% nickel. 
The product provided in accordance with the invention 

is useful in the production of articles such as gas turbine 
blades and vanes and other articles subjected in use to 
the combined effects of elevated temperature and stress. 

Although the present invention has been described in 
conjunction with preferred embodiments, it is to be under 
stood that modi?cation and variations may be resorted to 
without departing from- the spirit and scope of the inven 
tion as those skilled in the art will readily understand. 
Such modi?cations and variations are considered to be 
within the purview and scope of the invention and ap 
pended claims. 
We claim: 
1. In the method for producing a hot worked disper 

sion-strengthened superalloy shape having improved prop 
erties at elevated temperatures wherein mechanically 
alloyed powders of superalloy composition and of sub 
stantially saturated hardness are hot worked to form a 
consolidated superalloy shape under coordinated condi 
tions of temperature, reduction ratio and hot working 
strain rate such that when the resulting consolidated shape 
is heated to a germinative grain growth temperature large 
grains result, the improvement which comprises subject 
ing said hot worked consolidated superalloy shape to zone 
annealing by passing a hot zone maintained at an elevated 
germinative grain growth temperature along said hot 
worked shape, the heating rate to said germinative grain 
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growth temperature being sufficiently rapid to avoid sub 
stantial strain annealing, said consolidated article being 
heated to a germinative grain growth temperature along 
successive portions thereof such that successive portions 
of aritcle are heated at the germinative grain growth tem 
perature for at least 5 minutes. 

2. The method according to claim 1 wherein said ger 
minative grain growth temperature is between about 
2200” F. and the incipient melting point of said super 
alloy. 

3. The method of claim 1, wherein the heat resistant 
alloy has a composition ranging by weight from about 
5% to 60% chromium, about 0.5 % to 6.5% aluminum, 
about 0.5% to 6.5% titanium, up to about 15% molyb 
denum, up to about 20% tungsten, up to about 10% 
columbium, up to about 10% tantalum, up to about 3% 
vanadium, up to about 2% manganese, up to about 2% 
silicon, up to about 0.75% carbon, up to about 0.1% 
boron, up to about 1% zirconium, up to about 0.2% 
magnesium, up to about 6% hafnium, up to about 35 % 
iron, an eifective amount of up to about 10% by volume 
of a refractory dispersoid, and the balance essentially a 
metal from the group consisting of nickel and cobalt in 
an amount at least about 40% of the total composition, 
the alloy having been hot worked under conditions of 
temperature and reduction ratio lying within the closed 
area of FIG. 1, the residence time at the germinative grain 
growth temperature being substantially in excess of 5 
minutes. 

4. The method of claim 3, wherein the composition 
ranges from about 10% to 35% chromium, about 0.5% 
to 6% aluminum, about 1% to 5% titanium, up to about 
5% molybdenum, up to about 10% tungsten, up to about 
3% columbium, up to about 4% tantalum, up to about 
15% cobalt, up to about 1% vanadium, up to about 
2% manganese, up to about 1% silicon, up to about 0.2% 
carbon, up to about 0.1% boron, up to about 0.5% 
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zirconium, up to 0.2% magnesium, up to 2% hafnium, 
up to about 10% iron, about 0.5 volume percent to 5 
volume percent of a dispersoid, the balance essentially at 
least about 40% nickel. 

5. The method of claim 4, wherein the chromium con 
tent of the alloy ranges up to about 25%. 

6. The method of claim 1, wherein the residence time 
at the germinative grain growth temperature is at least 
about 10 minutes. 

7. The method of claim 1, wherein following germina 
tive grain growth the alloy is heated to a solution temper 
ature of about 1750° F. to 2400” F. for about 0.5 hour 
to 16 hours and thereafter aged at a temperature ranging 
from about 1v150° F. to 1600" -F. for about 1 to 100 hours. 

8. The method of claim 4, wherein the alloy comprises 
about 19% chromium, about 2.4% titanium, about 1.2% 
aluminum, about 0.07% zirconium, about 0.007% boron, 
about 0.05% carbon, about 2.25% by volume of a dis 
persoid and the balance essentially nickel, and wherein 
said alloy is subjected to germinative grain growth by 
zone heating it to a temperature of at least about 2300" F. 
but below the incipient melting point of the alloy for up 
to about 4 hours. 

9. A zone annealed high temperature heat resistant 
dispersion-strengthened alloy produced in accordance with 
the method of claim 1. 
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