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57 ABSTRACT 

Aluminium alloy articles of high strength and high re 
sistance to temperature softening are produced by 
spraying droplets of selected aluminium alloy en 
trained in a stream of gas onto a substrate under such 
conditions that the metal croplets strike the substrate 
in a highly undercooled supercooled) condition. On 
striking the substrate the undercooled liquid droplets 
flatten and are very rapidly chilled so that the alloying 
constituent is either maintained in supersaturated solid 
solution or is precipitated as a very fine precipitate. 
The deposit is consolidated by warm working. The se 
Fected aluminium alloy contains up to 25 percent of 
alloying constituent, which is in excess of the equilib 
riunn solid solubility and has a low diffusion rate in al 
unninium. The preferred alloying constituents are one 
or nore ( )f Ti, V. Cr, Mn, Fe, Co, Ni, Zr, Nb and Mo. 
Si may be illded but is unsuitable by itself. Particu 
larly satisfactory results are obtained with eutectic ter 
nary alloys containing Ni or Si. 

8 Claims, 3 Drawing Figures 
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METHOD OF PRODUCING A 
DSPERSION-STRENGTHENED ALUMINUM 

ALLOY ARTICLE 

The present invention relates to the production of 5 
high hot strength aluminium alloy articles. In the pro 
cess of the present invention these articles are pro 
duced by employing a spray casting process which is 
operated to produce a deposit of aluminium alloy drop 
lets in which the alloying constituent, which may be 
one or more metals, is maintained either in supersatu 
rated solid solution or in the form of a precipitate of ex 
ceptionally fine particles. The mass of solidified drop 
lets produced by the spray casting operation is then 
compacted to produce an article which may have high 
mechanical strength and resistance to temperature 
softening. 
The spray-casting operation entails the atomisation 

and subsequent cooling of a stream of the molten alloy 
by high velocity jets of nitrogen or other suitable gas. 
In accordance with the present invention the atomised 
metal droplets are carried to a moving substrate where, 
upon impact, they become flattened and solidify almost 
instantaneously as a result of the initial gas cooling and 
secondary cooling from the substrate. The conditions 
for obtaining a supersaturated deposit or one contain 
ing a dispersion of fine (< 1 pum) particles are: 

1. The alloy should be spray-cast above its liquidus 
temperature. 

2. The initial melt temperature should be sufficiently 
low, and the gas velocity and flow rate should be such 
that the gas extracts enough heat to reduce the tem 
perature of the metal droplets to below that at which 
solidification would normally commence. 

3. The substrate should be sufficiently cool and should 
be able to absorb sufficient heat to contribute signifi 
cantly towards cooling of the deposit. 

If these conditions are satisfied then each droplet solid 
ifies individually on deposition and the alloying addi 
tions, to be described, are largely retained in supersatu 
rated solid solution or are dispersed as very fine 
(< t um) particles. The deposit that results from this 
operation is porous and of low strength and requires 
consolidation by hot working. 
The object of the hot working (which may take the 

form of hot rolling, hot extrusion, hot pressing, hot 
forging or explosive forming) is as follows: 

a. to heat porosity 
b. to break down the original boundaries of the flat 
tened droplets so as to weld them together 

c. to cause some precipitation of very fine particles of 
the appropriate intermetallic phase (including meta 
stable phases), the nature of which is dependent 
upon the alloy composition. 

The effect of both (a) and (b) is to improve homogene 
ity and hence to improve ductility and strength. The ef 
fect of (c) is to produce a structure containing a very 
fine dispersion of very snall intermetallic compound 
particles and it is this structure that determines the ex 
ceptional combination of properties, viz. high mechani 
cal strength, high resistance to temperature softening 
and high elastic modulus. 
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The choice of alloying elements is determined by the 

need to achieve (a) maximum properties as previously 
defined, and (b) ease of spray-casting and consolida 
tion. 
According to the present invention a method of pro 

ducing an aluminium alloy article having a high hot 
strength comprising establishing a substantially homo 
geneous body of molten metal comprising aluminium 
and 0.05 to 25 percent of alloying constitutent, the 
amount of said alloying constituent being in excess of 
the equilibrium solid solubility, the maximum value of 
the equilibrium solid solubility being 2 percent, said al 
loying constituent having a low diffusion rate in alumin 
ium, establishing a stream of droplets of said molten 
metal in a stream of gas, preferably nitrogen or argon, 
or in Some cases air, said droplets having an average di 
ameter in the range of 50 um to 1 mm, projecting said 
droplets against a substrate, undercooling said droplets 
of molten metal by at least 50°C during flight so that on 
striking the substrate they are very rapidly solidified to 
maintain said alloying constituent in supersaturated 
solid solution or in the form of particles of a size not 
greater than l um in said aluminium, and compacting 
the mass of droplets by hot working at a temperature 
in the range of 200 to 500°C. Preferably the projection 
of the droplets is performed under such conditions that 
the droplets are undercooled by about 200°C. Under 
these conditions it is estimated that the individual drop 
lets are chilled at a rate of at least 1 O'C/sec. and in 
deed up to or even beyond 10 °C/sec. in their transi 
tion from the liquid state to the solid state on striking 
the substrate. 

Preferably the droplets are projected against a sub 
strate, which prescnts a surface moving relatively to the 
source of said droplets so as to form a strip of cohered 
solidified droplets on the substrate. The strip is then 
preferably separated from the substrate for compac 
tion. 
The alloying constituent is preferably constituted by 

one or more of the following elements Ti, V, Cr, Mn, 
Fe, Co, Ni, Zr, Nb and Mo. It is preferred that at least 
one element should be present in approximately the 
amount required to form a cutectic with aluminium. 
The alloying additions are chosen so as to have (1) 

very little solid solubility in aluminium and (2) very 
slow rates of diffusion in aluminium, up to at least 
400°C. These requirements ensure that the precipi 
tates, when formed, are stable and resistant to change 
at elevated temperatures. The alloying elements of in 
terest are principally the transition metals Ti, V, Cr, 
Mn, Fe, Co, Ni, Zr, Nb and Mo. The total addition of 
one or more of these metals is preferably 3-15 percent. 
The liquidus temperature of the resulting alloy should 
not exceed approximately 1,500°C; otherwise the 
amount of heat required to be cxtracted by the gas be 
comes excessive to ensure rapid solidification of the 
droplets on impact on the substrate. 

In addition to the elements listed above, the presence 
of other alloying clements, especially silicon at about 
l2 wt. when added with one or more of the other ele 
ments provides for a strong alloy by making available 
increased numbers of siliconbearing intermetallic com 
pound particles, even though silicon by itself is quite 
unsuitable because of its high rate of diffusion. For ex 
ample, the addition of 12% Si to an Al-4% Fe alloy in 
creases the strength by increasing the number of inter 
metallic particles. 
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Aluminium alloys of near eutectic composition, such 
as alloys containing 12% Si or 6% Ni are especially 
favourable alloys for spray-casting, because the liqui 
dus temperature is relatively low. An alloy containing 
5-7% Ni, preferably 5.5 - 6.5% Ni, with additions of 
one or more of the previously mentioned transition ele 
ments is particularly favourable. In consequence, the 
amount of heat needed to be extracted from the drop 
lets by the gas to achieve undercooling is kept to a min 
imum. In addition, the contraction stresses during so- () 
lidification appear to be low, since deposits of these al 
loys have less tendency to curl-up from the substrate 
during spray casting. 

it has been observed that these desirable features 
(low liquidus temperature and flat deposit) are largely 15 
retained in ternary or higher order alloys that contain 
either 12% Si or 6% Ni even though the other elements, 
when present in binary alloys, cause difficulties by pro 
ducing pronounced curling of the deposit. 

It has already been proposed to produce aluminium 20 
alloy products of high strength by splat-casting, in 
which procedure metal droplets are subjected to rapid 
cooling by being projected against a chilled substrate. 
The metal particles are not subjected to any substantial 
degree of undercooling during flight, with the result 
that nearly the whole of the initial heat content of the 
droplets is absorbed by the substrate. In consequence, 
it is only possible to build up a thin deposit of droplets 
having a desirable fine precipitate of insoluble alloying 
constituents. Any attempt to build up a thicker layer of 
metal by splat-casting results in a relatively coarse pre 
cipitate. As a result splat-casting may only be employed 
to form a layer of particles which are continuously re 
moved from the substrate and which are subsequently 
formed into products by powder metallurgy. 

In contradistinction the method of the present inven 
tion allows the formation of a relatively thick deposit, 
for example up to 2 cms thickness, of droplets having 
a high content of alloying constituents in supersatu 
rated solution or in the form of a very fine precipitate. 

3) 

4 

4. 
However this can only be achieved by correct adjust 
ment of the relation between the gas supply and the 
supply of molten metal to the spray jet so as to ensure 
that the metal droplets impinge on the substrate in a 
suitable undercooled (but still liquid) condition. If the 
metal droplet temperature is too high or striking the 
substrate, the droplets will not instantly solidify on in 
pact and solidification will be delayed. This will be evi 
denced by a relatively coarse structure in the deposit. 
On the other hand, if the droplets are subjected to ex 

cessive cooling by the gas a large number of generally 
spherical solidified droplets will be present in the de 
posit, indicating solidification before impact with the 
Substrate. Such droplets exhibit a coarse structure as 
they have not undergone very rapid chilling at the tran 
sition from the liquid to the solid state. By contrast, 
droplets deposited under correct conditions appear 
flattened as a rsult of their impact with the substrate 
and are relatively free from coarse second phase parti 
cles and indeed may exhibit a virtually featureless 
Structure. 
Thus a visual inspection of the deposit under a micro 

scope of suitable power will permit a determination of 
the correctness of the spraying conditions. 

In a series of experiments designed to spray various 
molten aluminium alloys under the conditions already 
designated above, a series of binary and ternary alloys 
were sprayed onto a substrate, which was either air 
cooled (A.C.) or water-cooled (W.C.). The loosely 
compacted strip formed by the spray casting process 
was then consolidated by warm-rolling at a tempera 
ture in the range of 250-450°C. The consolidated strip 
was then further reduced by cold-rolling. The mechani 
cal physical properties of the strip in the consolidated 
condition and in the cold-rolled condition were then 
measured. These, together with the temperature of the 
melt before spray casting and the warm-consolidation 
and cold-rolling conditions, are recorded in the follow 

() ing Table 1. 

Spray 
Alloy casting 

W.C. Milt 
Compos- or temp. 
iticin A.C. 

ar 

W.C. 75) 

(, Ni 

A.C. 8}() 

(A. Ni A.C. 92) 
(}(X) 

5.4 Cen A.C. O(X) 

5.2 M1 W.C. 94() 

5.37% Mn A.C. 975 

. Ni W.C. 92()- 
3.5 Fe 98. 

6.8% N A.C. -- 
5.2% Fe. 

TABLE I 

Fabrication 
Roll-consolidation Cold-rolling 

Strip Ori- Final Total Ny. Final Total 
temp. ginal thick- reduc- of thick- reduc 

thick- less tion passes ness tion 
oC SS m 4. mm. A 

25) (.25 73 83 7 0.47 73 
30() 9.9 2.)h 79 6 ().59 72 
35() ().5 2.3 80 ().55 74 
4() ().5 2.2 80 5 ().55 74 
3(X) 8.) 68 79 (.47 72 
35() 7.6 67 78 (),44 74 
4)() (). 84 82 ().44 76 

4()) 7.85 75 78 6 (.45 74 
45) 7.3() 77 76, ().45 75 

4X) 8.() 82 77 8 ().4 5 
45) 8.25 8 78. (.46 74 

4)() 7()7 55 78 7 O.4) 74 
450 7.35 36 8 (.36 73 

4() 7.4 h 78 7 ().45 73 
45) 7.4 fy 78 (44. 73 

35) .2 2.)f 83. ().58 72 
4()() 9( 2. 8 fy ().5, 73. 

35() 3.25 7. 7. S l) 63 
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General observations relating to the effect of spray 
casting and fabrication conditions on tensile properties 
can be made from Table l: 

a. Within the temperature range for adequate roll con 
solidation, strength increased with drop in roll 
consolidation temperature. This was probably due to 
a combination of work-hardening and a minimum of 
coarsening of the precipitatc. 

b. Elongation tended to increase with rise in roll 
consolidation temperature. 

c. Cold-rolling the roll-consolidated material tended to 
increase its strength and decrease the elongation, the 
amount varying from alloy to alloy. There was in the 
case of 5.4% Co a slight apparent softening of the 
material on cold-rolling. 

Although ternary alloys have been shown in the main 
to be preferable to binary alloys, it may be that small 
additions of many elements would be preferable to 
larger additions of a few, as in this way a larger total 
fraction of alloying elements can be added before the 
liquidus temperature becomes too high for successful 
spray-casting. 
An important point concerning spray-cast alloys of 

the present invention is that they are suitable for being 
based on relatively impure aluminium metal. Any so 
called impurities will be taken into solid solution during 
spray-casting and will add to the general strength of the 
fabricated material. This is demonstrated by the good 
properties of the spray-cast alloys containing iron and 
silicon, which are the two most common elements to be 
found in low purity aluminium. 

In a further series of tests the effect of temperature 
on the hardness of spray-cast and consolidated alloy ar 
ticles of the present invention was measured and com 
pared with the effect of temperature on D19S alloy 
(corresponding to B.S. 472: HF16), having the fol 
lowing composition: 2.5% Cu, .55% Mg, 1.1%. Fe, 
1.2% Ni and ().06% Ti, the remainder commercial pu 
rity aluminium. The D19S alloy has the best resistance 
to temperature-softening of any normally employed, 
wrought commercial aluminium alloy. 
In the accompanying FIGS. 1 and 2, the hardness and 

ultimate tensile stress of test pieces at room tempera 
ture, after being held at the indicated temperature for 
one week, is recorded. The test pieces were made by 
the spray-casting procedure as detailed above and are 
contrasted with the D9S alloy in the fully aged (T6) 
condition. They are also contrasted with a Spray-cast, 
roll-consolidated Al-12 Si alloy which does not fill 
within the scope of the invention ). It is to be seen that 
the binary and ternary spray-cast, roll-consolidated al 
loys, based on the transition elements, the Subst:untially 
more resistant to softening hy. Xosure t ten herit 
tures in the 2()() --4-(('C range for one week than is the 
known ID 9S ally. 

The properties show in in Tahle l ind in FIGS. ind 
2 do not necessarily represent the ultimate that night 
be achieved even for alloy's with the Suille composition. 

In the following able 2 is set out the values for clas 
tic modulus and density after Toll-consolidati 1) b 
tained for certain of the alloys shown in FGS. 1 in 2 
in contrast to Dl 9S alloy. 

() 
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TABLE 2 

Alloy Elastic Modulus Density 
Composition GN/n Mg/m 

% 

6 Ni 79 2.84 
5 Cy 78 2.86 
5 Mn 87 2.80 
4 Fe 79 2.78 
2. Ni 87 3.02 

6 Ni4 Fe 87 2.92 
4 Fe 12 Si 79 2.78 

Conventionally 
prepared 79 2.78 
D9S alloy 

One form of apparatus for carrying out the process 
of the invention is illustrated in FIG. 3 of the accompa 
nying drawings. 
The molten alloy, which is to be spray-deposited, is 

fed continuously to a crucible 1, having a delivery tube 
2. The delivery tube 2 has a bore of 3 mms and is sur 
rounded by an array of twelve gas nozzles 3, each 2 
mms in diameter. Nitrogen is delivered to the nozzles 
3 from a supply pipe 4 at a pressure of about 80 p.s. i. 
(about 5.6 atmospheres). 
The substrate in the form of a steel strip was posi 

tioned at a distance of about 14 ins. (350 mms) from 
the delivery tube 2 and advanced at such a rate as to 
build up a deposit about 20 mms thickness. Under 
these conditions the droplet size of the metal (consid 
ered as a spherical droplet in flight) was about 180 mi 
crons and it is estimated to have been cooled from an 
initial temperature of 850°C by between 300 and 
360°C before striking the substrate so as to result in un 
dercooling by 110-170°C. The chilling of the molten 
droplets by the nitrogen gas is mostly effected in the 
immediate vicinity of the delivery tube nozzle 2, where 
the gas is coolest and the difference in velocity between 
the gas and the molten metal is highest. With a given 
apparatus the particle size of the metal droplets and the 
extent of the undercooling can be varied by increase or 
decrease of the gas delivery pressure. As already stated, 
the correctness of the undercooling of the droplets can 
be judged by visual inspection of the deposit and appro 
priate corrections may be made as necessary to im 
prove the deposit. 

In order to demonstrate the importance of establish 
ing the desired degree of undercooling during flight the 
alloy Al-Ni-6-Fe-4 was sprayed under two different 
conditions ( . ) under the same conditions as in the fore 
ging examples, employing 8 cu. ft. (if nitrogen per b. 
of metal spray ecl ( . 1 m/kg) and (b) 8-1 () cu. ft. of ni 
trogen per h. f met, il sprayed ( ().5. (), ?h m'/Kg). In the 
litter case it was c stimated fron examination of the 
Structure of the depic sit that the droplets had been Suh 
ected to little (if uny) undercooling before striking the 
Substrate hecause the cleposit clic not exhibit the up 
pearance f: lily er if solilified flattened droplets and, 
as a cil Sellence (if this lick (if undercooling, the pre 
cititute was course in character until the strength of the 
deposit after host compaction and coll rolling was rela 
tively poor as indicated in the following Table 3. 
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TABLE 3 

Tunsile 
Approx. properties of rolled sheet 
gas/metal 0.2% Pt(xf U.T.S. Elong. 

Structure ratio Stress 
cu. ft./h.wt. MN/m MN/m % 

Good 18 55) 583 5A, 
Bad 8- O 35} 415 2 

We claim: 
1. A method of producing an aluminium alloy article 

having a high hot strength comprising establishing a 
substantially homogeneous body of molten metal com 
prising aluminium and 0.05 to 25 percent of alloying 
constituent, the amount of said alloying constituent 
being in excess of the equilibrium solid solubility, the 
maximum value of the equilibrium solid solubility being 
2 percent, said alloying constituent having a low diffu 
sion rate in aluminium, establishing a stream of drop 
lets of said molten metal in a stream of unheated gas, 
said droplets having an average diameter in the range 
of 50 um to 1 mm, projecting said droplets against a 
substrate, undercooling said droplets of molten metal 

5 

() 

25 

3) 

5) 

55 

10 
by at least 50C during flight so that on striking the sub 
strate they are very rapidly solidified to maintain said 
alloying constituent in supersaturated solid solution or 
in the form of particles of a size not greater than 1 um 
in said aluminium, and compacting the mass of droplets 
by hot working at a temperature in the range of 200 
to 500°C. 

2. A method according to claim 1 in which the drop 
lets are undercooled by l 10-170°C. 

3. A method according to claim 1 in which the alloy 
contains a total of 3-15% of transition metals Ti, V, Cr, 
Mn, Fe, Co, Ni, Zr, Nb and Mo. 
4. A method according to claim 3 in which the alloy 

contains up to 12% Si. 
5. A method according to claim 1 in which the alloy 

is near eutectic composition for ease of spray casting. 
6. A method according to claim 5 in which the alloy 

contains about 6% Ni or 12% Si. 
7. A method according to claim 3 in which the alloy 

is a ternary alloy. 
8. A method according to claim 7 in which the ter 

nary alloy contains 5–7% Ni. 
se xir x: xk k 


