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ALLOYS 

This invention is concerned with improvements in or 
relating to alloys. 

It is known that certain alloys are heat—recoverable, 
that is to say, when a suitably heat-treated article of one 
shape made from the alloy is caused to deform into an 
other shape at an appropriate temperature and the tem 
perature is subsequently raised sufficiently, the article 
will at least partly recover its original shape. This 
change of shape on reheating corresponds to a change 
of phase in the alloy from a low-temperature phase to 
a high-temperature phase. The effect of heat-recovery 
is known to occur with nickel-titanium binary alloys 
containing 52-56 percent by weight of nickel and with 
certain gold-cadmium, cadmium silver-gold and indi 
um-thallium alloys. ' 

A characteristic of all heat-recoverable alloys ap 
pears to be that, on cooling, they undergo a shear trans 
formation to a banded martensite or retain the high 
temperature form as quenched, but transform by shear 
on cold working. The key feature is apparently that, on 
shaping at a low temperature, a shear transformation 
occurs which may be of the form described above or 
may be a change in the type of martensite. It seems that 
the strain accommodated by this shear transformation 
is recoverable on heating and it is on this recoverable 
strain that the heat-recoverable properties depend. 

It will be understood that the expressions ‘high- 
temperature’ and ‘low-temperature’ are comparative 
and that, depending on the alloy, the high-temperature 
phase may exist for example at room temperature while 
the low-temperature phase exists at lower tempera 
tures. 

What we have discovered is that the strain to be ac 
commodated at the lower temperature by the shear 
transformation can be applied at least in part to the 
high-temperature phase at a temperature above the 
temperature (the Ms transformation temperature de 
?ned hereinafter) at which transformation begins 
spontaneously and that it is a practical advantage to 
apply the strain in this way. The essential feature of our 
invention is therefore that a stress either external or in 
ternal, must be present before and during the shear 
transformation so as to activate, in our belief, martens 
itic nuclei of the appropriate orientation to give the re 
quired shape change. . 

Difficulties have been experienced hitherto in taking 
practical advantage of the effect of heat-recovery and 
it is thus an object of the present invention to render all 
heat recoverable alloys more readily useful. 
The invention provides a method of making a heat 

recoverable article from a heat-recoverable alloy, 
which method includes the step of applying to the alloy 
in its high-temperature phase a strain which produces 
a stress which induces a desired shape for its low 
temperature phase. 

In one manner of performing the invention, said 
strain is applied by deforming the alloy in its high-. 
temperature phase partly towards the shape required 
for the low-temperature phase andvthe temperature is 
subsequently lowered so that the alloy changes into its 
low-temperature phase. The change into the low 
temperature phase is accompanied by a continued 
change of shape into the desired shape without the 'ap 
plication of an external force. This form of the inven 
tion is of great practical value since it provides a means 

2 
of putting an alloy at a comparatively high temperature 
into a condition in which it will deform spontaneously 

, at lower temperatures to a new shape which ‘is dictated 
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by the initial high ‘temperature deformation. It is there 
'fore unnecessary to effect working of the alloy at'low 
temperatures. In practice, the metastable high temper 
ature phase of the alloy is cooled to between its Md and 
Ms transformation temperatures. Md ‘is the tempera 
ture of the start of the martensitic transformation under 
stress and Ms is the temperature of the start of the 
transformation without'applied stress. With'some alloys 
the temperature should be as close to the Ms transfor 
mation temperature as possible, e.g. within 10°C, to 
obtain the desired residual internal stress by said partial 
deformation. In .other alloys a greater margin of tem 
perature above Ms is possible. A suitable temperature 
for a given alloy can readily be found by experiment. 
The alloy is then deformed a small amountv (i.e. less 
than the ?nal strain it is desired to put intothe low tem 
perature phase). Cooling is continued to below the Ms 
transformation temperature when the alloy will con 
tinue to change in shape in the direction indicated by 
the prior deformation. On reheating this' change of 
shape is wholly or partly reversed-and on cooling again 
the change in shape towards the low temperature'shape 
'occurs spontaneously. Continued heating‘and cooling 
is accompanied by continued changes in shape. 

' In another manner of- performing the invention, the 
alloy is deformed into a desired shape in its low 
temperature phase and said strain is applied by raising 
the temperature so that the ‘alloy changes into its high- . 
temperature phase while restraint is applied to the alloy 
to prevent a change in shape. Thus, according to one 
aspect of the invention, there is provided a‘method of 
making a heat-recoverable article from ‘a heat- ‘ 
recoverable alloy, which method includes the ‘steps of 
shaping the alloy at an elevated temperature into a first 
shape,'cooling to a lower temperature, deforming the 
alloy at the lower temperature into a second shape, said 
temperatures being such that if reheated without re 
straint to an appropriate temperature the alloy would 
at least ‘partly resume its first, shape, and reheating the 
alloy to said appropriate~ temperature while subjecting 
it to restraint which prevents a-changeof shape. De 
pending on the temperaturesinvolved and the intended 
use of the article, the alloy may be cooled to the lower 
temperature after reheating, still retaining the second 
shape. Then'if the alloy is reheated without restraint it 
will change wholly or partly to its ?rst shape but on 
cooling will revert wholly or partly to its second shape. 
Continued heating and cooling is accompanied ‘by con; - 
tinued changes in shape. > ~ . , 

The provision of restraint when reheating induces a 
residual internal stress as aforesaid in the alloy at high 
temperature so that, it is considered, on cooling, the 
nuclei which are activated on transformation are those 
which caused the original change in shape on-deforma 
tion at the low temperature. The same activation is 
thought to be obtained by partial initial deformation ' 
before cooling to the'low-temperature phase,‘when it 
is considered that sufficient nuclei of the low tempera 
ture martensitic phase are activated by the initial defor- ' 
mation on such orientations that on cooling the alloy, 
continues its change of shape. 
Reheating under restraint is particularly useful since 

it enables the upper temperature to which the alloy is 
heated to be so far above the transformation tempera 
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ture that continued reversibility of shape would be lost 
in the absence of restraint. Nevertheless, the upper 
temperature must not be sufficient for relaxation of 
stress to occur by plastic deformation, e.g. creep, or re 
versibility will be lost. 

In all cases, the temperature to which the alloy is 
heated should be too low for ageing or tempering of the 
alloy to take place. If precipitation occurs, the alloy as 
sumes its high temperature shape permanently. 
Reheating under restraint may also be used to change 

the positions between which change of shape occurs 
(but not the amount of change) in alloys which have a 
low yield stress and deform plastically, such as a binary 
alloy of manganese containing 20 percent copper and 
a binary alloy of uranium containing 5 percent molyb 
denum as hereinafter described. 
We have found that the restraint need not always be 

applied by external mechanical means such as a jig. In 
some cases, an oxide skin, a metal coating or the like 
can provide the necessary restraint. We have noted that 
alloys which, in the as-quenched or rapidly cooled con 
dition, have a strong heat-recovery effect, also have a 
high internal friction or damping capacity and exhibit 
an anomolously low pseudo-elastic modulus on loading 
but a normal modulus typical of the slowly cooled alloy 
on unloading. 
We have found further alloys which possess the 

above properties and are heat-recoverable. These al 
loys are uranium-molybdenum binary alloys containing 
2 to 7% (preferably 3 to 6.5%, e.g. about 4%) by weight 
molybdenum, uranium-niobium binary alloys contain 
ing 3 to 11% (preferably 4 to 10%, e.g. about 6%) by 
weight niobium, uranium-rhenium binary alloys con 
taining 2 to 7% (preferably about 4%) by weight rhe 
nium and manganese-copper binary alloys containing 5 
to 50% (preferably, for most uses 5 to 30%) by weight 
copper. 
By a binary alloy is meant an alloy consisting essen 

tially of the two metals speci?ed with or without impu 
rities and/or incidental constituents which do not effect 
the crystal structure or metallurgical properties so as to 
prevent the heat-recovery effect from existing. 

All the above-mentioned uranium and manganese bi 
nary alloys can be readily fabricated from cast ingots 
without dif?culty, e.g. by rolling, forging or extrusion 
as desired, 

EXAMPLES 

URANIUM BINARY ALLOYS 

Uranium binary alloys were treated in the form of 
strip, 1 mm thick, where the application required that 
the material bend or ?ex on recovery, and in the form 
of rod or tube where the application required that the 
material change shape longitudinally (rod) or laterally 
(tube). The material was heated in a protective atmo 
sphere or in a vacuum at a temperature within the ‘y 
phase ?eld (e.g. 800° C) for a short time depending on 
its thickness. It was then cooled rapidly e.g. in water or 
oil or a jet of cold gas or by radiation if the section was 
small, so as to prevent precipitation of the a phase or 
eutectoid. The material was cooled to a temperature 
below the Ms transformation temperature, at which the 
transformation to banded martensite occurs. At this 
temperature, the material was deformed from its origi 
nal shape e.g. by bending strip, or stretching or com 
pressing the rod or expanding the tube or by deforming 
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4 
it as desired. On reheating above a critical temperature, 
the original shape was at least partly restored. 

In uranium~molybdenum binary alloys, at least 
2%Mo by weight was needed. However, in an alloy with 
as little as 2%Mo, the amount of strain which could be 
applied at ambient temperature was very small and the 
temperature to which the alloy must be reheated to re 
verse the shape change was approximately 500° C at 
which rapid precipitation of a phase occurs. An alloy 
containing 3%Mo could be deformed at ambient tem 
perature and started to recover its original shape at 
350° C and completed the recovery at 450° - 500° C. 
However, exposure to 500° C for more than l0-30 min 
utes cumulatively caused a phase and eutectoid to form 
after which the heat-recoverable property was lost. 

Alloys with more than 3% and less than 5%Mo are 
most useful in practice. An alloy containing 4%Mo 
could be deformed at ambient temperature and started 
to recover its shape on heating to 200° C. For example, 
a straight 1mm thick‘ strip of this alloy was bent through 
an angle of 100° at ambient temperature. On heating 
for 3 minutes at 250° C, the strip partially straightened 
to 30° and on cooling to ambient temperature, the 
movement was reversed to 70°. In this example, it was 
noticed that restraint was applied by a thick oxide skin 
formed by heating at 800° C in inadequate vacuum. 
An alloy containing 4.5%Mo was also examined. A 

strip was bent at ambient temperature and started to 
straighten at 80° C. On heating to 250° C, almost com 
plete recovery of the original shape was obtained and 
little reversal took place on cooling to RT. For exam 
ple, a straight strip bent through,l20° at ambient tem 
perature recovered to 30° after 3 minutes at 100° C. On 
cooling ambient temperature, reversal to 45° occurred. 
If the recovery temperature was raised to 250° C, more 
complete recovery was obtained and the amount of re 
versal was less e.g. a straight strip bent through 90° at 
ambient temperature recovered to 5° at 250° C and re 
versed to 10° on cooling to ambient temperature. 

It will be seen that the amount of reversal on cooling 
decreases as the reheating temperature is raised. 
An alloy with 5%Mo started to recover'on heating to 

50° C and almost complete recovery occurred at 250° 
C e.g. a straight strip was bent to a speci?c angle at 
room temperature (R.T.) and then heated to a temper 
ature T° and then cooled to room temperature and the 
following table shows the amount of recovery. 

Temp. to which Angle of Angle after Angle after 
strip heated. T° deformation at recovery at T° cooling to R.T. 

60°C 80° 20° 30° 
100°C 85° 10° 20° 
150°C 90° 15° 30° 
200°C 95° 10° 15° 
250°C 90° 5° 10° 

A straight strip of alloy with 5%Mo was cooled to 
-—196° C and deformed to U-shape. On heating to ambi 
ent temperature, the U opened to a right angle. Further 
heating to 100° C caused the strip to ?atten completely. 
Cooling to —1 96° C caused the strip to revert to the 
right angle position. On cycling from —l96° C to +100° 
C, the specimen changed shape from L (right angle) at 
—l96° C to (flat) at 100° C, i.e.: 
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U-shape_ 
—l96°C —> —l96°C —* R.T. —> 100°C 

by deforming 
—l96°C 4W4 —l96°C and so on 

An alloy with 6%Mo did not transform to the mar 
tensitic structure until cooled below room temperature. 
When a strip deformed to a U-shape at ambient tem 
perature was heated to 100° C, only a slight change in 
shape occurred. The U-shaped piece was cooled to a 
temperature approximately —80° C and was deformed 
by straightening completely. On reheating to ambient 
temperature, the strip recovered to a U shape again. As 
the molybdenum content was increased to 7%, the tem 
perature at which deformation must be carried out was 
lowered. 7% Mo represented the practical upper limit 
when deforming at temperatures down to —l96° C. 
Uranium-niobium binary alloys behaved in a similar 

way to U-Mo alloys. 3% Nb was needed to obtain the 
same effect as 2%Mo but such an alloy was of little 
practical use as the amount of recoverable deformation 
was small and the temperature of recovery so high that 
a and eutectoid formation occurred and no further re 
covery was possible. With 4%Nb, recovery was possible 
at 350° C and with 5% Nb, recovery occurred at 250° 
~ 300° C, after deformation at ambient temperature. 
7%Nb alloy recovered at about 100° C and is compara 
ble to a 5%Mo alloy. Alloys with 8 to 10%Nb could be 
deformed at --80 to —l96° C and recover on heating to 
ambient temperature. 
U-Re binary alloys containing 2'to 7% rhenium be 

have in like manner. 
Experiments were also carried out with a 1%; inch 

diam rod of uranium-molybdenum binary alloy con 
taining 5%Mo. The specimen was cooled to —l96° C at 
which temperature it was compressed 3.8%. On re 
heating to ambient temperature, the specimen ex 
panded 3.2% over and above the normal thermal ex 
pansion. Another rod specimen was cooled to —l96° C 
and was then compressed 4%. It was then reheated to 
room temperature but under restraint so that the ex 
pansion on recovery was prevented. A stress of 73,900 
lbf/in2 was developed. This demonstrates another use 
of this invention in developing a force capable of doing 
work. 

MANGANESE — COPPER BINARY ALLOYS 

These alloys were treated and tested similarly to the 
uranium alloys. 
An alloy containing 5% to approximately 15% cop 

per showed heat-recovery effects if the low tempera 
ture at which deformation took place was about 150° 
C for 5%Cu to about 100° C for 10%Cu and 50° C for 
15%Cu. These alloys then recovered their shape par 
tially on heating to 250° C. The shape change was con. 
tinuous over this temperature range. 

17.5% copper alloy recovered after deformation at 
room temperature when it was heated to _l50° C. The 
amount of recovery was not 100% but the change was 
reversible e. g. when a 1mm thick strip of this alloy was 
deformed into a U-shape with the tips of the legs of the 
U separated by 2.7mm at 25° C heating to 150° C ex 
panded the separation of the tips to 4.5mm. On cooling 
to 25° C, the tips closed to 3.7mm. Reheating to 150° 
C expanded the tips again to 4.5mm and cooling to 25° 
C reversed this to 365mm.‘ 
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6 . 

17.5% Cu alloy demonstrated recovery more effec- Q 
tively when it was deformed at -—1 96° C. A U loop with 
a separation between the tips of the legs of 3.95mm ex 
panded to a separation of 5.5mm on heating to 25° C, 
6.8mm at 100° C and virtually straightened at 150° C. 
On cooling the separation reduced to'6.4mm at 100° C, 
6.2mm at 25° C and 5.95mm at —l96° C; It expanded 
to 625mm again at 25° C. 
25%Cu alloy was deformed at room temperature and 

heated to higher temperatures but no recovery oc 
curred. This was as expected because at room tempera 
ture the 25%Cu alloy deforms by plastic deformation 
and not by shear transformation. It was necessary to 
cool this alloy and deform at —l96° C. _On deforming 
at —l96° C and heating this alloy, it behaved like the 
17.5%Cu alloy except that most deformation was re 
covered between —196° C and room temperature and 
less between‘ room temperature and l00° C. Cooling 
down again caused reversal of the change of shape, and 
changes of shape continued with repeated heatingand 
cooling. I ' 

Like‘ all of the other manganese-copper alloys, the 
25% Cu alloy changed in shape over a considerable , 
range of temperature and not sharply ‘over a narrow 
range. v ‘ 

With 30 to 50% Cu alloys it is necessary to cool and 
deform the alloy well below —l96° C. This makes the 
alloys useful for special cryogenic applications. 
The lack of complete recovery in the Mn-Cu alloys 

can be explained by the fact that their yield stress is rel 
atively low and the reversal of the transformation is 
taken up by plastic strain in the high temperaturephase 
as it forms. This was demonstrated by deforming a strip 
of Mn-Cu binary alloy containing 17.5%Cu at low tem 
perature into U-shape and heating under‘ restraint. 
When the restraint was removed at high temperature, 
no change in shape occurred. When a strip of material 
of high yield stress (in the test a nickel-titanium binary 
alloy containing 56% nickel was used) was treated in 
the same way, the U-shaped strip sprang open when the 
restraint was removed at high temperature. The accom 
panying drawing shows these changes at (1'). ' 1 - 

APPLICATION OFSTRAIN TO INDUCE 
INTERNAL STRESS 

An example of an effect of reheating under restraint I 
has been given above in connection with a manganese 
copper binary alloy containing 17.5%Cu and a nickel 
-titanium binary alloy containing 56%Ni'. ~ 

Tests made on manganese-copper binary alloys con? 
taining 20% Cu and uranium-molybdenum binary al 
loys containing 5% Mo showed that reheating under 
restraint changed the position over- which the change 
of shape occurred but ‘not the angular'range. This 
effect in a strip of manganese-copper binary alloy 
containing 20% Cu is illustrated in the accompanying 
drawing at (2). _ V V _ _ 

Further tests were made on strips of various alloys by 
cooling the metastable high temperature form of the 
alloy to just above its Ms transformation temperature 
(between the Ms and Md temperatures but nearer to _ 
the Ms temperature), deforming the specimen a small 
amount (i.e. less than the ?nal deformation needed in 
the low temperature form), continuing cooling to 
below the Ms transformation temperature, during‘ 
which the specimen continued to change in shape in 
the direction indicated by the prior deformation. On 
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reheating this change in shape is wholly or partly re 
versed and on cooling again the change in shape occurs 
spontaneously. 
A test on a strip of nickel-titanium binary alloy con 

taining 56%Ni heated to 850° C and quenched to room 
temperature in the flat condition is illustrated in the ac 
companying drawing at (3). 
The strip was bent through an angle of 25° at room 

temperature. On cooling to —l96° C the angle changed 
spontaneously to an angle of 45°. On heating again to 
room temperature the angle changed to 30°. On heat 
ing and cooling between room temperature and —l96° 
C, the angle of the strip changed from 30° to 45° 
reversibly. 
A test on a strip of uranium-molybdenum binary 

alloy containing 5% Mo, heated to 800° C and 
quenched to room temperature in the flat condition is 
illustrated at (4) in the accompanying drawing. 
The strip was bent to U-shape at room temperature. 

It was cooled to —1 96° C when its shape changed spon 
taneously, the legs of the U moving towards each other 
and crossing. Heating to room temperature nearly re 
stored the U-shape so that a C-shape was formed. Con 
tinued heating to 100° C caused the strip to become ?at 
again. Subsequent cooling to room temperature caused 
the strip to assume a right angle shape and further cool 
ing to —1 96° C caused it to became C-shaped again. Re 
heating to room temperature resulted in an angle of 85° 
between the legs of the strip and further heating to 100° 
C caused the strip to ?atten. Cooling to room tempera 
ture resulted in a right angle shape and further cooling 
to —1 96° C resulted in a C-shape. On continued heating 
and cooling, the shape changes continued in the same 
way. It will be seen that hysteresis occurs so that at 
room temperature the shape is slightly different when 
heating and cooling. The original shape at —l96° C is 
not recovered completely, but it is considered that 
cooling below —l96° C would cause complete recovery 
of the original shape because there is hysteresis at 
—l96° C as well as at room temperature. 

A test on a strip of manganese-copper binary alloy 
containing 17.5%Cu showed that when partly de 
formed into a U-shape at room temperature and then 
cooled to —l96° C, the legs of the U moved towards 
each other to close the U. A 20%Cu alloy gave the 
same results but even more movement was obtained. 

Articles made by the methods and from the heat 
recoverable alloys described herein are useful for many 
purposes where a change of shape is necessary. For ex 
ample, they may be used as tubes in couplings, which 
tubes change shape to grip two elements to be con 
nected together, as temperature-responsive elements in 
switching devices, and as formers or dies on which a 
plastics or metal sheet is shaped whereafter the former 
or die is caused to shrink away, allowing the removal 
of the shaped sheet and the former or die is then 
caused to revert to its original shape for the next opera 
tion. The accompanying drawing at (5) shows a 
temperature-responsive switch having three contacts 
10, 11 and 12. A bent strip 13 made by a method and 
of an alloy as hereinbefore described makes an electri 
cal connection between the contacts 10 and 11 at one 
temperature and between the contacts 10 and 12 at a 
different temperature. 
We claim: 
1. A method of making a heat-recoverable article 

from a heat-recoverable alloy, which article is repeat 
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8 
edly changeable in shape from a ?rst shape towards a 
second shape by lowering its temperature and from the 
second shape towards the ?rst shape by raising its tem 
perature, said‘ changes in shape corresponding to 
changes in phase in the alloy from a high-temperature 
phase to a low-temperature phase and from the low 
temperature phase to the high-temperature phase re 
spectively, which method comprises the steps of de 
forming the alloy in its low-temperature phase so as to 
change its shape from the ?rst shape to the second 
shape, applying restraint to the alloy in the second 
shape so formed, raising the temperature so that the 
alloy changes into its high-temperature phase while 
said restraint prevents a change in shape, and subse 
quently repeatedly altering the temperature to cause 
said changes in shape without applying any further de 
formation to the alloy. 

2. A method according to claim 1 in which after rais 
ing the temperature while applying said restraint the 
alloy is cooled so that it changes into its low 
temperature phase, still retaining said second shape. 

3. A method according to claim 1 in which the alloy 
is selected from the group consisting of binary alloys of 
uranium containing 2 to 7% by weight molybdenum, 3 
to l 1% by weight niobium and2 to 7% by weight rhe 
nium. 

4. A method according to claim 1 in which the alloy 
is a manganese-copper binary alloy containing 5 to 
50% by weight'copper. 

5. A method according to claim 1 in which the alloy 
is a nickel-titanium binary alloy containing 52 to 56% 
by weight nickel. 

6. A method of making a heat-recoverable article 
from a heat-recoverable binary alloy selected from the 
group consisting of uranium-molybdenum containing 2 
to 7% by weight molybdenum, uranium-rhenium con 
taining 2 to 7% by weight rhenium, manganese-copper 
containing 5 to 50% by weight copper and nickel 
titanium containing 52 to 56% by weight nickel, which 
method includes the steps of deforming the alloy in its 
high-temperature phase partly towards the shape re 
quired for the low-temperature phase, thereby applying 
to the alloy in its high-temperature phase a strain which 
produces a stress which induces a desired shape for its 
low-temperature phase, and subsequently lowering the 
temperature so that the alloy changes into its low 
temperature phase and assumes the required shape. 

7. A method of making a heat-recoverable article 
from a heat-recoverable binary alloy selected from the 
group consisting of uranium-molybdenum containing 2 
to 7% by weight molybdenum, uranium-rhenium con 
taining 2 to 7% by weight rhenium and manganese 
copper containing 5 to 50% by weight copper, which 
method includes the steps of shaping the alloy at an ele 
vated temperature into a ?rst shape, cooling to a lower 
temperature, and causing the alloy to deform at the 
lower temperature into a second shape, said tempera 
ture being such that if reheated to an appropriate tem 
perature the alloy would at least partly regain its ?rst 
shape. ' 

8. A method according to claim 7, in which the alloy 
is a binary alloy of uranium containing 3 to 6.5% by 
weight molybdenum. 

9. A method according to claim 7 in which the alloy 
contains 5 to 30% by weight copper. 


