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Nickel-Iron-Alusinium Shape Mesory Alloys with Jenroved Properties by Ranid
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Repidly solidified micro-wires (- 150 un dia) and ridbons (~ 75 um thick) have
been produced by direct casting and mselt spinning techniques respectively. The
slloys studied have the composition (N{i_Fe A) 2)00°02Bos 90 YDETE X ®
0.87-0.62; y*0.09-0.14; 2s0.245-0.29. The \oys have been charscterized by
thermal analysis (0SC), electrica) resistance seasurement, tensile testing and
af{crostructursl snalysis,

A range of alloy cospositions have been produced. All of thea exhidit the
shape memory effect (shape recovery on heating, after cold deformstion)
sithough by 0SC the martensite transformation §s not clearly seen {n 3ll the
slloys. Measurement of electrical resistance i3 the most sensitive way to
follow the transforsations in these alloys. The difference in resistance, at
the sase temperature, can be as high as 0.245 pOm for heating and cooling
cycles. The maxisum fracture stress obtained in an as-cast wire s ~ 1450 WPy,
with elongation to fracture in the renge 14-18%.

Estimeted values of pseudo-elasticity are o3 high as 34%. Microstructural
anelysis leads to the conclusion thet the ribbons experience & higher solidi-
fication rate than the wires, which may explein the somewhat different marten-
site properties.

jntroduction

Shape memory alloys (SMA’s) have aany potentis) spplications $n functional
sress for control systeas, rodotics, electronics, telecomnunications and bfo-
sedicine. However, to produce the alloys {n @ suitadle fora (wire or thin
strip) by conventional setal working processes {s often difficult due to the
poor workadbility of these alloys. Rapid sol{dification technology (RST) offers
e convenfient and economical alternative way to produce near net shape aate-
rials. The rapidly solidified shape meaory alloys usually have a high area/-
volume ratio which enhances heat transfer to and froa the materials. It has
deen shown (1) that setastadle nickel-rich 8 sartensite (A') odtained dy water
Qenching from the S-phase field at high tesperature undergoes 8 thersoelastic
sartensite transforastion (8°<-R) st elevated temperatures, leading to a shape
seaory effect. However, conventionally cast N{A) compound does not exhibit an
sppreciable tensile elongation at room tempersture and hence the shape recove-
ry hes been 1imited to 8 smal) bending strain field (2). Ni,Al (1') and 7'+f
compounds {in the Ni{-Fe-A) system with good ductility and high strength have
been obtained by repid solifification (3,4). Furukewa et 81 (6) have
investigated of the Ni-Fe-A) system which shows a great potentisl for
development of SMA's due to extension of the - and g'-phase field by RST.

It was reported (S)., that the transformation between $° and B occurs reversib-
1y {n a rather narrow tesperature range of sbout 80K. Addition of 0.17 atXx 8
to Ni_ Fe Al . incresses the fracture strenght from 394 to 1100 MPa and
olonga!(on frém 2.8% to 18.1%, while the yield steength resains unchanged,
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The reason for the {sprovesent of ductility and strength {s prodsdly a comadi-
ned effect of grein size refinement and suppression of the developeent of an
ordered structure combined with grein boundery segregation. Significant
deterioration of the shape seoory effect (SME) and ductility {n the vicinity
of 600 K was found to be due to the precipitation of Ni A} and N{ Al,.

The present work afms st further development of these newly found Ni-Fe-A)-
base shape memory alloys by RST. The products were charscterized by aicro-
structure analysis, tensile testing and transformation tesperasture mseasuresent
by differential theraal calorisetry (0SC) and electrical resistance measure-
sent.

Experimental work

The compositions of the rapidly solidified ribbons and wires are shown in
Table 1 produced by "chi11 block melt spinning” and “in rotating water melt
spinning™ (6) respectively.

Alloy Ni Fe A) 8

$6.90 13.98 28.95 0.17
61.66 13.70 24.47 0.17
61.89 8.98 28.95 0.17
59 14 27

$6.90 1),908 26.95 0.17
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Teble 1. 1Investigeted alloys. Content at\g,

Nickel, aluminive, fron and boron were weighed out for easch alloy and induc-
tion aelted under an argon atomsphere n an slumina crucible. The molten aetsl
was sucked up in 8 silica tudbe and allowed to solidify, After cooling in
water, and removing the silica tube 8 ma dismeter rods were ocbtained. These
were cleaned {n alcohol, and dried {n hot air and cut up into small pieces for
the wire casting and melt spinning experiments. Wires of ~ 180 um dia., and
ribbons of ~ 786 um thickness were produced {6).

Semples for opticel microscopy were prepered by conventiona) mounting in
thermosetting resin, grinding, polishing and chemical etching. Tensile testing
u3s carried out ot & strain rate of 4.17.10¢ s~ a3t room tespersture. Diffe-
rentidl thernal calorisetry (OSC) was perforsed on -15 »g sasples at 3
cooling/heating rete of 10 K/s. Electric resistivity seasuresents were pere
formsed on 3s-cast and as cast and heast treated saoples.

Results and discussion

DSC

All the alloys show 8 visidle shaspe recovery on heating after cold deforma-
tion. However, only two of the ridbdbons (alloys 4 and $) show pesks on the DSC-
curves, indicating 8 phase transforastion. The difference dDetween these two
ribbons is only 0,17 at § boron addition, The measured transforsation tewpe-
ratures correlate well with the afcrostructure shown n Figure 1. With the
predicted transforsation tesperatures {n aind (S) alloy no. 3 ought to show
sartensite phase but didn't. No DSC-peak was observed, nefither below or sdbove
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room temperature, in spite of the fact that tests with different thickness of
the ribbon were done. The conclusion of this is that without carefully noted
conditions during repid solidification, it s hard to predict the shape of the
setastable phase-diagras. Also alloy no. 2 was predicted to show OSC peaks dut
didn‘e,
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Figure 2. Wire of alloy Ko. 5.

the rapidly solid{fied wires show & completely different behaviour. They show
no peaks at al) 4n the DSC. A typice) microstructure 1s shown in Figure 2.
A!IOyg with no DSC pesks in ribbon form sre not expected to show peaks for
the wire. For the two alloys for which pesks were obtained {n the ribbon very
slight peaks cen be seen by careful exsainstion. The conclusion which may be

drawn is that & high cooling rate s the dosinant factor for cdtaining
ssrtensite in these alloys.

Heat treataent

After annealing ribbons of alloy no. 5 for 1 hour a DSC-run was carried out
which gave the results shown in Figure J and 4. The martensite to sustenite
peak transit{on tempersture A* {s Jowered from 425K in the 8s quenched state
to J80K after the hest treatment at 62)K, but then raised to 405K after
sanealing at 803K,

It is surprising that At \versus the heat treatment tesperature Ty at 800K
diverge from previously reported results (5). The AN dependence on T, shows
that the volumse of trensformation {3 reduced after heat trestmsent, and
decreases with increasing annealing temperature due to stabi{lization of
equilidbrium phases. Thermal cycling between 300K and §00K was carried out
with wire of slloy no. 4 to find out {f this can force & pesk to sppear,
without result,

Ketallography

The results from optical microscopy are given in Tables 2 and 3. In Figure 3V
the presence of sartensite in the riddon of slloy no. $ is clearly seen. The
seme phase is odserved {n ribdons of elloy no. 4.
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Figure 3. Ribbon of alloy No. §.

280

Hest of troansiorsation versus Heat
treateent tesperature.

aM
fcal/el

[ ] + . "
' g

™
Heat tresteent temperature 00U

Figure 4. Ribbon of alloy No. 5. Heat

Heat trested for 1 hour.

treated for 1 hour.

M* and A* are austenite to
martensite and marteniste to
austenite peak transition
temperatures respectively.

Mechanical property

* at roller side,

Max Max Max
Allo Roller Mean Mean Cell size R R
Y velocity thickness width (um) " p0.2 °f
(a/s) (um) (um) (N/om?) (N/mm2) (%)
1 10 123 1099 12.7* - - -
2 6 110 960 - 980 530 10.5
3 6 152 1428 16.2*% - - -
4 15 41 1450 7.1 204 166 1.9
5 15 S0 695 8.3 21 161 1.5

Table 2.

directly cast ribbons.

Experimental conditions and properties of rapidly solidified

In Figure 5 a schematic relationship between the austenite to martensite
transition start temperature M, and Al-content {s shown. The microsegregation
in the wires results in a microstructure that consists of primary solidified
dendr ites and secondary solidified phase with increased Al-content, as can be
seen in Figure 2. This gives rise to a range of transformation temperatures,
and as 3 result a poor SME is obtained.
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‘Mechanical property
Alloy Mean wire Mean secondery Max Max Max
dismeter .dongr:ég Ry Rﬁo 2 e¢
re spacing N/am? am?

(um) (um) (N/anl)  (N/mm?) (%)

1 175 3.4 - - -
2 179 1.8 1018 279 13.3

3 243 3.0 - - -
4 118 2.3 526 422 4.4

) 183 2.4 1448 519 18

Tadle 3. Properties of repidly solidified directly
cast micro-wires,
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Figur& S. The micro-segregation effect

on M.
R s

8y measurement of the secondsry dendrite srms spacing or cell sfze it is
possible to calculate cooling rates of the as-quenched ribbons. The cooling
rate in this process is normally in the range of 10%-10°% K/s (7). The
secondary dendrite ars spacings in the wires give a cooling rate of ~10¢

K/s (8) which is somewhat lower than for ribbons. To obtain cooling rates in
wire comparadle with riddbon, which are needed in order to obtain the same
microstructure, the heat transfer has to be improved, for example, by casting
wire of smaller dismeter.
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Figure 6. Resistance measurements. Interpretation of transformation.
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Resistance messurements

Resistance versus temperature results for ridbon and wire asre given in Fig.6.
For alloy no. 4, it is possible to find M .=400K and M,=382K (consistent

with OSC results which gives M s399K and ﬁ,-379K). On heating {t {8 much more
difficult to observe accurately but gives values of A 429K and Age451K (0SC
results gives A =d10K and Ag=436K). The agreement between these results is
encoursging. For ribdbon of alloy no.5 it is even more encouraging with M =396K
MgeI6TK, A ~406K and Agwd36K, (DSC gives 397, 374, 404 and 441K
respectively), To interpretate the curves help {s taken from the 0SC-results,
In Figure 6 1t 1s shown how M., Me, A, and Ag have been obtained from the
heating and cooling curves. In th‘s f?gure wire and ridbdbon are coepared. The
difference in resistance, 8t the same temperature, can be 3s high as 0.245
#0m for heating and cooling cycles,

Tensile testing

The tensile testing results are shown in Tadbles 2 and 3 for alloys no 2,

4 ond S. These results moke {t clear that the wires and ribbons found ductile
by a simple bend test (bending the ribbon or wire 180°, to give a strain of 1)
elso give high tensile strengths e.g9. for wires and ribbons of alloy no. 2 and
nires of alloy no. 5. A large scatter of tensile results was odbserved which {s
a result of varfations {n thickness of samples and the production conditions
(for exanple roughness of the ribbon surface). A1l riddbons and wires were
tested in the as-produced condition,

The highest mechanical testing results are those shown in Figure 7, obtained

from wire of alloy no. S. A fracture elongation as high as 18 § combined with
1448 MPa ultimate tensi{le strength sre comparadble to results in (S). A value

for recoverable strain (6), is estimated at about 14%.

Conclusions

The mechanica) and shape memory properties show significant varfations in
teras of smal) differences in alloy content, cooling rate and microstructure.
The compositional dependence of rapidly solidified structures in the Ni-Fe-Al
systea can not be estimated without careful evaluation of the production
process parsmeters, e.g. cooling rate.

Microsegregation in the wires results in a microstructure that consists of
primery solidified dendrites and secondary solidified phase with {ncreased
Al-content. As & result of this a poor SME {s obtained. With further develop-
ment of the processing techniques for these 81loys, on the basis of the
results shown, {t is expected that wires and ribbons with good combinations of
sechanical properties and SME can be produced.
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