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Abstract

TisoNiso and TisoNigCuyo shape memory alloys were ion nitrided to modify the surface conditions. The phases and
microstructures of the nitrided surface were studied by XRD, EPMA and SEM. Experimental results indicate that the nitrided
compound layer of equiatomic TiNi alloy consists of TiN and Ti,Ni phases, and that of TisNiy,Cuyo alloy consists of TiN,
Ti,N and Tis(Ni,Cu)g, phases. The surface hardness and the compound layer thickness increase with increasing nitriding
temperature and time. These npitrided compound layers are found to exhibit a slight depression on the alloys’ martensitic
transformation temperatures and their shape recovery ability. A mechanism to explain the formation of the ion-nitrided layer in
equiatomic TiNi alloy is also proposed in this study. © 1997 Elsevier Science S.A.
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1. Introduction

TiNi alloys are known as the most important shape
memory alloys (SMAs) because they exhibit thermoelas-
tic martensitic transformation, and because of their
many applications based on the shape memory effect
(SME) [1] and pseudoelasticity (PE) [2,3]. This comes
from the fact that TiNi alloys have superior properties
in ductility, biocompatibility and recoverable strain.
Recently, TiNi alloys have been observed to exhibit an
excellent wear resistance [4-6], which is an Important
property in some biomedical applications, such as medi-
cal guide-wires, artificial bone joints, etc. In fact, the B2
phase (austenite parent phase) of TiNi alloys can really
exhibit an excellent wear resistance due to their rapid
work hardening and pseudoelastic properties [7].
However, the wear resistance of B19’ martensite phase
of TiNi alloys is still too weak and needs to be improved
for some applications. It is well known that nitriding
techniques are commonly used to improve the fatigue
and wear resistance of metals and alloys [8]. In particu-
lar, jon nitriding has a number of advantages over
conventional gas nitriding, including faster growth rates
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of nitrided layers, easier control over the crystal structure
of nitrided layers, and fewer environmental problems
[9]. Several investigations on ion nitriding have been
performed for titanium and titanium alloys [10-22], but
so far there have been few investigations on TiNi alloys.
Only the effects of N* implantation [23] and arc ion
plating [24] on TiNi alloys have been reported. In the
present study, the ion nitriding of TiNi alloys is investi-
gated. The nitriding parameters and the characteristics
of the nitrided layers are discussed as the first part of
this paper. The corrosion properties and the primary
wear characteristics of the nitrided layers are discussed
as the second part of this paper.

2. Experimental procedures

A conventional tungsten arc melting technique was
employed to prepare the Tis,Nis, and TisoNizCuy, (in
at.%) alloys. Titanium (purity 99.7%), nickel (purity
99.9%) and copper (purity 99.9%), totalling 200 g, were
melted and remelted at least six times in an argon
atmosphere. Pure titanium buttons were also melted and
used as getters. The mass loss during melting was
negligible. The as-melted buttons were homogenized at
1050 °C in a 7x 107 %torr vacuum furnace for 3 days
and then hot-rolled at 850°C to a plate of 1 mm
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thickness. Specimens with dimensions of 10 x 20 x 1 mm
were then cut from the plate using a low speed diamond
saw. A hole, 2.5 mm in diameter, was drilled in each
specimen by electrical discharge machining. This hole
was used to hang the specimen during the ion nitriding.
The specimen surface was then polished with 1000 grit
emery paper. Before ion nitriding, ail specimens were
cleaned ultrasonically in acetone to remove surface
grease.

Ton nitriding was carried out in a NDK furnace model
JIN-6SS-C-SV. The specimen’s support and holder were
made of titanium to reduce contamination of the speci-
men surface during the sputtering process. After nitrid-
ing, the specimens were cooled in vacuum. In order to
investigate the relationship between treatment parame-
ters and surface properties, four treatment parameters
were considered: nitriding temperature; nitriding time;
working pressure; and nitrogen-to-hydrogen ratio
([N,]/[H,] ratio). The standard L9 orthogonal arrays
[257 of these four parameters used in this study are
listed in Table 1.

The microstructures of nitrided layers were studied
by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). XRD tests were carried out on a
Philips PW1710 XRD using Cu k, radiation. The power
was 40kV x30mA and the 26 scanning rate was
3°min~!. The surface morphologies and cross-section
of ion-nitrided samples were observed by a Philips 515
SEM with EDX facility. The chemical composition of
surface layers was analyzed using a JEOL JXA-8600SX
electron probe microanalyzer (EPMA) with a probe size
1 um. The surface hardness was tested with a microvick-
ers tester with a load of 25 g for 15 s. For each specimen,
at least five different locations were tested. The DSC
measurement was conducted to measure the martensitic
transformation temperatures by using a DuPont 2000
thermal analyzer equipped with a quantitative scanning
system 910 DSC cell and a cooling accessory LNCA II.
Measurements were carried out at a controlled cooling/
heating rate of 10 °C min~!., Heats of transformation
(AH) were automatically calculated from the areas under

Table 1
Nitriding parameters employed in the standard L9 orthogonal arrays

Experimental Nitriding Nitriding Working [N,/

no. of LS temperature time pressure [Hai]
°C) (h) (torr) ratio

1 700 2 6 10

2 700 4 8 4

3 700 12 10 L

4 800 2 8 1

5 800 4 10 10

6 800 12 6 4

7 900 2 10 4

8 900 4 6 1

9 10

900 12 8

DSC peaks by means of an equipment software package.
The shape memory effect (SME) was examined by a
bending test [26]. The surface bending strain, ¢,, was
8% and the shape recovery, Rgyp, was measured at
various heating temperatures, 7.

3. Results and discussion

3.1. Microstructures and composition analysis of ion-
nitrided TigoNig, alloy

After ion nitriding, Tis;Nis, specimens show a homo-
geneous surface morphology with a color of golden
yellow. The homogeniety and surface roughness are
dependent on the nitriding parameters, as shown in
Figs. 1{a and b). Figs. 2(a-d) shows the XRD patterns
of TisoNis, specimens without and with ion nitriding at
700, 800 and 900 °C for 12 h, respectively. Before ion
nitriding, as shown in Fig. 2(a), main B19’ martensite '
and minor B2 parent phase are the major phases in the
TisoNis, matrix. However, after nitriding, as shown in
Figs. 2(b-d), TiN and compounds are the main phases
in the XRD patterns. The intensities of TiN and Ti,Ni
compounds increase with increasing nitriding temper-
ature as well as nitriding time. This indicates that the
thickness of TilN and Ti,Ni compounds increases with
increasing nitriding temperature and nitriding time.
Because the hardnesses of TiN and Ti,Ni compounds
are much higher than that of TisoNis, matrix, the surface
hardnesses of nitrided TisyNisy specimens are quite high,
as shown in Fig. 3. Meanwhile, the surface hardness,
being related to the thickness of TiN and Ti,Ni com-
pounds, increases with increasing nitriding temperature
and nitriding time. The surface hardness can even reach
1400 Hv for the experimental no. 9 specimen of
1L9-nitrided TisNiso specimens.

Typical cross-section micrographs of TisyNis, speci-
mens ion nitrided at 900 °C for 4 and 12 h are shown
in Figs. 4(a and b), respectively. On carefully examining
Fig. 4, two different layers, an outer layer labeled A and
an inner layer labeled B, are formed on the surface of
nitrided TisoNise specimens. In addition, some fine
TiyNi,O [27,28] particles introduced during the melting
process are observed, as indicated by the arrows in
the matrix.

These nitrided layers are the compound layers as is
often seen in nitrided pure titanium and its alloys [10-
22]. As observed from the XRD patterns in Fig. 2, these
nitrided layers should be TiN and Ti,Ni compound
layers. The concentration profiles of Ti, Ni and N in
these nitrided layers of TisoNis, specimens were exam-
ined by EPMA. In order to obtain a precise composition
analysis, the surface of the mounted specimens was
carefully polished without any etching. Fig. 5 shows the
EPMA line scan of TisNis, specimen nitrided at
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Fig. 1. Scanning electron micrographs of surface morphology of equiatomic TiNi alloy after ion nitriding at 900 °C for (a) 4 h and (b) 12 h.

900 °Cx12h, 8torr and [N,]/[H,]=10. The intensity
of the N k, line increases from the surface to a maximum
at the position of the outer compound layer (layer A).
It then decreases continuously through the B layer and
levels off in the interface of the B layer and TiNi matrix.
It is difficult to confirm the existance of nitrogen diffu-
sion layer in the substrate from Fig. 5 because of the
rare concentration of nitrogen in the TiNi matrix. The
intensity of the Ti k, line also increases from the surface
to a maximum at the A layer, and then gradually
decreases through the B layer and levels off at the
interface of the B layer and the TiNi matrix. The
intensity of the Ni k, line in A layer is rather weak. It
continuously increases in the B layer and then levels off
at the interface of the B layer and the TiNi matrix.
From the results of XRD in Fig. 2 and the variations
of Ti, Ni and N concentrations in Fig. 5, we propose
that a TIN compound forms in the A layer and a

Ti,Ni compound forms in the B layer. From Fig. 5, one
can find that the Ti,Ni layer can solid-solute quite a
few nitrogen atoms, but the TiNi layer behaves
oppositely.

3.2. Microstructures and composition analysis of ion-
nitrided TisoNiCuyg alloy

The TiseNisgCuye ternary alloys have also been ion
nitrided at the same nitriding process as that for equia-
tomic TiNi alloys in order to compare their ion-nitriding
behaviors with binary TisoNis, alloys. Figs. 6(a-d)
shows the XRD patterns of TisoNigCu,, specimens
without and with ion nitriding at 700, 800 and 900 °C
for 12 h, respectively. Before ion nitriding, as shown in
Fig. 6(a), B19+B19 martensite and B2 parent phase
are the major phases in the TisoNis,Cu;, matrix. This
explains the fact that TisoNigCuy, alloys exhibit
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Fig. 2. XRD patterns of equiatomic TiNi specimens (a) without jon nitriding, and ion nitrided at (b) 700 °, {¢) 800 °C and (d) 900 °C for 12 h.
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Fig. 3. The surface hardness of equiatomic TiNi alloy ion nitrided at
various conditions of Table 1.

B2—B19—>B19’ martensitic transformation, and mar-
tensitic transformation temperatures of B2—B19 and
B19-B19 occur at around room temperature [29].
However, after nitriding, as shown in Figs. 6(b—d), the
peaks of TiN, Ti,Ni and Tis(Ni,Cu)g compounds
appear in the XRD patterns. Here, the chemical com-
position of Tis(Ni,Cu)s, compound is quantified by
EPMA and is regarded as a new phase. The peak
intensities of these compounds increase with increasing
nitriding temperature as well as nitriding time. This
indicates that the thickness of these compounds increases

with increasing nitriding temperature and nitriding
time, This feature can also be observed in Figs.7 (a
and b), which shows the cross-section micrographs of
TisoNiagCuyo specimens ion nitrided at 900 °C for 4 and
12 h, respectively. In Fig. 7, three different layers, labeled
A, B and C, are formed on the surface of nitrided
TisoNigCuyo specimens. The concentration profiles of
Ti, Ni, Cu and N in these nitrided layers of
TisuNisCuyq specimens have been examined by EPMA,
and a typical line scan is shown in Fig. 8. The intensity
of the N k, line increases from the surface to a maximum
at the A layer, then decreases continuously through the
B layer, and levels off at the interface of the B and C
layers. The intensity of the Ti k, line also increases from
the surface to a maximum at the A layer and then
gradually drops through the B layer, reaching a mini-
mum at the interface of the B and C layers. The intensity
then increases a little and levels off at the interface of
the C layer and TisoNigCuyo matrix. The intensity of
the Ni k, line in the A layer is rather weak. It increases
continuously at the interface of the A and B layers,
through the B and C layers, and then levels off at the
interface of the C layer and the TisoNiyCu,e matrix.
The intensity of the Cu k, line in the A and B layers is
also rather weak. It increases rapidly to a maximum at
the C layer, then decreases continuously and levels off
at the interface of the C layer and the TisoNiyCuyp
matrix. From the results of XRD in Fig. 6 and the
variations of Ti, Ni, Cu and N concentrations in Fig. &,
we propose that TiN, Ti,Ni and Ti(Ni,Cu)e, com-
pounds form in the A, B and C layers, respectively. It
should be noted that the Ti,Ni layer can solve more Cu
atoms than the TiN layer.
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Fig. 4. Scanning electron micrographs of cross-sections of equiatomic TiNi alloy after ion nitriding at 900 °C for (a) 4 h and (b) 12 h.

3.3. Ion-nitriding mechanism in equiatomic TiNi shape
memory alloy

The detailed reaction mechanism in the ion-nitriding
process has not been clarified yet; however, two mecha-
nisms has been proposed to explain the ion-nitriding
process in steels [30,31]. The first mechanism proposes
sputtering of Fe atoms, gasous reaction and then
deposition on the specimen. The second mechanism
proposes a surface reaction and then diffusion of nitro-
gen into the specimen. To explain the ion-nitriding
reaction in equiatomic TiNi alloy, we propose the four-
step mechanism shown in Fig. 9. When the N * ions hit
the surface of a workpiece, metal atoms (Ti and Ni) are
detached and the workpiece is heated. At the same time,
nonmetallic atoms such as carbon and oxygen are also

detached. In this way, the surface is freed from oxides,
carbides etc., allowing N ¥ ions to be sputtered onto the
clean surface [Fig. 9(I)]. Ti and Ni atoms which are
detached from the surface can react with the highly
reactive nitrogen atoms, which are sputtered in the
plasma region or implanted on the surface of workpiece.
Because the chemical affinity of Ti and N is much
stronger than that of Ni and N [32], the combination
of a N* ion and a Ti atom occurs more easily than that
of a N* ion and a Ni atom. This means that the
material formed on the workpiece surface is composed
of a much greater amount of TiN than Ni, N, as shown
in layer A of Fig. 9(II). We believe that the Ni, N phase
was not found in the XRD results of Fig. 2 because the
amount of Ni.N is too small to be detected. As the
process continues, the sputtered N ™ ions at layer A of
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Fig. 5. EPMA line scan profiles of equiatomic TiNi alloy ion nitrided at 900 °C x 12 b, 8 torr and [N,}/[H,]=10.
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Fig. 6. XRD patterns of TisgNiyCu,, specimens (a) without ion nitriding, and ion nitrided at (b) 700 °C, {c) 800 °C and (d) 900 °C for 12 h.

Fig. 9(11T) diffuse inwards. The Ti atoms can react more
easily with N * because the chemical affinity of Ti and
N is stronger than that of Ni and N [32]. Thus, there
is an outward driving force for Ti atoms which, together
with the inward movement of N * ions, forms TiN and
thickens layer A. Meanwhile, the outward Ti atoms left
behind layer A will react with TiNi to form Ti,Ni
compound layer B [Fig. 9(IV)]. When the ion-nitriding
temperature increases, the diffusion rates of Ti atoms

and N ' ions also increase, and hence the TiN and
Ti,Ni layers grow more rapidly and the XRD intensities
of these phases become stronger, as shown in Figs. 2
and 4. When the TiN in layer A (Fig.9) reaches a
certain thickness, it can become a barrier [33,34] and
subsequently reduce the diffusion of N* ions into the
Ti,Ni compound layer. This feature also reflects the fact
that the undetectable nitrogen concentration at the rear
part of the B layer and the TiNi matrix.
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Fig. 7. Scanning electron micrographs of cross-sections of TisoNisCu,, ternary alloys after ion nitriding at 900 °C for (a) 4 h and (b) 12 h.

3.4. Effects of ion nitriding on the transformation
temperatures and shape recovery ability of the equiatomic
TiNi alloy

Figs. 10(a—c) shows the DSC curves of Ti;,Nis, speci-
mens without and with ion nitriding at 800 °C for 4
and 12 h, respectively. Fig. 10(a) represents a typical
DSC curve of a stress-free Tis;oNis, alloy in which the
exothermic and endothermic peaks are associated with
the martensitic transformation of B2<»B19’. The DSC
curves for the jon-nitrided specimens, as shown in
Figs. 10(b and c), exhibit similar martensitic trans-
formation behaviors. However, the martensitic trans-
formation temperatures are depressed to lower ones.
This phenomenon may be ascribed to two factors. First,

the constrained stress originating from the ion-nitrided
layers will depress the martensitic transformation.
Second, the penetration of N atoms or other impurities
into the TiNi matrix as the interstitial atoms during the
ion-nitriding process also have the possibility to depress
the transformation temperatures [35].

Table 2 presents the measured shape recovery, Rgue,
at heating temperatures of 7y=100 and 300 °C for the
ion-nitrided equiatomic TiNi alloy. From Table 2, the
shape recovery is found to be slightly reduced due
to the ion nitriding. This result is reasonable because
the nitrided compound layers do not exhibit the
shape memory effect and their constrained effect on the
TiNi matrix will also depress the shape recovery of
TiNi matrix.
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Fig. 8. EPMA line scan profiles of TisoNiuoCuyq ternary alloy ion nitrided at 900 °C x 12 h, 8 torr and [N,]/{H,]=10 .
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Fig. 9. Schematic diagram of the ion nitriding mechanism of equia-
tomic TiNi alloy.

4. Conclusions

The ion nitriding of Ti;(Nis, and TisNieCuy, shape
memory alloys has been investigated. The results
obtained by means of microvickers hardness test, XRD,
SEM and EPMA measurements can be summarized
as follows:

(1) The ion nitrided equiatomic TiNi alloy consists

(a)

529°C
176C AH=236)/
— AH=248V/9 g95%
571°C

(b)
21 8% 49.6°C
—2270/0
CAH_zzﬂ /g AH=235)/g

4397
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Fig. 10. The DSC curves of equiatomic TiNi specimens (a) without
ion nitriding, and ion nitrided at 800 °C for (b) 4 h and (c) 12h.

of the TiN and Ti,Ni phases in the compound layer.
The surface hardness, ascribed to the thickness of TiN
and Ti,Ni compound layer, increases with increasing
nitriding temperature and time. For the ion nitrided
TisgNigoCuyp ternary alloy, the Tis(Ni,Cu)g com-
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Table 2 .
The measured shape recovery, Rgyg, at heating temperatures of 7y=
300 °C for the ion-nitrided equiatomic TiNi alloys

Experimental Shape recovery Roue (%)
no. of L9 E— —_— -
Ty=100°C T:>300°C

None? 100.0 100.1

1 87.9 944

2 78.2 85.5

3 75.3 _ . 815

4 76.6 832

5 76.1 81.0

6 74.8 80.5

7 75.8 81.2

8 74.4 79.2

9 73.5 78.6

2Before ion nitriding,

pound, as well as TiN and Ti,Ni phases, appear in the
ion-nitrided layers.

(2) The ion-nitriding mechanism of equiatomic TiNi
alloy is suggested to include several simultaneous steps:
the sputtering of titanium and nickel from the surface,
the formation of TiN, the diffusion of N * ions into the
matrix, the reaction of Ti and N* to form TiN, and
the reaction of Ti and TiNi to form Ti,Ni.

(3) The martensitic transformation temperatures are
depressed slightly due to the constrained stress originat-
ing from the ion-nitrided layers. At the same time, the
ion-nitrided layers exhibiting no shape memory effect
and behaving the constrained effect on the substrate will
both depress slightly the shape recovery ability of TiNi
alloys.
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