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Abstract
The effect of a Hf chloride activator on the pack cementation of Hf powder on a Ni–Ti shape memory alloy wire was

investigated. For this purpose, a Ni–Ti wire with a diameter of 0.5 mm was pack cemented in a powder mixture consisting

of Hf and HfCl4 powders at 1000 �C for 24 h. It was observed that Hf noticeably diffused into the Ni–Ti matrix with the

aid of the HfCl4 activator. The diffusion distance significantly increased as the amount of HfCl4 activator increased. By the

addition of 10 mass% HfCl4, the martensite-to-austenite phase transformation start and finish temperatures increased from

12 to 142 �C and from 28 to 200 �C, respectively. The diffusion kinetics model was established based on Fick’s first law. It

is suggested that 48 h of halide-activated pack cementation with 10 wt% HfCl4 is necessary to increase the overall Hf

content above 15 at.% throughout the Ni–Ti wire.
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Introduction

Binary Ni–Ti alloys are very attractive materials because of

their superior super-elasticity and shape memory effect as

compared to other shape memory alloys (SMAs) [1–6].

The origin of these effects is the reversible crystallographic

transformation between the high-temperature austenite

phase B2 (space group: Pm3m) and the low-temperature

martensite phase B190 (space group: P21/m) [7–9]. Because

the B2 $ B190 phase transformation temperatures are

usually below 100 �C for most Ni–Ti alloys, actual appli-

cation of these alloys have been limited to below 100 �C
[7]. However, many engineering applications of SMAs,

particularly in aircraft and automobile engines, as well as

in sensors and actuators in power plants, require the shape

memory effect at temperatures higher than 150 �C [9]. For

this reason, many researchers have tried to develop a

material that can exhibit a shape memory response at high

temperatures above 150 �C [5]. It is well known that sub-

stituting hafnium (Hf) for titanium (Ti) in a binary Ni–Ti

alloy can increase the phase transformation temperature up

to 400 �C [10]. The addition of Hf also has advantages over

other elements such as Au, Pt, Pd, Nb, and Zr because of its

relatively lower cost and reasonably high transformation

temperature. However, to date, ternary Ni–Ti–Hf SMAs

have not been successfully manufactured into thin wires or

sheets on an industrial scale because of the addition of Hf

to binary Ni–Ti changes not only the phase transformation

temperature but also the deformation characteristics, which

results in very poor formability. The hot working of ternary

Ni–Ti–Hf SMAs into such forms by means of forging,

rolling, and drawing is very difficult because of the for-

mation of a brittle (Ti,Hf)2Ni phase [11]. To the best of our

knowledge, the diameter of the thinnest wire developed so

far is * 0.75 mm, which is not enough for a fast response

time of 1 Hz [12].

On the other hand, pack cementation (PC) is a kind of

chemical vapour deposition process that is similar to dif-

fusion coating [13–15]. It is a low-cost process particularly

suited for the formation of uniform diffusion coatings on
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structural alloy components of complex shapes and various

sizes [14]. In general, PC is carried out by heating the base

material in contact with the powder coating material in an

inert atmosphere (solid-state diffusion). It is known that PC

can induce the internal diffusion of the coating material to

a depth of several hundreds of micrometres. Accordingly, it

is possible that a binary Ni–Ti wire with a sufficiently thin

diameter can be alloyed with Hf by PC. In a previous work

[5], binary Ni–Ti wires with diameters of 0.2 mm were PC

treated with Hf powder at 950 �C for 24, 48, and 100 h,

and noticeable Hf diffusion into the Ni–Ti wire was

observed. However, the diffusion depth was very low, and

the increase of the phase transformation temperature was

marginal, increasing by only 35 �C. In the present work, a

HfCl4 halide was added as an activator to the PC process to

improve the PC effect. HfCl4 is an inorganic compound

with a melting point of 432 �C. It is usually used as a

precursor to most hafnium organometallic compounds.

During the PC process, the halide activator decomposes

and forms metal chloride gases with the diffusing element.

The metal chlorides diffuse into the substrate (gas-phase

diffusion) and dissociate at the substrate surface. The dif-

fusing element (Hf) is then effectively released and dif-

fuses into the Ni–Ti substrate by solid-state diffusion [15].

Because the halide activator seems to be very effective, in

the present work, the feasibility of a halide-activated pack

cementation (HAPC) process for the fabrication of a thin

Ni–Ti–Hf wire was assessed. After HAPC treatment,

careful thermocalorimetric and microstructural analyses

were conducted. Also, the Hf diffusion kinetics were

studied by establishing a numerical model.

Experimental

The studied 50.4 at.% Ni–Ti-based wires (diameter of

approximately 0.5 mm) were provided by Memory Cor-

poration (Connecticut, USA). Before testing, the Ni–Ti

surfaces were chemically etched in HF ? HNO3 aqueous

solutions for 10 min to remove the initial oxide scales. For

the diffusion of Hf into the Ni–Ti wire, the HAPC tech-

nique was employed. The pack powder consisted of pure

Hf powder and a HfCl4 activator power. The Hf and HfCl4
powders were weighed and mixed using predetermined

fractions of 5 and 10 wt% HfCl4. The powder mixtures

were loaded in a titanium tube, together with the cleaned

Ni–Ti wires. The titanium tube was placed into a quartz

tube that was evacuated to * 10-3 Torr. The prepared

quartz tube was annealed at 1000 �C for 24 h. A schematic

illustration of the HAPC process is shown in Fig. 1. The

process involved deposition of a Hf-rich vapour onto the

Ni–Ti wire substrate embedded in the pack mixture at

elevated temperatures.

After the HAPC process, the samples were cut perpen-

dicular to the length direction. A JSM-5800 microscope

equipped with an energy-dispersive spectroscope (EDS)

was used for scanning electron microscopy (SEM) obser-

vation of the cross sections and elemental concentration

analysis, respectively. To measure the martensite-to-

austenite phase transformation temperature, differential

scanning calorimetry (DSC) tests were carried out using a

Mettler Toledo DSC1 system. The DSC test consisted of

bringing a 5.0 mg Ni–Ti sample from 22 to 250 �C, fol-

lowed by a return to 22 �C with heating and cooling rates

of 10 �C min-1. During the DSC sample preparation,

whole body of Ni–Ti(Hf) wire was cut perpendicular to the

length direction without considering the inner or outer parts

of the sample.

: Hf powder

Pure Titanium tube

Temperature: 1000 °C
Vacuum level: ~10–3 torr

: HfCl4 powder

: NiTi wire

Fig. 1 Schematic illustration of

HAPC process
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For the DSC sampling, the entire wire was cut in the

radial direction without considering the inner and outer

parts of the sample.

Results and discussion

Microstructure and Hf distribution after HAPC

Cross-sectional images of the HAPC-processed wire are

presented in Fig. 2. In the SEM image (Fig. 2a), no dis-

tinctive diffusion or oxide layer was observed in the nearby

surface region. Some black particles embedded in the

matrix were detected, which seemed to have originated

from the Ti2Ni phase that initially precipitated before the

HAPC process. Figure 2b, c shows that the particles were

Ti-rich and Ni-lean relative to the matrix. The Hf elemental

map shown in Fig. 2d demonstrates that Hf effectively

diffused into the centre of the Ni–Ti matrix. Homogeneous

Hf distribution was identified, but its concentration

appeared to be slightly higher in the outer surface region

and lower in the central region.

For quantitative analysis, the elemental concentration

along the diffusion depth was measured using the SEM–

EDS technique. Figure 3 demonstrates the plots of Hf

concentration as a function of distance from the surface. It

was confirmed that Hf noticeably diffused into the Ni–Ti

matrix during pack cementation both with and without the

halide activator. However, in the case of no halide acti-

vator, the effective Hf diffusion distance was very short,

less than 15 lm. In contrast, the addition of 5 wt% HfCl4
dramatically increased the diffusion distance of Hf. The

maximum Hf concentration at the outermost surface was

approximately 23 at.%. The Hf concentration rapidly

decreased as the distance from the surface increased.

However, relatively high Hf concentration above 10 at.%

was obtained at a depth of 75 lm. The addition of 10 wt%

HfCl4 to the pack powder mixture further increased the Hf

diffusion distance. As compared to the 0 and 5 mass%

HfCl4 sample, the slope of the Hf concentration versus

diffusion distance profile for 10 mass% HfCl4 sample was

less steep. Consequently, at the centre region of the Ni–Ti

wire, the Hf concentration was above 8 at.%, which clearly

demonstrates the effectiveness of HAPC with a halide

activator.

Figure 4 displays the SEM image and EDS elemental

mappings of the 10 mass% HfCl4 sample. The observation

region was 50 lm away from the outermost surface. Many

black particles with diameters of 3–10 lm were embedded

in the grey matrix. In the EDS mapping analysis, the par-

ticles were found to be Ti-rich particles. Detailed point

analysis was conducted, and the results are summarised in

Table 1. The table shows that the (Ti ? Hf) to Ni ratio in

(a) (b)

(c) (d)

200 m

Fig. 2 a SEM microstructure and corresponding energy-dispersive

spectrum elemental maps of HAPC-processed Ni–Ti wire; Elemental

maps for b Ni, c Ti, and d Hf, respectively
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Fig. 3 Composition profiles along the radial direction of the Ni–Ti

wire from the surface after HAPC at 1000 �C for 24 h. The weight

percentages of the halide activator were 0, 5, and 10 wt%

(a) (b)

(c) (d)

100 m

Fig. 4 a Magnified SEM image at 50 lm depth. Corresponding EDS

elemental maps of HAPC-processed Ni–Ti wire for b Ni, c Ti, and

d Hf. Circled numbers in c indicate the position of EDS analysis in

Table 1
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the black particles is approximately 2:1, which implies that

the black particles are (Ti,Hf)2Ni. The particle size was

between 3 and 20 lm, and their volume fraction was

approximately 9%. The precipitation of the (Ti,Hf)2Ni

phase can increase the Ni concentration in surrounding

matrix, which leads to the decrease in the transition tem-

perature [16]. Therefore, too much precipitation of a

(Ti,Hf)2Ni phase is not desirable. On the other hand, the Ti,

Ni, and Hf concentrations in the matrix were approximately

35–37, 46–47, and 16–18 at.%, respectively. Generally, a

composition of (48–49)Ni–(36–38)Ti–(12–15)Hf is widely

found in high-temperature Ni–Ti–Hf SMA studies [9, 17].

Therefore, the matrix composition of the present HAPC-

processed sample seems to be acceptable. In 5 mass%

HfCl4 sample, Ti-rich particles with similar particle size

were observed too (see Supplementary figure). Interest-

ingly, compared with 10 wt% HfCl4, Ni concentration in

the matrix was as high as around 51 at.% in the region

50 lm away from the outermost surface. Such high Ni

concentration near the surface region may affect phase

transformation behaviour. However, the reason for the

increase in Ni concentration is not yet clearly understood.

It is well known that the phase transition temperature of

Ni–Ti SMAs is very sensitive to compositional change. In

this regard, more precise composition control would be

necessary further.

Differential scanning calorimetry analysis

Figure 5 demonstrates the DSC test results regarding the

phase transformation temperatures. Figure 5a shows the

DSC curve of the as-received Ni–Ti wire, which exhibits

very sharp phase transformation peaks. The martensite-to-

austenite transformation start temperature (As) was

approximately 12 �C and the austenite to martensite

transformation start temperature (Ms) was detected at

approximately 0 �C. Detailed transformation temperatures

are summarised in Table 2. These transformation temper-

atures are close to the typical transformation temperatures

for a Ni-rich binary Ni–Ti system [18]. Unexpectedly, the

5 wt% HfCl4 addition significantly changed the overall

DSC curve, as shown in Fig. 5b. The phase transformation

peaks observed in the as-received sample almost disap-

peared. Instead, small peaks were identified during cooling.

A higher magnification image of the area surrounded by the
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Fig. 5 DSC curves of specimens a before HAPC, b after HAPC with

5 wt% HfCl4, and c after HAPC with 10 wt% HfCl4 for 24 h. Ms, Mf,

As, and Af denote martensite start, martensite finish, austenite start,

and austenite finish temperatures, respectively

Table 1 Chemical composition analysis of the microstructures in

Fig. 4

EDS position Composition/at.%

Ti Ni Hf

Matrix

� 35.2 46.9 17.9

` 36.6 46.7 16.7

Particle

´ 57.5 31.6 10.9

ˆ 59.0 32.7 8.3

Circled numbers indicate the position of EDS analysis in Fig. 4c
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blue dashed line is shown in the inset in Fig. 5b. The

reason for the significant reduction in peak intensity is not

well understood. However, it is obvious that the Ms and Mf

temperatures increased with the 5 wt% HfCl4 addition. In

contrast, the DSC curve of the Ni–Ti wire after HAPC with

10 wt% HfCl4 exhibited relatively stronger peak intensi-

ties, as demonstrated in Fig. 5c. As compared to the as-

received sample, the DSC peaks of the 10 wt% HfCl4
sample show very low heat flow intensity, and the ranges of

the start and finish temperatures are broad. Although the

peak sharpness is blurred, the phase transformation tem-

peratures are noticeably higher than those of the as-re-

ceived Ni–Ti wire. The increased transformation

temperature is undoubtedly due to the diffusion of Hf into

the Ni–Ti matrix. A diffusion depth of around 200 lm with

higher Hf level sufficiently increased the transformation

start temperatures by approximately 130–150 �C. The

phase transformation temperatures are similar to those of

typical Ni–Ti SMAs with 10–15 at.% Hf addition [19, 20].

It is thought that some of the Ti in the matrix was replaced

by Hf, which resulted in the increase in the transformation

temperatures [21].

Interestingly, peak broadening was clearly observed in

the HAPC samples. This is believed to be the result of a

compositional gradient in Hf from the top surface to the

core region. The top surface, which has a higher Hf con-

centration, may exhibit higher phase transformation tem-

peratures, whereas the core region, which has a lower

concentration of Hf, may start the phase transformation at

lower temperatures. The gradual change in Hf content with

increasing distance from the surface may blur the phase

transition point. Therefore, the DSC peak is also assumed

to change gradually with temperature, resulting in the peak

broadening. However, a compositional gradient may not be

the only reason for the peak broadening. Tong et al. [21]

investigated the effect of Hf content on the DSC behaviour

of Ni–Ti–Hf SMAs. In their work, noticeable peak

broadening was not observed when the Hf content was

below 10 at.%. However, when the Hf content increased to

15 at.%, peak broadening was detected. Unfortunately, the

authors did not mention this phenomenon exactly, and thus

the reason for the phenomenon is not known. In the present

work, outer region of the Ni–Ti wire had a high Hf content

of more than 15 at.%, which is believed to be related to the

peak broadening.

Enthalpy changes during the martensite-to-austenite

transition (DHM?A) and vice versa (DHA?M) were also

calculated. As compared to the as-received sample, it was

found that HAPC treatment with 10 wt% HfCl4 addition

slightly decreased DHM?A from 8.9 and 6.5 J g-1 and

DHA?M from 7.1 and 6.0 J g-1. Generally, the decrease in

Ni content in binary Ni–Ti alloys leads to an increase in the

volume fraction of the martensite phase, resulting in

increased enthalpy changes [18]. However, in the present

work, the opposite result was obtained, although the dif-

fusion of Hf to Ni–Ti led to a decrease in the Ni content in

the Ni–Ti matrix. Similar results have been reported in Ni–

Ti and Ni–Ti–Hf thin films [22]. A possible reason for this

is the formation of a relatively high volume fraction of a

(Ti, Hf)2Ni phase, which does not contribute to the

martensitic phase transformation.

Hafnium diffusion kinetics

The HAPC method is basically an in situ chemical vapour

deposition (CVD) technique because volatile metal-halide

vapours are generated during the isothermal coating pro-

cess by the decomposition of the halide activator (HfCl4 in

this study) [23]. The HAPC process involves following

three steps: (1) a gaseous diffusion step (Hf chloride dif-

fuses from the powder pack to the substrate surface), (2) Hf

chloride dissociation on the substrate surface, and (3) solid-

state Hf diffusion into the Ni–Ti substrate. Reactions steps

(2) and (3) can be expressed by the following formula

[5, 24, 25]:

NiTi sð Þ þ HfClx gð Þ ¼ NiTiHf sð Þ þ Clx gð Þ; ð1Þ

2Cl2 gð Þ þ Hf sð Þ ¼ HfCl4 gð Þ;
Formation energy ¼ �11:537 eV:

ð2Þ

Here, solid-state diffusion in the Ni–Ti matrix is assumed

to be the rate-limiting step of HAPC. The major Hf-re-

leasing vapour species (HfClx gas) that could be generated

in the HAPC process is not clear. However, Xiang et al.

[14] suggested that the vapour pressures of HfCl and HfCl2
are always much lower than those of HfCl3 and HfCl4.

Therefore, it is assumed that HfCl3 and HfCl4 are main

Table 2 Transformation

temperatures, thermal

hysteresis, and observed

enthalpy change (DH) for as-

received Ni–Ti and HAPC-

treated Ni–Ti

Transformation temperature/�C Enthalpy change/J g-1

As Af Ms Mf DHM?A DHA?M

As-received NiTi 12 28 0 - 10 8.9 7.1

5 wt% HfCl4 – – 89 52 – –

10 wt% HfCl4 142 200 151 82 6.5 6.0

DH were calculated simply by integrating the area under the DSC curves in Fig. 5

Diffusion pack cementation of hafnium powder with halide activator on Ni–Ti shape memory alloy 9
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vapour species. Unfortunately, reaction energy of HfCl3(g)

is not available, but its reaction is expected to be similar to

that of HfCl4(g).

In simulating the above reactions, the weight of the

amount of Hf existing in the Ni–Ti wire will depend on the

two main mechanisms: the absorption of Hf on the sub-

strate surface and its diffusion into the core of the wire. The

first mechanism is represented by the following flux

equation:

J ¼ hðc1 � cÞ; ð3Þ

where J is the flux of absorbed atoms on the surface, h is

the absorption coefficient, and c1 and c are the solubility

limit and the concentration of Hf, respectively. This

equation serves as the boundary condition on the surface in

a differential equation. The second mechanism is simply

represented by the Fick’s first law of diffusion.

J ¼ �Drc; ð4Þ

where D is the diffusion coefficient of Hf in the Ni–Ti

matrix. It is thought that the greater the amount of HfCl4
powder added, the greater the gas production and the

higher the partial pressure. Consequently, the absorption

coefficient and diffusion constant will be functions of the

HfCl4 power amount. In this paper, the finite element

method was used to solve the above equations to account

for the Hf concentration in the Ni–Ti wire. This type of

numerical work can be meaningful for studying the role of

each mechanism and estimating the order of magnitude of

the material constants. The absorption coefficient (h) and

diffusion constant (D) were chosen to fit the experimental

results presented in Fig. 3. Figure 6 displays the finite

element model used in this work. Only one-quarter of the

wire was considered by symmetry. Figure 7 displays the

numerically calculated Hf concentration after 24-h

annealing for various HfCl4 amounts. The calculated level

of Hf concentration is in good agreement with the

experimental results. In the present calculation, the solu-

bility limit was assumed to be constant at c1 = 25 at.%

[5] and other input parameters were chosen differently for

the three HfCl4 amounts, as listed in Table 3. It is noted

that the values of absorption coefficient and diffusion

coefficient significantly increased with the addition of

HfCl4. The D value for the sample without HfCl4 falls

between those of Hf in a-Ti and pure Ni

(1.1 9 10-17 m2 s-1 at 872 �C [26] and

1.2 9 10-15 m2 s-1 at 1050 �C [27], respectively). The 5

and 10 mass% HfCl4 additions exhibited slightly higher

diffusion coefficients but not very different. In contrast, the

absorption coefficient was considerably dependent on the

HfCl4 amount. The reason for the accelerated absorption

rate with HfCl4 is not clearly understood. It may be because

the area in which the Hf transfers from HfClx(gas) to solid

Ni–Ti takes place increases with increasing halide addition.

As shown in Fig. 8, the entire surface of the Ni–Ti wire is

not in contact with the Hf powder. Therefore, the adsorp-

tion rate must have been low. In the case of the HAPC-

treated Ni–Ti wire, the non-contact area with Hf powder

was exposed to HfClx(gas), and thus Hf transfer took place

across the whole surface area. The diffusion parameters

were effectively dependent on the initial fraction of HfCl4
powder because the partial pressure of HfCl3 and HfCl4 gas

increased with the increasing initial addition of HfCl4
powder.

The Hf concentration profiles after annealing for 48 h

were predicted based on the diffusion parameters in

Table 3. Figure 9 indicates that little increase in Hf con-

centration is expected for the 0 mass% HfCl4 sample as

compared to the sample after 24 h of PC. In contrast, the

10 mass% HfCl4 sample is expected to have a much higher

Hf concentration, above 15 at.%. Also, the decrease in Hf

concentration along the radial direction is more moderate.

Because the peak broadening in the DSC curve is thought

to be due to the inhomogeneous Hf concentration
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Fig. 6 Hf concentration in Ni–Ti wire cross section after 24 h of
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throughout the material, the occurrence of a sharper peak is

expected with longer HAPC processing times.

Conclusions

1. A Ni–Ti alloy thin wire with a diameter of * 500 lm

was pack cemented with Hf powder. Noticeable Hf

diffusion into the Ni–Ti wire was observed.

2. A considerable increase in the martensite-to-austenite

transformation temperature was found after 24 h of

pack cementation. The addition of a HfCl4 activator

significantly increased the diffusion depth of Hf, as

well as the phase transformation temperatures. How-

ever, only a slight decrease in enthalpy was observed.

3. Hf diffusion kinetics were studied using Fick’s law of

diffusion. The absorption coefficient of Hf on the

surface of the Ni–Ti wire considerably increased with

the addition of the halide activator, whereas the

diffusion coefficient was less sensitive to the halide

activator.

4. It was predicted that 48 h of HAPC with 10 wt% of

HfCl4 powder is necessary to increase the overall Hf

content above 15 at.% throughout the Ni–Ti wire.
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