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Abstract:  Combinatorial nanocalorimetry and synchrotron x-ray diffraction were combined to study the 

martensite-austenite (M-A) phase transformation behavior of Ni-Ti-Hf shape memory alloys. A thin-film 

library of Ni-Ti-Hf samples with a range of compositions was deposited on a parallel nano-scanning 

calorimeter device using sputter deposition. Crystallization of each amorphous as-deposited sample by 

local heating at approximately 104 K/s produced a nanoscale grain structure of austenite and martensite. 

Individual samples were then cycled through the M-A transformation, while the transformation enthalpy 

was measured by nanocalorimetry and the low- and high-temperature phase compositions were 

determined by x-ray diffraction. The techniques enable correlation of the observed behavior during 

thermal cycling with the thermodynamic and structural properties of the samples. 

Introduction 
Continued development of integrated circuits, storage devices, sensors, and micro-electro-mechanical 

system increases the need to understand thermal properties of materials at reduced length scales. In 

many of these devices, precise knowledge of the thermo-physical properties of the materials is critical 

for proper operation. A few examples include phase-change memory materials, thermo-mechanical 

actuators, and thermal sensors. As feature sizes decrease, surface and interface energies become 

increasingly important, leading to thermo-physical behavior that is not well described by bulk 
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properties. Basic materials research must be performed at the relevant length scale, requiring the 

development of new instruments that outperform standard bulk materials characterization techniques. 

Nanocalorimeter sensors significantly improve the capability of studying nanoscale materials by 

reducing the calorimeter addendum and therefore increasing sensitivity [Efremov 2004, Olson 2003, 

Minakov 2005, Queen 2009]. Such devices have a heat capacity on the order of 100 nJ/K and a thermal 

conductance on the order of 1 nWm/K, resulting in sensitivities on the order of 10 nJ/K. Differential 

measurement schemes can increase the sensitivity even further. Early studies using nanocalorimeters 

include the melting point depression of metallic nanoparticles [Efremov 2000, Zhang 2000, Lai 1996], 

structural changes in poly(ethylene terephthalate) [Minakov 2004], and heat capacity measurements in 

high magnetic fields (8 T) [Zink 2002]. The small heat capacity of these sensors also means that high 

heating rates are readily achieved, on the order of 105 K/s, which reduces measurement times by up to 5 

orders of magnitude compared to traditional calorimetry. 

Short measurement times and micromachining fabrication techniques make nano-scanning calorimetry 

(nSC) ideally suited for high-throughput measurements on thin-film samples [McCluskey 2006]. 

Micromachining techniques allow fabrication of nanocalorimeter-sensors arrays that can be used to 

analyze libraries of samples with unique compositions, synthesized using thin-film deposition techniques 

[McCluskey 2010a, Yahya 2011, Gregoire 2012]. High-throughput measurements necessarily involve 

many more measurements than the typical one-at-a-time approach and measurements need to be 

sufficiently fast to complete such studies in a reasonable span of time. Since nano-calorimeters can 

perform measurements orders of magnitude faster than traditional calorimeters, these sensors are ideal 

for high-throughput analysis. 

While nanocalorimetry can measure thermodynamic properties and changes in state of a sample, it does 

not yield any structural information on the nature of the changes. High-intensity synchrotron radiation 

paired with area detectors, on the other hand, can quickly provide structural information on very small 

samples. Transmission synchrotron x-ray diffraction (S-XRD) and x-ray florescence spectroscopy have 

been used by Gregoire et al. to perform high-throughput crystallography analysis of thin film 

composition libraries [Gregoire 2009]. Recently, alternating current (AC) nanocalorimetry [Xiao 2012] 

was combined with S-XRD to perform simultaneous measurements of the structure and heat capacity of 

thin-film samples, using a similar transmission scattering geometry [Xiao 2013, Gregoire 2013]. This 

technique was used to analyze phase transformations in Bi, In, Sn, and FeNi thin-film samples at heating 

rates up to 300 K/s. 
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Direct current (DC) nanocalorimetry cannot typically operate at scanning rates below approximately 

104 K/s because heat losses to the environment tend to overwhelm the signal. Measurements in the 

103 K/s range require strong transformation signals and careful calculation or measurement of heat 

losses [Xiao 2014, Minakov 2005]. Synchrotron x-ray diffraction measurements, on the other hand, 

cannot be performed at scanning rates above 103 K/s for the samples like those in this study due to the 

lack of time-resolved signal at these high scan rates. Reactions of thick-multilayer foils at heating rates 

up to 106 K/s have been analyzed by S-XRD [Trenkle 2008]; however, such high rates are not possible for 

nanoscale films with complicating factors such as peaks from calorimeter-addendum phases. Thus, truly 

simultaneous DC nanocalorimetry and diffraction measurements are not possible with present 

technology. While the lower scans rates enabled by AC calorimetry are well suited for in situ S-XRD 

measurements [Xiao 2013], DC nanocalorimetry is required for certain experiments as it provides direct 

measurement of reaction enthalpy. In-situ measurements using DC calorimetry can be performed by 

acquiring S-XRD measurements during low- and high-temperature soaks, where each soak temperature 

is sufficiently far from reaction temperatures. This approach enables high-throughput acquisition of 

enthalpy-structure data on thin-film samples that would otherwise not be possible. The combination of 

DC nanocalorimetry with XRD is particularly useful for observing the cyclical-transformation behavior of 

materials and relating the enthalpy to structure evolution over time. Here the technique is used to study 

the behavior of the Ni-Ti-Hf martensite transformation as a function of composition and thermal cycling. 

The Ni(Ti,Hf) compound of the Ni-Ti-Hf ternary alloy system is a shape memory alloy (SMA). This class of 

alloys is known for the solid-state transformation from a low-temperature, low-symmetry, martensite 

phase to a high-temperature, high-symmetry, austenite phase, which produces the well-known shape 

memory effect (SME). The base alloy, NiTi, has been the focus of considerable research efforts. It is the 

most important SMA from a practical standpoint, not only because of its good mechanical and shape 

memory properties, but also because of its good corrosion resistance and biocompatibility [Otsuka 

2005]. The characteristics of the SME in NiTi depend sensitively on processing conditions and 

composition. Recent efforts have considered tailoring the SME of NiTi by alloying it with other elements 

such as Cu to reduce the thermal hysteresis [Zarnetta 2010], or Hf to increase the transformation 

temperature [Abujudom 1992]. Ni-Ti-Hf is seen as one of the most promising high-temperature SMA 

because it retains many of the positive aspects of the binary system, but with a significantly increased 

martensite-austenite transformation temperature. The results presented here provide guidelines for 

operating this materials system as a SMA in thin-film and nanocrystalline form. 
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What follows is a description of the in-situ nSC/S-XRD experimental technique and a demonstration of 

the measurement capabilities using Ni-Ti-Hf as a representative materials system. Results from nSC and 

S-XRD for Ni-Ti-Hf crystallization and martensite transformations are presented. The discussion includes 

an interpretation of the materials behavior and an assessment of the capabilities of the experimental 

technique. 

Experimental description1 

Parallel nano-scanning calorimeter 
The nanocalorimetry measurements in this study were performed using a parallel nano-scanning 

calorimetry (PnSC) device. The PnSC is a micromachined device described in detail elsewhere 

[McCluskey 2006, McCluskey 2010a, McCluskey 2010b]. Briefly, it consists of a silicon substrate with a 

5×5 array of independently controlled calorimeter sensors. Each sensor contains a tungsten four-point 

electrical probe that serves both as a heating element and a resistance thermometer. The tungsten 

probe is supported by and encapsulated in a freestanding silicon nitride membrane. Figure 1 shows a 

schematic of one such sensor. In a typical nanocalorimetry measurement, a thin-film sample is 

deposited through a shadow mask over the heating element between the two sensing leads. To activate 

the sensor, an electric current is supplied through the tungsten heating element, which results in Joule 

heating of the sample and addendum. The measured current and voltage are used to determine the 

power supplied to the sensor and the resistance of the heating element, which is calibrated to 

temperature using a procedure described in detail in references [McCluskey 2010a, McCluskey 2010b].  

X-ray diffraction setup 
The S-XRD measurements were performed at the A2 beamline at the Cornell High Energy Synchrotron 

Source (CHESS) using a transmission-geometry diffraction experiment (see Fig. 2) [Gregoire 2009]. A 

lightly sanded Si-111 double-crystal monochromator provided a 30 keV x-ray beam with a flux of 

4.5x1010 photons per second in the 0.6 x 1 mm beam cross-section. A large-area pixel array detector (GE 

41RT) optimized for efficient detection of high-energy x-rays was used to acquire diffraction data. 

                                                           
1 The experimental set-up for this work is similar to previously published work by the same authors and the 
description here borrows significantly from a previous publication [Xiao 2013]. It is re-presented here for 
completeness. 
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A vacuum chamber was used to control the ambient atmosphere during the calorimetry measurements. 

It was sized with an internal diameter of 30 cm to accommodate a probe card with the PnSC device. To 

align the x-ray beam with each of the calorimeter samples, the entire chamber was mounted on a two-

dimensional translation stage. Two polyimide windows (0.1 mm-thick), one upstream and one 

downstream, allowed the incident beam and diffracted beam to pass through the chamber. The 

chamber was evacuated with a turbo pump (Adixen MDP-5011) backed by a rotary vane pump (Edwards 

RV3). The chamber pressure was measured using thermocouple and ionization vacuum gauges (Kurt J 

Lesker 300 and 354). The chamber was evacuated to a base pressure of 1 mTorr during the 

measurements. 

Measurement controls and data acquisition 
The nanocalorimetry measurement system comprises several sub-systems; 1) digital/analog converters 

for control and acquisition of required signals, 2) a programmable current source for powering the PnSC 

sensors and for monitoring the current output, and 3) a signal conditioning unit to amplify the sensor’s 

voltage response. The data acquisition electronics setup was similar to that described in References 

[McCluskey 2010b] and [Xiao 2012], with modifications to create a compact and portable system that 

would facilitate integration with the S-XRD experiment; a detailed description of the data acquisition 

system used in this experiment is provided in Reference [Xiao 2013]. Individual sensors on the PnSC 

device were selected by manually switching wire connections between the probe card and the data 

acquisition system. The integrated measurement system was controlled via a LabView® program on the 

user computer. For a given experiment, the schedule for the current applied to the calorimeter and for 

the XRD detector acquisition were prepared prior to the experiment; both the calorimetry and XRD 

acquisition systems were triggered with a user-activated TTL signal. 

Procedures 
After microfabrication of the PnSC device [McCluskey 2010b], each sensor on the device was calibrated 

by measuring the resistance of the heating element and its linear temperature coefficient as described 

in reference [McCluskey 2010a, McCluskey 2010b]. In particular, the PnSC device was placed in a 

vacuum furnace and the furnace temperature was stepped from room temperature to 443 K in 

approximately 15 K intervals. The vacuum furnace was filled with helium gas to ensure temperature 

uniformity within the chamber. At each temperature step, a DC current of 1 mA, which yielded 

negligible Joule heating, was passed through each sensor on the PnSC device and the voltage across the 

heating element was recorded. The resistance of the heating elements was found to increase linearly 
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with temperature over the temperature range related to the martensite transformation, in accordance 

with the previously detailed calibration of the resistance thermometers [McCluskey 2010a, McCluskey 

2010b]. 

Samples were deposited on the PnSC by co-sputtering from three elemental targets using a magnetron 

sputter system (AJA, Int.). The deposition flux passed through a shadow mask to limit the sample to the 

sensing portion of the heating element. Samples were deposited in two consecutive depositions on 

separate rows of a single array of calorimeters with a goal of fabricating two identical sets of samples 

with five different compositions. The composition and thickness of the calorimeter samples were 

determined from calibration samples deposited immediately prior to the calorimeter samples, using 

energy dispersive x-ray spectroscopy (EDAX system installed on a Zeiss Ultra55 scanning electron 

microscope) and mechanical profilometry (Veeco, Dektak 6M), respectively. All three depositions were 

performed in identical conditions: an Ar pressure of 1.5 mTorr with gun powers of 64, 207 and 31 W to 

the Ni, Ti and Hf sputtering targets, respectively; the positioning of the sample holder and sputtering 

targets were also fixed for all depositions. The deposition time was selected to produce samples with a 

thickness of approximately 320 nm. The samples were capped with approximately 30 nm of sputtered 

silicon nitride immediately after deposition to prevent oxidation of the samples during crystallization. 

This sample preparation method has been shown to yield amorphous Ni-Ti-Hf thin films [Motemani 

2011] , which was confirmed in this study through S-XRD characterization of the as-deposited samples. 

The thickness, composition and mass of the samples are shown in Table 1. The sputter conditions were 

chosen such that the compositions of the samples varied substantially in Ti (34.9 ≤ fTi ≤ 40.5 at%) and Hf 

(13.8 ≤ fHf ≤ 18.4 at%) and minimally in Ni (45.7 ≤ fNi ≤ 46.7 at%). The sample mass was calculated using 

equation 1,  

     
 (                    )

        
, Eq. 1 

where VS is the sample volume as estimated from the sample thickness and area; the fractional term is 

the theoretical density of the material. Here NA is Avogadro’s number, MXx is the atomic mass of the 

respective element and the factor of 2 comes from the two atoms in the B2 austenite structure. The 

volume of the unit cell VUC was calculated from the lattice parameter of the austenite phase obtained 

from the low-temperature XRD measurements and is a source of variation in the estimation of the 

sample mass. 
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Samples were crystallized at different heating rates to probe the kinetics of the transformation by 

applying a 74.6-86.6 mA current for slowly crystallized samples (odd numbered samples) and 107.9-

109.5 mA for fast-crystallized samples (even numbered samples). This crystallization cycle was followed 

by multiple scans to probe the martensite transformation. These scans consisted of a temperature ramp 

and a seven second temperature hold (Fig. 3). The temperature ramp provided data for the 

nanocalorimetry measurement, while the high-temperature XRD data were acquired for seven seconds 

during the temperature hold. Low-temperature XRD was obtained during a seven second period after 

current flow to the sensor ceased and the sample equilibrated to ambient temperature. 

Results and Discussion 

Nanocalorimetry 
Figure 4 shows the calorimetry curve for the crystallization of sample 8, i.e., the first calorimetry scan 

performed on the as-deposited sample. The curve is typical for all samples in this study and represents 

the raw calorimetric signal    ̇ (Eq. 2) [Efremov 2004, McCluskey 2010a] without any baseline 

correction, 

 
 ̇   

  
   

 
 ̇ , Eq. 2 

where  ,  , and  ̇ are the power input, temperature, and heating rate of the sensor, respectively, while 

Q represents the heat loss to the environment. By performing appropriate reference measurements, it is 

possible to extract the change in enthalpy of the sample with temperature from this signal. Details of 

the analysis can be found in reference [McCluskey 2010a]. The crystallization curve (Fig. 4) shows that 

heat loss is relatively insignificant compared to heat capacity before crystallization, as indicated by the 

slowly increasing calorimetric signal up to approximately 700 K. At the onset of crystallization, the curve 

inflects and forms the crystallization peak. At the completion of the crystallization process, radiation 

losses dominate the signal. The crystallization results have been analyzed for crystallization peak 

temperature and heating rate (Table 2). A graph of the crystallization temperature as a function of 

heating rate does not provide any clear correlation, most likely because the range of heating rates 

employed in the experiments is too narrow. 

After crystallization, the samples were cycled through the martensite-austenite (M-A) transformation 

(Fig. 5) by heating to at least 673 K at a rate of approximately 15 x 103 K/s. The M-A transformation 
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curves shown in figure 5(a) were obtained as the difference between the calorimetric signals from the 

crystallized and the as-deposited amorphous sample. Integration of transformation peak after 

subtraction of a linear baseline produces the transformation enthalpy [McCluskey 2010a]; dividing this 

result by the sample mass yields the specific enthalpy h, which is listed in Table 2 for all samples. 

Inspection of the results for the first cycle (Table 2) shows that only samples 4 through 9 have a reaction 

enthalpy that is significantly different from zero, i.e., only samples with a Hf content less than 16.9 at.% 

undergo a martensitic transformation. The transformation temperature of bulk Ni-Ti-Hf shape memory 

alloys is known to reduce abruptly for Ni concentrations above 50 at.% Ni [Abujudom 1992], as with the 

binary alloy Ni-Ti [Tang 1997]. It is proposed here that samples with Hf in excess of 16.9 at.% do not 

transform because their transformation temperature is below ambient, i.e., they remain in the austenite 

phase throughout the measurement. For this to occur, the Ni content in the austenitic phase should 

exceed 50 at.%. The increase in Ni content of the austenite phase as compared to the as-deposited 

sample is caused by the precipitation of the (Ti,Hf)2Ni phase [Motemani 2011]. Further evidence for the 

(Ti,Hf)2Ni phase and its effect on the M-A transformation behavior is presented later.  

The specific enthalpy measured for the thin-film samples is on the low end of previously measured 

values for bulk materials, which range from 7.05 to 25.3 J/g [Meng 2010, Meng 2003]. It has been 

proposed that this reduction in enthalpy is due to the formation of the R-phase [Motemani 2011, Ren 

2001]. The shape of the transformation signal in Figure 5(a) shows a double peak in the latter cycles, 

which is indicative of a 2-step transformation and may indicate the presence of the R-phase; however, 

R-phase diffraction peaks were not observed by XRD. More likely, the reduction in specific enthalpy is 

the result of two contributing factors: 1) only a fraction of the material is transforming and 2) the nano-

crystalline grain size in these samples. The effect of a portion of the material transforming is clear; the 

specific enthalpy will vary directly with the fraction of material transforming. The residual austenite 

present at room temperature is shown in Table 3. Grain size, though not as obvious, can also affect 

transformation enthalpy. The average grain size as determined from the widths of the diffraction peaks 

of the austenite phase is 15 nm. Such a small grain size requires the formation of a martensite with an 

extremely fine twin structure, which increases the energy of the martensitic phase. Modeling by Waitz 

[Waitz 2007], which considers the energy penalty for forming martensite in nanocrystalline material can 

be used to show an expected one-third reduction in enthalpy when comparing the enthalpy of M-A 

transformations in 15 nm grain samples to 250 nm grain samples. Applying both corrections to the 

experimental values of the specific enthalpy provides an estimate of the specific transformation 
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enthalpy h* for bulk samples (Table 2), the range of which very closely matches the previously reported 

bulk values. 

Nominal transformation temperatures were taken as the temperatures at which half of the martensite 

had transformed to austenite, as determined by the area under the transformation peaks in the 

calorimetric signal (Fig. 5(b)). Note that the transformed-fraction curves in Figure 5(b) were produced by 

normalizing the peak areas with respect to the peak area in the first thermal cycle. The results of the 

analysis are listed in Table 2. The trend of increasing transformation temperature with Hf concentration 

shown in Table 2 is typical of this material [Abujudom 1992, Sanjabi 2005]. The transformation 

temperatures are, however, reduced compared to the bulk values because of the fine grain structure of 

the samples and the resulting nano-twinned martensite structure [Waitz 2007]. It has been shown that 

the interface energy associated with the martensite twins penalizes the formation of martensite and 

reduces the transformation temperature in nanocrystalline Ni-Ti [Waitz 2004], Ni-Ti-Zr [McCluskey 2011] 

and Ni-Ti-Hf [Motemani 2011]. It is notable that samples crystallized at slower heating rates have higher 

transformation temperatures than samples crystallized at faster heating rates. This is not a grain size 

effect since the grain size is independent of the heating rate, as determined by XRD. It is not the result of 

the precipitation of a second phase either, since a precipitate that changes the Hf content of the 

austenite would also produce a change in lattice parameter that is correlated with heating rate; this was 

not observed. This result demonstrates how sensitive the martensite transformation is to small changes 

in materials processing. 

Cycling the samples through the martensite transformation and holding them at elevated temperature 

for the high-temperature XRD measurement reveals that the magnitude of the martensite 

transformation signal decreases with each cycle until it is near or below the detection limit. Hold 

temperatures are shown in Table 2. The decrease can be observed in the curves of Figure 5 and is 

quantified in Figure 6, which shows the reduction in calculated specific enthalpy as a function of cycle 

number, along with a linear least squares fit. This data processing was applied to each sample and the 

slope of each linear fit is provided in Table 2. The transformation temperatures generally decline with 

each cycle (Fig. 6(b) and Table 2) except for a few samples, which remain essentially unchanged. The 

drop in transformation temperature and enthalpy indicate that the material is precipitating (Ti,Hf)2Ni. As 

Motemanni noted [Motemanni 2011], the precipitation of (Ti,Hf)2Ni increases the Ni concentration in 

the austenite-phase, which reduces the transformation temperature once Ni exceeds 50 at.% and thus 

prevents the reverse transformation as described previously. The effect is observed in samples held at 
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high and moderate temperatures showing that this mechanism can be active in these thin film samples 

at moderate temperatures, approximately 850 K, over short times, 7 seconds. 

X-ray diffraction 
The large atomic form factor of tungsten causes the diffraction pattern from the tungsten heating 

element to dominate the intensity of the diffracted spectra (Fig. 7). In order to reduce the contribution 

from the tungsten and to enhance the Ni-Ti-Hf diffraction pattern, the spectra of the as-deposited 

samples were subtracted from the spectra of the samples after crystallization. Prior to subtraction, all 

spectra were normalized with respect to the intensity of the {110} tungsten peaks. The resulting spectra 

clearly show the diffraction peaks associated with the Ni-Ti-Hf sample (Fig. 7). The lattice parameter of 

the austenite phase was calculated from the {110}, {200}, and {211} austenite diffraction peaks (Table 3). 

As expected, the lattice parameter increases with increasing Hf content, which has a larger atomic 

radius than both Ni and Ti. 

Figure 8 shows the diffraction spectra obtained at ambient and elevated temperature for sample 8. 

Quantitative analysis was performed on the austenite phase only. While the peaks of the martensitic 

phase can be clearly discerned in the figure, the heights of the peaks are too small relative to 

background as a result of the twinned microstructure, preventing any meaningful analysis. The fraction 

of austenite in the samples was determined from the austenite peaks by comparing the intensities of 

the peaks under different conditions of temperature or heat treatment. In particular, the phase fraction 

was quantified by comparing the intensities of the {110} and {211} austenite peaks with the intensities 

of the same peaks during the first high-temperature hold. Since all transforming material was austenitic 

during the high-temperature XRD measurement, the austenite phase fraction can be estimated from the 

ratio of the observed intensity      and the theoretical intensity       , taking into account experimental 

correction factors as described in Appendix A. To incorporate the intensities from both the {110} and 

{211} austenite peaks, the phase fraction was calculated as 

     (    
  

      
) (         

  

      
            

      
)   , Eq.3 

where the superscript H1 refers to the first high-temperature hold. The {200} austenite peak (PDF 01-

072-8487 (ICDD, 2006)) was omitted from the calculation because it overlaps with the {121} and {220} 

martensite peaks (PDF 04-008-5982 (ICDD, 2005)) [ICDD 2010]. The initial fraction of austenite at 

ambient temperature is tabulated for all samples in Table 3. The results demonstrate that samples with 
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more than 46.3% Ni consist mainly of austenite, while the austenite phase fraction drops significantly for 

lower Ni concentrations. These results confirm the nanocalorimetry findings. Indeed, for samples that 

transform, there is a strong correlation between the change in austenite phase fraction on 

transformation and the experimental transformation enthalpy.  

The high-temperature diffraction data reveal the effect of thermal cycling and high-temperature holds 

on the phase composition of the samples. Figure 9 shows the austenite phase fraction for both a weakly 

(#3) and a strongly (#8) transforming sample. The weakly transforming sample starts with little 

difference between the high- and low-temperature phase compositions and both trend lower with 

increased high-temperature exposure. In contrast, the strongly transforming sample starts with a large 

gap in the high- and low-temperature phase compositions, but this gap narrows with thermal cycling. 

The high-temperature austenite fraction remains nearly constant for the strongly transforming sample 

compared to the weakly transforming sample. In fact, the reduction in high-temperature austenite 

phase fraction with cycling becomes more pronounced with increasing Hf content (Table 3). This result 

can be attributed to the precipitation of (Ti,Hf)2Ni from the matrix, which is more pronounced at higher 

Hf content. Ti2Ni-based precipitates are, however, difficult to detect in the present XRD data, because 

the major peaks from Ti2Ni are obscured by the martensite and much stronger austenite peaks (PDF 01-

072-8487 (ICDD, 2006), PDF 04-008-5982 (ICDD, 2005), and PDF 04-007-1531 (ICDD, 2009)) [ICDD 2010]; 

higher scattering vector resolution and larger grain sizes would help to facilitate precipitate 

identification. (Ti,Hf)2Ni precipitates also tend to be very small [Zhang 2002, Meng 2010], which 

broadens the diffraction profile and weakens intensity. However, these precipitates have been observed 

by means of TEM in similarly prepared samples (Fig. 10) [Motemanni 2011]. 

(Ti,Hf)2Ni precipitates can also explain the convergence of the high- and low-temperature austenite 

phase fractions for strongly transforming samples. Figure 11 shows the difference between the high- 

and low-temperature phase fractions, averaged over the strongly and weakly transforming samples. 

Precipitation of just 6 at.% of (Ti,Hf)2Ni increases the nickel content of the matrix by 1 at.%, which is the 

entire range between weekly and strongly transforming samples: Precipitation of (Ti,Hf)2Ni lowers the 

transformation temperature and reduces martensite formation at room temperature. The change in 

lattice constants of the austenite phase with thermal cycling supports these findings. The lattice 

constant of the austenite phase decreases with thermal cycling (Table 3), in agreement with an 

enrichment of the phase in Ni and a depletion of Ti and Hf. The lattice constant of the matrix decreases 
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more quickly in samples with high Hf content, providing further evidence that the Hf enhances 

precipitation of the (Ti,Hf)2Ni phase. 

A reduction in transformation temperature is generally undesirable for applications, but it is helpful 

from an instrumentation point of view to demonstrate the measurement technique. Specifically, the 

reduction in transforming phase fraction with cycling as determined by S-XRD (Fig. 11) can be compared 

to the specific enthalpy reduction obtained by nSC (Fig. 6(a)). The correlation of the signals for each 

sample is show in Table 3. The correlation coefficients for the weakly transforming samples, samples 1-

3, are small and cannot be distinguished from zero with a 99% confidence level. The correlation is very 

strong for the remaining samples, 4 through 9. These results show that when there is a change in the 

signal the correlations between the S-XRD and nSC results are very strong. Thus it can be stated with a 

high degree of certainty that the reduction in enthalpy observed by nSC is caused by a reduction of the 

amount of transforming material. 

Conclusion 
Nano-scanning calorimetry and in-situ synchrotron x-ray diffraction are combined in a powerful 

technique to analyze enthalpy-related materials properties and structure information at low and high 

temperatures. The technique was used to crystallize amorphous Ni-Ti-Hf samples by local heating at 

rates of 8000 to 27,000 K/s, producing nano-crystalline thin-film samples. The change in austenite phase 

fraction was determined by low- and high-temperature XRD measurements, and integration with the 

nano-scanning calorimeter allowed correlation of the XRD results with the specific enthalpy as a 

function of composition. Finally, the high-temperature stability of the material was revealed with 

multiple cycles through the martensite transformation, followed by a high-temperature hold. The phase 

fraction by XRD and specific enthalpy by PnSC were strongly correlated, and were used to prove that the 

reverse transformation was gradually suppressed. 

The cycling results for the thin-film samples of Ni-Ti-Hf with nanoscale grain structures show that the 

material has narrow operating conditions for a stable shape memory effect. For Ni concentrations above 

approximately 46.6 at.% Ni the transformation temperature becomes too low to rely on ambient cooling 

to cause the reverse transformation. For concentrations below 46.3 at.% Ni precipitation of (Ti,Hf)2Ni at 

elevated temperatures can increase the Ni concentration of the matrix and again suppress the reverse 

transformation. Operation of such a material requires low Ni concentrations and fast temperature cycles 

with limited exposure to high temperatures.  
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Integrating the PnSC and S-XRD enables high-throughput experimentation of thin-film samples, while 

providing thermodynamic and structural materials properties. High-throughput capabilities facilitate 

combinatorial studies, as envisioned in the development of the PnSC device. The combined high-

throughput capabilities are also very well suited for studying the cyclical behavior of materials, by 

significantly reducing experiment times. Besides experimental convenience, fast cycling times are often 

required for studying nanoscale materials at elevated temperatures because of inherent instabilities of 

nanoscale structures. As the materials transition from the non-equilibrium to equilibrium state, fast 

cycling enables measurements during the transition. 
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Appendix A 
X-ray diffraction experiments require calibration of the experimental setup to avoid systematic errors. 

Errors can arise from x-ray absorption, detector efficiency, geometric and polarization factors [Skinner 

2012]. The calibration of the acquired intensities is described here in order to calculate the expected 

intensities and determine sample phase fractions. The presence of tungsten is normally undesirable 

because it creates intense peaks that can obscure desired sample peaks. Here, the presence of tungsten 

is advantageous because it can be used for calibration purposes. The expected intensity of an arbitrary 

peak is described by, 

          ( )      |    | , Eq. A1 

where C(Q) is the experimental correction factor as a function of scattering vector magnitude Q, Mhkl is 

the plane multiplicity and Shkl is the structure factor for a given plane. The experimental correction factor 

can be determined from, 
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 ( )           
     |    | 

 , Eq. A2 

using for          the intensities of the tungsten peaks obtained from the nSC device prior to crystallization 

of the Ni-Ti-Hf samples. Figure A1 shows the result of this calculation for the {110}, {200}, {211}, {220}, 

and {310} tungsten peaks along with a rational function fit, where the numerator and denominator of 

Eq. A2 have been normalized by the measured and calculated intensity of the W {110} peak, 

respectively. The fit represents the data with a residual no greater than 0.05. The austenite peaks 

analyzed to determine changes in phase fraction earlier in the paper have scattering vectors within the 

range of the {110} and {310} peaks. So the correction to the intensity of each peak is accurate to within 

5% of the primary tungsten peak intensity. Equation A1 is used to calculate the expected austenite 

intensities and entered into Equation 3 in the main body of the paper. 
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Table 1: Physical Characteristics of Samples. Samples 2-9 are 4 pairs of identical samples. 

Sample Thickness Mass Composition 
(#) (nm) �µg)� Ni (at.%) Ti (at.%) Hf (at.%) 
1 308 3.9 46.7 34.9 18.4 
2 307 3.8 46.6 36.5 16.9 
3 307 3.9 46.6 36.5 16.9 
4 329 4.7 46.3 37.9 15.8 
5 329 4.7 46.3 37.9 15.8 
6 332 4.1 45.8 39.5 14.7 
7 332 4.1 45.8 39.5 14.7 
8 320 3.9 45.7 40.5 13.8 
9 320 4.0 45.7 40.5 13.8 
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Table 2: nano-Scanning Calorimetry Results. 

Sample Crystallization 1st Martensite cycle High-T-XRD Martensite trend 
(#) dT/dt 

(K/ms) 
Temp. 

(K) 
Enthalpy 
± 0.6 (J/g) 

h* 
(J/g) 

TM-A ± 1 
(K) 

Temp. (K)* dh/dc 
(J/g/cycle) 

dT/dc 
(K/cycle) 

1 Partial cryst. -0.5 -5 ± 6 NA 746 ± 35 0.12 ± 0.04 NA 

2 27.2 919 0.8 6 ± 5 NA 827 ± 39 -0.04 ± 0.03 NA 

3 11.5 865 0.9 12 ± 8 NA 1170 ± 31 0.02 ± 0.02 NA 

4 26.4 856 2.0 21 ± 6 393 879 ± 39 -0.09 ± 0.01 -0.9 ± 0.4 

5 9.3 864 12.4 27 ± 1 421 1231 ± 29 -0.59 ± 0.09 0.5 ± 0.4 

6 23.6 846 10.1 23 ± 1 383 842 ± 40 -0.62 ± 0.03 -1.8 ± 0.1 

7 Corrupted data 3.6 7 ± 1 396 1097 ± 33 -0.36 ± 0.04 -2.1 ± 0.4 

8 24.6 851 3.4 9 ± 1 362 825 ± 39 -0.24 ± 0.02 -0.66 ± 0.09 

9 7.96 873 2.5 8 ± 2 372 983 ± 35 -0.12 ± 0.03 0.4 ± 0.2 

* Average temperature of the sensor ± temperature non-uniformity estimated from thermal modeling 

of the sensor [Xiao 2012]. 
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Table 3: X-ray Diffraction Results. 

Sample Austenite 

fraction - room 

temp. 

Initial lattice 

constant 

Trend in austenite 

at elevated temp. 

Cyclical nSC-

XRD correlation 

Trend in lattice 

constant 

  

pm* %/cycle PCC 0.1pm/cycle 

1 0.85 ± 0.05 307.5 ± 0.1 -4.79 ± 0.30 -0.53 -1.5 ± 0.1 

2 0.81 ± 0.05 307.0 ± 0.2 -2.14 ± 0.22 0.30 -0.46 ± 0.04 

3 0.89 ± 0.05 306.3 ± 0.1 -3.05 ± 0.07 -0.23 -0.95 ± 0.06 

4 0.86 ± 0.05 306.7 ± 0.3 -2.18 ± 0.11 0.88 -0.58 ± 0.02 

5 0.33 ± 0.05 306.8 ± 0.1 -1.87 ± 0.06 0.95 -0.69 ± 0.04 

6 0.37 ± 0.05 306.6 ± 0.3 -1.30 ± 0.04 0.99 -0.35 ± 0.03 

7 0.24 ± 0.05 305.3 ± 1.3 0.20 ± 0.15 0.97 -0.20 ± 0.05 

8 0.43 ± 0.05 305.9 ± 0.6 -0.67 ± 0.06 0.96 -0.19 ± 0.03 

9 0.54 ± 0.05 305.2 ± 1.3 -0.09 ± 0.12 0.83 -0.55 ± 0.08 

* The lattice constant uncertainties do not include systematic error from calibration of the Q axis and 

are intended for relative changes in lattice constant. 



Figure 1: Layout of the nanocalorimeter sensor: (a) cross-section schematic, and (b) plane-view 
schematic. Heater line-width is 0.8 mm and voltage probe line-width is 0.1 mm (after McCluskey et 
al. [McCluskey 2010a]). 



Figure 2: Experimental set-up for nano-scanning calorimetry and in-situ x-ray diffraction, the 
parallel nano-scanning calorimeter is located inside the chamber for calorimetry and XRD 
measurements (After Xiao et al. [Xiao 2013]). 



Figure 3: Sample 1 - current and voltage curves for a typical martensite cycle with 
nanocalorimetry and XRD acquisition time-periods indicated. During low-temperature XRD t < 7.0 
s no current is applied and then a 94 mA is applied for 0.03 s during the nanocalorimetry portion 
of the cycle and finally high-temperature XRD is acquired when t > 7.3 s for seven seconds during 
which a 74 mA current is applied. 



Figure 4: Sample 8 - raw crystallization curve. 



Figure 5: Martensite-austenite transformation peak (a) and transformed fraction (b) with cycling 
(sample 6). 



Figure 6: Martensite-austenite transformation enthalpy (a) and temperature (b) with cycling for 
sample 6. 



Figure 7: Ambient temperature XRD spectra for 
sample 1 before crystallization (offset for clarity), 
after crystallization, and difference spectra (note 
magnified scale). Tungsten, polyimide, and 
austenite peaks are labeled as W, P, and A, 
respectively. 



Figure 8: Difference XRD spectra for sample 8 with cycling at ambient temperature (black to green 
(a)) and elevated temperature (black to red (b)). Tungsten, austenite , and martensite peaks are 
labeled as W, A, and M, respectively. 



Figure 9: Trends in austenite phase fraction at high (𝑓𝐴𝐻𝑇) and low (𝑓𝐴𝐿𝑇) temperatures relative to 
initial state at high-temperature for a weakly transforming sample (#3) and strongly transforming 
sample (#8). 



Figure 10: TEM micrograph (a) and corresponding electron diffraction pattern (b) for a thin film Ni-
Ti-Hf sample crystallized by PnSC (after Motemanni et al. [Motemanni 2011], note that cell label is 
from prior publication). 



Figure 10: Average change in austenite phase fraction, high-temperature minus low temperature 
(𝑓𝐴𝐻𝑇 − 𝑓𝐴𝐿𝑇), for transforming (samples 5-9) and non-transforming cells (samples 1-4). 



Figure A1: Experimental correction factor for instrument intensity as a function of scattering 
vector magnitude; fit to the average W intensities of all cells (𝐼ℎ𝑘𝑙

𝐴𝑣𝑒 ) divided by the uncorrected 
theoretical values (𝑀ℎ𝑘𝑙 𝑆ℎ𝑘𝑙 2) using the rational function (1 + a x)/(b + c x). The positions of the 
austenite peaks used for calculating phase fraction are shown for reference. 
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