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Abstract22

Phase boundary, the interface between neighboring physical phases in matter, hosts various emergent novel phenom-23

ena and has been a pivotal subject of research interest for decades. Conventional techniques for the spatial resolving24

of phase boundaries rely on the interaction between the sample and certain probing particles, in which a pristine25

surface after stringent sample preparation and high vacuum are usually mandatory. Here we show that phase bound-26

aries in metallic alloys can be resolved by the lock-in thermography (LIT) in an ambient environment even in the27

presence of a coating layer. An alternating charge current is applied through the sample and the phase boundaries28

are revealed by the Peltier effect therein. We employ the LIT to visualize the propagation of phase boundaries in29

superelastic NiTi wires during the martensitic phase transition, and demonstrate its capability to detect the marten-30

site phase in a dental rotary file during mechanical bending. Furthermore, imaging of the phase boundaries in FeRh31

is successfully achieved using the same method, thereby demonstrating its broad applicability. This work offers a32

general technique for phase boundary visualization in metallic materials, enabling versatile in-situ non-destructive33

defectoscopy of phase-transition alloys in service.34
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1 Introduction35

Phase transitions, which refer to the changes in the crystal structure of materials induced by external factors, play an36

essential role in optimizing their functionality[1, 2]. These transitions can significantly alter the geometrical, mechan-37

ical, thermal, and electrical properties of metals, rendering them vital for a broad range of applications in fields38

including engineering, medicine, energy storage, and data storage[3–6]. Phase transitions occur in the form of nucle-39

ation and growth of the product phase, e.g. martensite phase in martensitic transitions, which forms a moving phase40

boundary between the parent phase and the product phase, leading to anisotropic strains with a spatially heteroge-41

neous nature. Thus, achieving a thorough understanding of phase transition materials requires spatial resolving of42

phase distribution, and various technologies such as transmission electron microscopy, scanning electron microscopy,43

and optical imaging, which often utilize photon or electron beams as probes, have been developed to resolve phase44

boundaries as illustrated in Fig. 1a[7, 8].45

In order to achieve optimal image quality, most conventional characterization techniques rely on stringent sample46

preparation to ensure a flat and clean sample surface; however, this requirement can hinder accurate phase-resolved47

measurements in materials that inherently possess rough or uneven surfaces. Moreover, the testing conditions-often48

involving high vacuum-significantly diverge from service environments, making it difficult to capture authentic in-49

situ behavior. In practical applications, metallic materials frequently serve as complex workpieces with irregular50

geometries and are commonly covered by opaque oxidation or protective coatings, posing significant obstacles to51

non-destructive phase boundary imaging under operational conditions[9, 10]. Consequently, data acquired through52

heavily controlled laboratory settings may not reflect a material’s performance in its intended service scenario[11].53

Thermal radiation inspection provides a surface-insensitive probing approach. In previous works, the observations54

of metallic phase transitions were mainly based on the temperature changes arising from the latent heat absorbed55

or released during the transition, which is inherently transient[12–14]. However, phase boundaries could hardly be56

resolved by this passive thermographic method, since the latent-heat-induced thermal signal is spatially distributed57

across the entire transition region and confined to a short observable time window. So the in-situ phase boundary58

imaging of metallic materials in service remains a major challenge in the field of materials science and engineering.59

In this work, we introduce an innovative method to visualize phase boundaries in metallic alloys by leverag-60

ing the Peltier effect. The Peltier effect generally arises at interfaces between materials with distinct thermoelectric61

coefficients, e.g. the interfaces between semiconductors of opposite carrier types or two different phases in a host62

material[15–19]. The Peltier effect has also been utilized successfully to image boundaries between insulating and63
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metallic phases by thermoreflectance, notably in VO2[20]. However, due to the inherently weak thermoelectric coef-64

ficients of metallic alloys, the associated Peltier signals are significantly smaller[21, 22], thus limiting their broader65

application in phase boundary imaging. Recently, the lock-in thermography (LIT) has demonstrated sensitivity suffi-66

cient to detect temperature variations as minute as 0.1 mK[23], making it capable of resolving subtle Peltier effects,67

such as the anisotropic magneto-Peltier effect in nickel[24]. Exploiting this high sensitivity, we successfully image68

phase boundaries in NiTi alloys via the Peltier effect using the LIT under ambient conditions, eliminating the need69

for special sample surface preparation. Furthermore, compared with previous thermographic detection methods, the70

alternating thermal signal measured by the LIT is generated by the Peltier effect exclusively at the phase bound-71

aries, making it spatially localized during the phase transition. In contrast to earlier passive thermographic inspection72

methods, this active LIT approach provides higher spatial resolution, greater sensitivity, and broader applicability for73

materials characterization. Here, we demonstrate the in-situ visualization of dynamically evolving phase boundaries74

in a dental rotary file under mechanical bending, whose complex surface morphology precludes a flat surface essential75

for optical probing, highlighting the LIT as a powerful, non-destructive tool for in-situ phase characterization in oper-76

ational metallic materials. In addition, we image the phase boundaries of FeRh alloy, a material of significant interest77

in spintronics due to its potential for antiferromagnetic device applications[25–27]. Together, these results prove the78

generality of the method and underscore its potential to become a new paradigm for materials characterization.79

2 Results80

Figure 2a presents an infrared image of a NiTi wire in its austenite phase, exhibiting superelasticity at room81

temperature. We selected the NiTi alloy to demonstrate phase boundary visualization using the LIT due to its82

widespread applications and the ease with which martensite/austenite phase transitions can be induced by mechanical83

strain[28, 29]. In such transitions, the Peltier effect, as illustrated in Fig. 1b, is generated at the phase boundary when84

a charge current is applied[15, 16], because the Peltier coefficient of NiTi in the austenite phase differs from that in85

the martensite phase [24]. A symmetric bipolar square-wave charge current with a peak amplitude of ±400 mA was86

applied to the NiTi wire. Due to the linear dependence of the Peltier effect on the current, the Peltier-induced signal87

reverses sign synchronously with the excitation and produces a thermal signal at the same frequency as the applied88

current, which is captured by the LIT to reveal the phase boundaries. The Joule heating, by contrast, scales with the89

square of the current and is therefore constant in time; it merely raises the steady-state temperature of the wire by90

a uniform offset, which—like the static thermal background of the non-conducting surroundings—is rejected by the91

lock-in detection (see Methods for details). A steady temperature increase of approximately 2 K across the wire is92
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induced by the alternating current due to the Joule heating, which only slightly modulates the mechanical properties93

of the NiTi wire[30]. Figure 2b displays the lock-in amplitude (A) and phase (ϕ) images obtained via the LIT for the94

NiTi wire shown in Fig. 2a. The absence of lock-in thermal signals indicates a uniform Peltier coefficient across the95

NiTi wire in its unstrained state.96

Figure 2c shows the infrared image of the NiTi wire after undergoing mechanical bending, which led to substantial97

deformation. Figure 2d presents the corresponding LIT data for the bent NiTi wire shown in Fig. 2c, revealing a98

distinct pair of heating and cooling edges near the deformed region. The LIT amplitudes of both edges linearly scale99

with the applied current and their LIT phases are opposite to each other, as shown in Appendix Fig. A1, manifesting a100

typical behavior of the Peltier effect[16]. This “heating-cooling pair” pattern of the Peltier effect suggests a variation101

in the Peltier coefficient between the bent region and the rest of the sample, attributable to the formation of the102

martensite phase induced by plastic deformation in the NiTi alloy[31]. To verify that the LIT signal observed in103

Fig. 2d originates from the emergent martensite phase, we annealed the bent NiTi wire at 500 °C, a temperature known104

to effectively eliminate the martensite phase[32]. Figure 2e shows the infrared image of the annealed NiTi sample105

at room temperature, while Fig. 2f displays the corresponding LIT data, where the thermal pattern associated with106

the martensite phase disappeared. These findings corroborate the removal of the martensite phase through annealing,107

thereby strongly supporting phase boundary origin of the LIT signals observed in Fig. 2d. In addition, we performed108

complementary X-ray diffraction (Appendix Fig. A4) and latent-heat thermographic measurements (Supplemental109

Material, Movie S1)[33] on bent NiTi wires, both of which independently confirm the occurrence of the martensitic110

transition at the bent region. These cross-validations ensure the reliability of our conclusion.111

Figure 3a illustrates NiTi wires coated with inks of different colors which were bent at room temperature. The112

three differently colored coatings are employed as a deliberate robustness test rather than a redundant repetition,113

spanning a representative range of emissivities and thicknesses (23 µm, 44 µm, and 40 µm for the black, red, and114

white coatings, respectively). Figures 3b–3d present the corresponding infrared images of these coated wires. The115

differences among these infrared images reflect the distinct thermal emissivities of the coatings within the detection116

wavelength range of the infrared camera (3–5 µm). Figures 3e–3g display the LIT data obtained using an alternating117

charge current of ±400 mA. The Peltier effect induced thermal pair patterns are clearly observed in the NiTi wires,118

similar to that in Fig. 2d, indicating the emergence of the martensite phase. Notably, the temperature amplitude of119

these patterns only slightly diminishes in the presence of a coating layer compared to that in Fig. 2d. Therefore, we120

successfully demonstrated the visualization of the strain-induced martensite/austenite phase transition in NiTi using121

the LIT under practical conditions, which shows unique robustness on oxidized or coated sample surfaces.122
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We can also employ the LIT to visualize the austenite/martensite phase transition in NiTi subjected to uniaxial123

stress[34]. Figure 4a shows the infrared image of a NiTi wire with a diameter of 0.15 mm used for this demonstration.124

Figure 4b illustrates the experimental setup, where both ends of the NiTi wire are fixed with opaque resin to a tensile125

machine that applies a stretching force to induce the reversible martensitic phase transition[29]. Figure 4c presents126

the strain-stress curve of the NiTi wire, which exhibits typical superelastic behavior [35]. Figures 4d–4o show the127

LIT images captured at selected points along the strain-stress curve. No LIT signal is detected before stress is applied,128

as seen in Fig. 4d. When the elongation (∆L) reaches 0.4 mm, where the martensite phase transition is expected to129

occur according to the strain-stress curve, a pair of heating and cooling spots with opposite phases can be identified,130

as shown in Fig. 4e. Notably, the LIT signal in Fig. 4e was visible under a 0.5 mm thick resin layer, demonstrating the131

penetration advantage of infrared signal. We interpret the thermal pairs as the austenite/martensite phase boundaries132

since their appearance coincides with the onset of the martensitic phase transition in the stress-strain curve, which is133

similar to the results in Figs. 2 and 3.134

The Peltier effect origin of the thermal pair is further confirmed by monitoring their displacement at higher ∆L,135

as shown in Figs. 4f–4j. As the NiTi wire is more stretched, the heating spot moves upwards and exits the field of136

view, while the cooling spot moves downwards and exits the field of view when the whole piece of NiTi becomes137

martensitic. The displacement of both spots is consistent with the well-known Lüders-band type movement of the138

phase boundary during the martensitic phase transition in NiTi, confirming that the two thermal spots mark the phase139

boundaries. When the stress is reduced, the NiTi wire gradually reverts to the austenite phase, and the heating and140

cooling spots reappear and move towards each other, as seen in Figs. 4j–4o. Finally, the NiTi wire returns to its initial141

austenite phase with no detectable LIT signal. Appendix Fig. A2 shows the same measurement as in Fig. 4 for a pre-142

bent NiTi wire, where the martensitic phase forms first at the pre-bent position due to the maximized strain under143

stress. It is observed that the heating and cooling pair spots emerge from the pre-bent position and exhibit typical144

Lüders-band type behavior as in Fig. 4b, reconfirming the validity of the LIT for phase boundary visualization via145

the Peltier effect.146

We employ the LIT to visualize the martensitic phase transition in a dental rotary file, which is made of a NiTi147

alloy and is widely used in root canal retreatment[36]. Figure 5a shows the infrared image and the LIT data of the148

dental rotary file in the unstrained state, where no phase boundary was observed. Figure 5b illustrates the experimental149

setup designed to simulate the working conditions of the dental rotary file, where the file tip was stuck into a fissure150

on a tooth model. The dental rotary file can be bent by controlling the linear motion stage that holds the rotary151

handpiece. Figures 5c–5h display infrared images and the corresponding LIT data for the dental rotary file during a152
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bending cycle. The thermal pair pattern was once more observed, and the distance between the heating and cooling153

edges synchronized with the strain generated in the file. This behavior is consistent with the expected martensitic154

phase transition in NiTi, effectively outlining the phase boundaries. It is worth noting that the surface of a dental155

rotary file has a complex structure, which precludes spatial phase resolution by conventional methods, especially in an156

ambient environment. Here, a matte black paint was sprayed onto the file, which yields a high and nearly Lambertian157

emissivity, i.e., the observed thermal radiance of a Lambertian surface is virtually independent of the viewing angle.158

In addition, the depth of field of our imaging system (±0.12 mm) exceeds the surface relief at the file tip (∼0.1 mm),159

so the entire faceted surface remains in focus and defocus blurring is negligible. These conditions together preserve160

the spatial resolution across the undulating geometry, allowing the phase boundaries to be clearly resolved. Therefore,161

the LIT method has a unique advantage for imaging the phase distribution in phase-transition materials in service162

with complex shapes, such as coronary stents, biopsy forceps, retrieval baskets and aneurysm clips[37–39].163

Finally, to demonstrate the general applicability of the LIT method in resolving phase boundaries, we present164

experimental results in FeRh, which undergoes a structural phase transition around 360K[40–42]. FeRh exhibits anti-165

ferromagnetism (AFM) below the transition temperature and ferromagnetism (FM) above the transition temperature.166

A 50 nm FeRh film was epitaxially grown on a MgAl2O4 substrate by sputtering and patterned into a cross-shaped167

strip with a width of 100 µm. The temperature dependence of the FeRh resistance is shown in Fig. 6a, indicating168

an FM phase above 370K and an AFM phase below 340K[25, 43–45]. Notably, within the intermediate tempera-169

ture range of 340K to 370K, a pronounced hysteresis loop emerges, signifying the coexistence of FM and AFM170

phases—a hallmark of a first-order phase transition[46].171

The experimental setup is illustrated in Fig. 6b, and the infrared image of the sample is shown in Fig. 6c. The172

horizontal strip was connected to a tunable DC power supply, while the vertical strip was connected to the LIT173

excitation signal. Initially, the sample was cooled below 340K and then reheated to 360K to place it within the two-174

phase coexistence temperature window while remaining entirely in the AFM state (corresponding to state A in Fig.175

6b). The absence of an LIT signal in both the amplitude and phase images (Fig. 6d) is consistent with the expectation176

of no phase boundary.177

Subsequently, a 120ms voltage pulse was applied to the horizontal strip. The Joule heating induced by the current178

can raise the temperature of the horizontal strip above 370 K (corresponding to state B in Fig. 6b), triggering the179

phase transition. Upon subsequent cooling to 360K, the horizontal strip remained in the FM state, corresponding to180

state C in Fig. 6b. As a result, phase boundaries emerged in the vertical strip. The LIT data, which reveal two phase181

boundaries characterized by paired Peltier heating and cooling spots with opposite phase signals, are shown in Fig.182
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6e and are consistent with this expectation. Moreover, as shown in Figs. 6f-6k, when the heating power increases183

with elevated voltage, the phase-transition region drives the phase boundaries to propagate along the vertical strip.184

The ability to image phase boundaries in FeRh as readily as in NiTi highlights the universality of the LIT as a method185

for phase boundary characterization.186

3 Discussion187

In this work, we demonstrated a versatile, in-situ, and non-destructive technique that resolves phase boundaries in188

metallic materials by detecting the localized Peltier effect [24, 47, 48]. Owing to the high temperature resolution of189

the LIT [23], we were able to extract the weak, AC-modulated heating–cooling signal originating from the bound-190

ary region with an inhomogeneous Peltier coefficient, and thereby reveal the spatial distribution of these boundaries191

in NiTi [49, 50] and FeRh [41, 51]. Unlike conventional imaging tools—such as electron and optical microscopy,192

which require flat, clean surfaces and often a high-vacuum environment far from service conditions—the LIT oper-193

ates directly under service conditions in ambient air. Moreover, because the underlying thermal wave can effectively194

propagate through thin dielectric layers [23], it tolerates native oxide and opaque coatings and remains robust on sur-195

faces of complex geometry. By utilizing lenses of different magnification, the LIT enables the inspection of phase196

transitions and material failures across a wide range of length scales, from centimeters to micrometers [52], providing197

valuable insights into the mesoscopic mechanisms of both functional and structural materials. Therefore, this tech-198

nique offers a promising route toward the in-situ characterization of phase-transforming metallic materials operating199

under service conditions, opening opportunities in structural health monitoring and failure analysis [53].200

The absolute value of the LIT signal depends on multiple coupled factors—the thermoelectric properties of the201

material, the local current density distribution, the surface emissivity, and convective heat exchange with the sur-202

roundings [23, 47]. Precisely measuring these parameters and performing the accompanying coupled thermoelectric203

finite-element modeling remain challenging, so a fully quantitative analysis is left for future work. Nevertheless, the204

LIT method already introduces a powerful new dimension to materials analysis. When cross-correlated with estab-205

lished techniques such as EBSD, XRD, and DSC, it enables comprehensive multi-modal characterization of phase206

transformations [49, 51]. Ultimately, by generating massive, rich thermal datasets, the LIT holds the potential to207

complement existing modalities and drive fast, accurate materials characterization in data-driven and AI-powered208

research contexts [54].209
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Methods210

Sample preparation The NiTi alloy wires used in Fig. 2 and Fig. 3 were commercial NiTi wires with a diameter211

of 0.6mm. The alloy composition consists of approximately 54% nickel and 46% titanium by weight. The coating212

layers of NiTi wires shown in Fig. 3 included black, red, and white paint. The average thicknesses of the black, red,213

and white coatings were measured using a micrometer to be 23 µm, 44 µm, and 40 µm, respectively. For the annealing214

process, the NiTi alloy wires of Fig. 2 were placed in a muffle furnace. The temperature was increased from 50 ◦C215

to 500 ◦C at a rate of 5 ◦C per minute and maintained at 500 ◦C for 2 hours. The dental NiTi rotary file of Fig. 5 was216

sourced from Shenzhen Flydent Medical Co., Ltd. The specific model used was a 25mm 15# NiTi file, commonly217

used in dental applications for root canal procedures.218

Experiment setup All samples were fixed during measurement to ensure no displacement, thereby maintaining219

signal stability throughout the measurement process. For the NiTi rotary file sample shown in Fig. 5, one end was220

fixed on a horizontal dovetail linear displacement stage, while the other end was in contact with the tooth model.221

The bending degree of the NiTi rotary file was controlled by adjusting the movement of the displacement stage. In222

all the measurements, the contacts for applying current are far from the LIT viewing area, eliminating the parasitic223

electric-thermal signals.224

Lock-in thermography (LIT) measurement The LIT measurements (except for Fig. 4, Fig. 6, and Appendix225

Fig. A2) were conducted using the Thermo100 system (Anhui Luxet Infrared Technology Co.), while the LIT data in226

Fig. 4, Fig. 6, and Appendix Fig. A2 were acquired using the ImageIR 8300-hpd (InfraTec GmbH). All measurements227

were performed at room temperature and atmospheric pressure. The LIT system consists of three main components:228

a measurement source unit, infrared thermography, and a lock-in calculation module. A periodic square wave current229

(in constant current mode, with a zero DC component, ensuring constant Joule heating) was applied to the sample230

under test by the measurement source unit. The sample then generated a corresponding periodic thermal response.231

The temperature distribution on the sample was continuously recorded using infrared thermography (100Hz frame232

rate). The lock-in calculation module was subsequently applied to the acquired infrared images, enabling the extrac-233

tion of amplitude and phase information of the modulated thermal response in terms of its spatial distribution. The234

amplitude image reveals the locations where the temperature responds to the periodic modulation, while the phase235

image provides the phase delay of the temperature response. If the AC temperature signal of a region is in-phase236

with the applied current, it means heating effect. Conversely, if the AC temperature signal is in opposite phase to the237

current, it is cooling effect.238
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Separation of Joule and Peltier contributions In the LIT measurement, two dominant contributions are mixed239

together in the thermal response: Joule heating and the Peltier effect. Under ideal conditions, the Joule heating240

depends on the square of the current; because the symmetric bipolar square-wave current applied to the sample has241

zero DC component (I+ = −I−), I2 is constant at every instant, so the Joule heating is time-independent and242

produces only a steady (DC) temperature offset. In contrast, the Peltier signal, being linear in I , alternates sign243

synchronously with the current and constitutes the modulated thermal response detected at the lock-in reference244

frequency f . Regardless of its magnitude, the Joule heating thus contributes nothing at f , while only the modu-245

lated Peltier component survives the lock-in demodulation. In practice, however, the Joule heating can still affect the246

LIT result under non-ideal conditions. Below we list the possible channels through which this contamination arises,247

together with the measures we take to avoid them:248

(i) Asymmetric current waveform. Rigorous cancellation of the Joule contribution at the lock-in frequency requires249

the square-wave excitation to satisfy I+ = −I−; an amplitude asymmetry I+ + I− ̸= 0, arising for example from250

a non-ideal current source or from asymmetric contact resistances, would give I2 a non-zero component at f that is251

indistinguishable from a genuine Peltier signal. In our setup the excitation was supplied by a Keithley Model 2612A252

SourceMeter, which delivers the 400mA drive current with a specified output accuracy of ±0.2mA; we further253

verified before each measurement, by monitoring the voltage across the sample with an oscilloscope, that the residual254

DC offset of the sample current was indistinguishable from the oscilloscope noise floor.255

(ii) Measurement before the average temperature reaches steady state. When the current is first switched on, the256

bulk temperature of the sample rises on a thermal time constant τth = Cth/Gth set by the heat capacity and the257

heat-loss conductance to the environment. During this transient, the temperature drift is not constant in time, and258

its slowly-varying Fourier tail bleeds into the lock-in ω band, contaminating the Peltier amplitude with a systematic259

bias[23]. We therefore begin the LIT measurement only after the average-temperature plateau of the sample has been260

reached (typically several minutes after current onset, monitored continuously by the IR camera).261

(iii) Excessive current density perturbing the phase distribution. Although Joule heating contributes no AC signal,262

it raises the steady-state sample temperature; if this rise becomes comparable to the gap between the operating263

temperature and the transformation temperature, the measurement itself would shift or erase the phase distribution.264

For the NiTi wires we restricted the current to values producing a steady-state temperature rise of about 2K, well265

below the gap to the austenite-finish temperature, and for the FeRh film we stayed far from the AFM/FM transition266

temperature, so that the chosen current level does not by itself trigger a phase transition.267
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Spatial resolution of the LIT The optical spatial resolution ∆x of the LIT is fundamentally limited by the268

diffraction of the detected infrared wavelength, which can be approximated by ∆x ∼ 1.22λf
D , where λ is the detected269

wavelength, f is the focal length of the thermal camera lens, and D is the aperture diameter of the lens[55, 56]. In270

our system, the optical resolution is around 2 µm.271

The dispersion of the lock-in signal due to thermal diffusion also imposes an important constraint. A shorter

thermal diffusion length indicates a more localized thermal signal, which in turn leads to improved spatial resolution

for detecting phase boundaries. For clarity, we consider the one-dimensional case of heat conduction in an isotropic

and homogeneous medium. The governing heat conduction equation is

cpρ
∂T

∂t
= κ

∂2T

∂x2

, where T is the temperature, t is time, cp is the specific heat, ρ is the density, and κ is the thermal conductivity. The

solution of this equation takes the form:

T = A exp
(
− x

Λ

)
exp (i(ωt− x

Λ
))

, where Λ =
√

2κ
ρcpω

is the so-called thermal diffusion length which can characterize the resolution of the LIT[23].272

Clearly, for fixed material parameters (ρ,cp,κ), Λ can be reduced by increasing the lock-in frequency ω. However,273

higher excitation frequencies are constrained, first by the Nyquist sampling theorem-where the maximum usable lock-274

in frequency is one-quarter of the infrared camera frame rate-and second by the reduction in modulated thermal signal275

amplitude as the lock-in frequency increases under constant electrical excitation amplitude. Therefore, an appropriate276

trade-off among multiple measurement parameters is required. For our measurements at ω = 2π × 25Hz, and277

taking the thermal diffusion κ
ρcp

= 4.17mm2/s for the NiTi alloy (The average thermal diffusivity of austenitic and278

martensitic Nitinol)[57], we obtain Λ ≈ 230 µm. This value is comparable to the half-peak width (around 160 µm)279

of our experimental data shown in Appendix Fig. A3 (based on the same raw data as Fig. 2 in the manuscript). The280

spatial resolution of the LIT is therefore sufficient to meet the requirements of most macroscopic applications, e.g.281

the dental rotary file.282

The noise level of the LIT The amplitude level of noise can be theoretically expressed as

⟨Anoise⟩ =
2√

fframetacq
NETD

, where tacq is the acquisition time, fframe is the frame rate of the thermal camera, and the noise equivalent tem-283

perature difference(NETD) quantifies the noise level of the infrared camera focal plane array (FPA)[23]. There are284

several strategies to reduce ⟨Anoise⟩. On the one hand, increasing tacq or raising fframe (by activating only part pixels285
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of the FPA) can effectively suppress noise. On the other hand, employing a mid-wave infrared (MWIR) camera with286

a cooled FPA detector can further suppress the thermally induced dark current and thereby improve the NETD.287

In our measurements, we used an infrared camera whose FPA was operated at approximately 80K, with a frame288

rate of fframe = 100Hz, and the acquisition time was set to tacq = 80 s. The standard deviation of the background289

signal was below 0.2mK, more than an order of magnitude smaller than the measured thermal signal of ∼ 4mK,290

thereby ensuring the reliability and quality of the experimental data.291
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Fig. 1 Comparison of phase boundary resolution using lock-in thermography and conventional methods. a. Conventional techniques for

resolving phase boundaries utilizing photons or electrons as probes. The phase boundary is determined through optical contrast, which arises

from the differing reflection rates of incident particles on different phases. b. Lock-in thermography method for resolving phase boundaries. An

alternating charge current is applied through the sample, inducing periodic temperature modulation at the phase boundaries via the Peltier effect.

This effect, caused by different Peltier coefficients in adjacent phases, reveals the phase boundary profile in the thermal image.
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Fig. 2 Lock-in thermography imaging of phase separation in a bent NiTi wire. a. Infrared photograph of a 0.6-mm-diameter superelastic NiTi

wire with a natural oxidation layer at room temperature. An alternating charge current of 400 mA is applied to the NiTi wire to induce the Peltier

effect at phase boundaries, if present. The scale bar length is 1 mm. b. Lock-in amplitude (A) and phase (ϕ) images of the NiTi wire shown in Fig.

2a. The profile of the NiTi wire is indicated by dashed lines. The absence of the Peltier effect suggests that the NiTi wire is in a uniform austenite

phase. c-d. Infrared photograph of the NiTi wire after mechanical bending and the corresponding lock-in amplitude and phase images measured

under an alternating charge current of 400 mA. A pair of heating and cooling edges due to the Peltier effect near the deformed region of the NiTi

wire are observed in the LIT images, visualizing the boundaries between the parent austenite phase and the bending-induced martensite phase.

Guided by the phase boundary determined by the LIT, the austenite and martensite regions are contoured in yellow and blue, respectively, in Fig.

2c. e-f. Infrared photograph of the bent NiTi wire after annealing at 500 °C and the corresponding lock-in amplitude and phase images measured

under an alternating charge current of 400 mA. The disappearance of the Peltier effect indicates that the bending-induced martensite phase has

reverted to the austenite phase due to annealing.
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Fig. 3 Lock-in thermography imaging of phase separation in bent NiTi wires with opaque coating layers. a. Visible-light photographs of

three bent NiTi wires with different coating layers. b-d. Infrared photographs of the three bent NiTi wires shown in Fig. 3a. e-g. Lock-in amplitude

and phase images of the bent NiTi wires shown in Figs. 3b, 3c, and 3d, respectively. Similar thermal patterns induced by the Peltier effect at the

phase boundaries are observed. The profile of each NiTi wire is indicated by dashed lines.

Fig. 4 Lock-in thermography imaging of stress-induced martensitic phase transition in a NiTi wire. a. Infrared image of the NiTi wire fixed

on a tensile testing machine. b. Schematic of the experimental setup for the LIT imaging of stress-induced martensitic transformation in a NiTi

wire. The NiTi wire is stretched using a tensile machine, with its length and applied stress monitored simultaneously. c. Stress-strain curve of the

NiTi wire during a superelastic transformation cycle. d-o. Lock-in amplitude and phase images at selected points on the stress-strain curve, as

indicated in Fig. 4c. Austenite/martensite phase boundaries are resolved through Peltier-effect-induced heating and cooling spots.
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Fig. 5 Lock-in thermography imaging of strain-induced martensitic phase transition in a dental rotary file. a. Infrared image, lock-in

amplitude, and phase images of the dental rotary file in the initial unstrained state. b. Visible-light photograph of the dental rotary file and the

experimental setup. c-h. Infrared images, lock-in amplitude, and phase images of the dental rotary file during mechanical bending against a tooth

model, which simulates the working conditions in clinical applications. The emergence and disappearance of phase boundaries are clearly captured

via the Peltier effect in the LIT images, enabling visualization of the phase transition in the dental rotary file.
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Fig. 6 Lock-in thermography imaging of the heating-induced AFM-FM transition in FeRh alloy. a. Temperature dependence of the resistance

of FeRh, showing a pronounced thermal hysteresis. b. Schematic illustration of the phase distribution in the sample. Joule heating drives the

horizontal AFM strip into the FM state; points A, B, and C correspond to the dashed circles indicated in Fig. 6a. c. Infrared image of the cross-

shaped FeRh sample. d. Lock-in amplitude and phase images of FeRh without phase boundaries (state A in Fig. 6b), which was taken before the

pulse voltage application. e. Lock-in amplitude and phase images of FeRh, showing clear AFM/FM phase boundaries (state C in Fig. 6b) after the

application of an 11V voltage pulse, were resolved through Peltier-effect-induced heating and cooling spots. f-k. Lock-in amplitude and phase

images of the FeRh sample under increasing heating power. The progressively separated heating and cooling spots indicate that the phase boundary

propagates along the vertical strip as the heating power increases.
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Appendix307

To confirm that the measured experimental data primarily arise from the Peltier effect at the phase boundaries, we308

analyzed the relationship between the amplitude of the LIT signal at the phase boundaries and the applied current.309

As shown in Fig. A1b, the red and blue circles denote the average amplitude values within region 1 and region 2310

(marked in Fig. A1a), respectively. Linear fitting results, represented by dashed lines, indicate that the amplitude of311

the LIT signal is approximately proportional to the applied current. Moreover, the average phase values of the LIT312

signal in these two regions remain nearly constant with respect to the applied current, as shown in Fig. A1d. Notably,313

they exhibit a 180◦ phase difference, consistent with the expected heating and cooling effects at the respective phase314

boundaries. These observations validate the reliability of the LIT data and support the dominance of the Peltier effect315

in the measured response.316

Figure A2 illustrates the tensile process of a pre-bent sample. Figures A2a and A2c present the infrared image and317

the corresponding LIT data of the pre-bent sample, where phase boundaries have already formed. Figures A2c– A2f318

show the LIT images during the tensile process. Due to the defect introduced by the bending operation, significant319

stress accumulated at the pre-bent position during stretching. Consequently, the martensitic phase initiated at the320

pre-bent position and progressively expanded during the tensile process.321

Figure A3 analyzes the spatial resolution of the LIT, determined by thermal diffusion, at a lock-in frequency of322

25Hz. Figure A3a shows the LIT amplitude image of the bent NiTi wire, derived from the same raw data as Fig. 2d.323

The profile line data in Figure A3b are extracted from the white dashed line in Figure A3a. The calculated half-324

peak widths of the two peaks are 139 µm and 161 µm, respectively. The mutual compensation of heating and cooling325

suppresses spatial diffusion of the modulated thermal signal, leading to half-peak widths slightly smaller than the326

theoretical values calculated in the Methods section.327

To independently corroborate the bending-induced austenite-to-martensite transition, we performed X-ray diffrac-328

tion (XRD) measurements on bent NiTi wires, as shown in Fig. A4. The investigated samples were Ni-rich329

superelastic medical-grade NiTi alloy wires (55.4 wt% Ni) with a diameter of 1mm. To enhance the XRD signal, four330

NiTi wires bent to the same angle were tightly bundled together and mechanically polished to obtain a flat, mirror-331

like surface. We then performed 2θ line scans on both the bent and unbent regions (Areas 1 and 2 in Fig. A4a), and332

the resulting profiles are shown in Fig. A4b. The peak at around 42.5◦ corresponds to the austenite phase (B2), while333

the shoulder near 40◦ is characteristic of the martensite phase (B19′). Compared with the unbent region, the profile334

of the bent region exhibits an enhanced B19′ signal accompanied by a reduced B2 signal, indicating an increased335
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martensite phase fraction and thereby providing direct structural evidence that bending locally induces martensite336

formation, in full agreement with the LIT signal observed in Fig. 2d.337
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Fig. A1 Dependence of the amplitude and phase of the LIT signal on the applied current. a. The amplitude image at 200 mA applied current.

The squares mark the regions where amplitude values were averaged for quantitative analysis. b. Plot of the LIT signal amplitude versus applied

current. The data points were fitted with a linear function, indicating a proportional relationship between the LIT signal amplitude and the applied

current. c. Corresponding phase image at 200 mA applied current. The squares mark the regions where phase values were averaged for quantitative

analysis. d. Plot of the LIT signal phase versus applied current. The average phase values keep nearly constant with respect to the applied current,

and exhibit a 180◦ phase difference.
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Fig. A2 Lock-in thermography imaging of stress-induced martensitic phase transition in a pre-bent NiTi wire. a. Infrared image of the

pre-bent NiTi wire before stretching. b. Infrared image of the pre-bent NiTi wire after stretching. c-f. Lock-in amplitude and phase images of the

pre-bent NiTi wire during stretching. The martensitic phases initiated at the pre-bent position and progressively expanded during the tensile process.
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Fig. A3 Resolution analysis for Lock-in thermography. a. Amplitude image of the LIT data for a NiTi alloy wire at a lock-in frequency of

25Hz (based on the same raw data as Fig. 2d). b. Profile line corresponding to the white dashed line in panel a; the red short line indicates the

half-peak width.
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Fig. A4 X-ray diffraction characterization of the bending-induced martensite formation in NiTi wires. a. Photograph of four NiTi wires

bent to the same angle and tightly bundled together to enhance the XRD signal. Area 1 (red) is located at the bent region and Area 2 (blue) at the

unbent region, corresponding to the two profiles in panel b. b. XRD 2θ line-scan profiles measured on the bent (Area 1, red) and unbent (Area 2,

blue) regions. The peak at around 42.5◦ corresponds to the austenite phase (B2), while the shoulder near 40◦ is characteristic of the martensite

phase (B19′). Compared with the unbent region, the bent region exhibits an enhanced B19′ signal accompanied by a reduced B2 signal, indicating

an increased martensite phase fraction induced by bending.
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