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a b s t r a c t 

Fatigue-induced fracture of B i 2 T e 3 pillars in a thermoelectric cooler (TEC) due to thermal stress is a prevailing oc- 

currence in the device during dynamic operation, which has been a major reliability concern from manufacturing 

perspectives. However, it remains a crucial challenge to explore global pillar-level deformation of TEC with simple 

experiment methodology. Herein, digital-image-correlation-based thermomechanical diagnostics is introduced to 

experimentally characterize the in-plane thermal deformation of B i 2 T e 3 pillars. Highly contrasted surface pattern 

generated by He-Ne laser was utilized, exempted from extra speckle fabrication while simultaneously guarantee- 

ing high experimental accuracy. By imposing different thermal loadings to specimen, corresponding full-court 

pillar-level displacements are respectively observed. Furthermore, shear strain and stress distribution and their 

dependence on ΔT are studied with stress concentration region identified. The maximum in-plane shear stress 

at around ΔT = 60 K is indicated to exceed material fracture limit, resulting in high probability of fracture. The 

good agreement of experimental results and empirical simulation indicates the viability of the proposed tech- 

nique. Due to its capability of direct observation of thermomechanical behavior of B i 2 T e 3 pillars, the approach 

employed in this study is of significant practical appeal and notable potential for thermal reliability prediction 

of thermoelectric device. 
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. Introduction 

Thermoelectric coolers, as a dependable thermoelectric pathway and

ey enabler for thermal management of electronics, have earned wide

pplicability in portable refrigeration, chip-scale cooling of optoelec-

ronic devices, thermoelectric conversion for astronautics, etc [1–4] .

he reversible conversion between thermal energy and electricity is

ommercially effectuated with B i 2 T e 3 alloys as the prominent candi-

ate for the state-of-the-art thermoelectric materials [2–5] . Notably, re-

earch attempts at device optimization were continuously focused on

he development of thermoelectric materials for decades [ 6 , 7 ]. 

Nevertheless, the considerable temperature gradients experienced

long the B i 2 T e 3 pillars trigger significant thermal stress concentration

ue to thermal expansion mismatch especially at the junctions of dis-

imilar material interfaces. Mechanical damages are induced by ther-

al stress, thus limiting the TEC lifespan (generally 45,000 cycles) and

ven causing their eventual failure [8] . Since device lifespan also poses

 crucial challenge to this cooling strategy, optimized device architec-

ure and enhanced reliability are simultaneously of equal significance

o substitute thermoelectric materials [9–13] . Despite the extensive in-
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estigations from material perspectives [ 6 , 7 ], relatively less literature

eveals the dependence of its thermomechanical performance on de-

ice architecture. Trapezoidal thermoelectric pillars were demonstrated

nstead of rectangular-shaped ones by Merbati et al. [14] for thermal

tress distribution analysis and were found to decrease the maximum

hermal stress within the devices. Meanwhile, thermomechanical diag-

ostics is proving its worth for reliability enhancement by researching

he thermal stress distribution of TECs and locating stress concentra-

ion region within them. However, most thermomechanical diagnostics

f TECs have been exclusively based on analytical simulations [ 15 , 16 ].

hereby, direct experimental investigation of TEC deformation would

rovide significant insight into the failure prediction of the thermoelec-

ric coolers. 

Thermomechanical diagnostics have been experimentally conducted

n the TECs like DSPI-based (digital speckle pattern interferometry) in-

estigation by Wang et al. [17] , but only out-of-plane thermal displace-

ent of the ceramic package was characterized resultantly. In a previous

tudy by Sun et al. [ 18 , 19 ], in-plane pillar-level rather than package-

evel deformation was obtained with AFM-DIC method. It should be

oted that though the thermally induced deformation was character-
Zhao). 
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Fig. 1. Principle of digital image correlation. 
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zed, sophisticated image reconstruction was still required for effective

FM image acquisition, and global distribution of pillar deformation

ailed to be obtained due to limited measurement range. With the im-

lementation of more advanced digital image correlation (DIC) method,

he direct observation of full-court pillar-level deformation can be en-

bled. 

In this work, we present an experimental study of thermomechan-

cal behavior of thermoelectric coolers using DIC technique coupled

ith images from optical microscopy to measure pillar-level strain field

nd to verify their durability during heating/cooling thermal loadings.

 i 2 T e 3 pillars from a cross-sectioned but fully functional commercial

EC were collimated by laser and observed under optical microscope.

igh-resolution images of ZOI (zone of interest) were captured and used

or deformation calculation with PM Lab software. Highly contrasted

urface pattern generated by He-Ne laser was utilized, exempted from

xtra speckle fabrication while simultaneously guaranteeing high exper-

mental accuracy. By imposing different thermal loadings to specimen,

orresponding full-court pillar-level displacements were respectively ob-

erved. Based on the resultant displacement fields, shear strain and stress

istribution and their dependence on ΔT were studied with stress con-

entration region identified. Furthermore, the experimental results indi-

ate that the maximum shear stress at ΔT around 60 K exceeds material

racture limit, which agrees with the operation limit given by the user

uideline of the device. 

. Principles of DIC technique 

Digital image correlation (DIC) is a non-interferometric and non-

ontacting optical technique with wide applicability to full-field shape,

otion and deformation diagnostics [ 20 , 21 ]. The non-contacting fea-

ure of this metrology determines its particular adaptability to the char-

cterization of materials that are highly soft, viscoelastic, fragile, or

ighly brittle like B i 2 T e 3 in this work. The underlying principle of DIC

echnique is the tracking of graphical points by matching pre- and post-

eformed image patterns [22] , of which the intensity difference is gen-

rated by spraying paint particles or illuminating with collimated laser

eam [23] . Broadly, any random intensity distribution with appropri-

te contrast can serve as a speckle pattern for image matching. As illus-

rated in Fig. 1 , a subset is set up around each pixel respectively, and the

ost-deformed position of it is then established by subset mapping using

attern matching algorithms. The corresponding points are determined

y minimizing the correlation coefficient between the two subset. 

Among the prevailing correlation coefficients, Zero-mean Normal-

zed Sum of Squared Differences criterion(ZNSSD) takes into account

he linear light intensity changes between images, and is therefore of

emarkable adaptability. The correlation function is given as [24] : 

 ZNSSD ( Δ𝑝 ) = 

𝑀 ∑
𝑥 =− 𝑀 

𝑀 ∑
𝑦 =− 𝑀 

⎡ ⎢ ⎢ ⎢ ⎣ 
𝑓 ( 𝑥, 𝑦 ) − 𝑓 𝑚 √ ∑𝑀 

𝑥 =− 𝑀 

∑𝑀 

𝑦 =− 𝑀 

[
𝑓 ( 𝑥, 𝑦 ) − 𝑓 m 

]2 − √ ∑𝑀 

𝑥 =− 𝑀 
2 
𝑦 ′
)
− 𝑔 𝑚 

 𝑀 

[
𝑔 ( 𝑥 ′, 𝑦 ′) − 𝑔 𝑚 

]2 
⎤ ⎥ ⎥ ⎥ ⎦ 
2 

(1) 

here 𝑓 m = 

1 
( 2 𝑀+1 ) 2 

𝑀 ∑
𝑥 =− 𝑀 

𝑀 ∑
𝑦 =− 𝑀 

𝑓 ( 𝑥, 𝑦 ) , 𝑔 m = 

1 
( 2 𝑀+1 ) 2 

𝑀 ∑
𝑥 =− 𝑀 

𝑀 ∑
𝑦 =− 𝑀 

𝑔( 𝑥 ′, 𝑦 ′) ;

here 𝑓 ( 𝑥, 𝑦 ) denotes the intensity of point 𝑄 ( 𝑥, 𝑦 ) from the reference

mage, 𝑔( 𝑥 ′, 𝑦 ′) the intensity of the corresponding point 𝑄 

′( 𝑥 ′, 𝑦 ′) from

he target image, 𝑓 m and 𝑔 m are the average intensities of the reference

nd target subsets respectively, and p = ( u, 𝑢 x , 𝑢 y ,v, 𝑣 x , 𝑣 y ) is the subset

hape vector, in which the subscripts represent the first order deriva-

ives. Hence, a first-order shape function can be defined as [24] : 

𝑊 1 ( 𝑥, 𝑦 ; 𝑝 ) = 

[ 
𝑥 ′

𝑦 ′

] 
= 

[ 
1 + 𝑢 x 𝑢 y 𝑢 

𝑣 x 1 + 𝑣 y 𝑣 

] ⎡ ⎢ ⎢ ⎣ 
𝑥 

𝑦 

1 

⎤ ⎥ ⎥ ⎦ (2) 

𝑊 1 from Eq. (2) describes the mapping relationship of each point

n the subset. Each single pixel from the reference subset is alternately

apped to the post-deformed one to solve for parameter vector 𝑝 . The

nverse compositional Gauss–Newton (IC-GN) iterative algorithm com-

ining with ZNSSD criterion is adopted as optimization strategy in this

ork for its superiority of computational efficiency over the forward ad-

itive Gauss–Newton (FA-GN) algorithm while guaranteeing the same

evel of accuracy. In each iteration, the incremental warp 𝑊 1 ( 𝑥, 𝑦 ; Δ𝑝 ) is
rstly exerted to the reference subset and subsequently inverted and

omposed with the current approximation 𝑊 1 ( 𝑥, 𝑦 ; 𝑝 ) to update the tar-

et subset [24] . Furthermore, Bicubic B-spline interpolation is used to

chieve subpixel accuracy. 

. Fabrication and assessment of speckle pattern 

The accuracy of digital image correlation (DIC) is strongly depen-

ent on the pattern quality of specimen surface. Therefore, the fabri-

ation of appropriately distributed speckle should be addressed first for

IC experiment. Typically, an ideal pattern should be highly contrasted,

tochastic, and isotropic with limited scatter in terms of speckle sizes

averagely 3 ∼5 pixels) [25–27] and also move in synchronous pace with

he surface deformation. 

When highly coherent laser irradiates a diffusive surface, numerous

right and dark spots, which are called laser speckles, are randomly dis-

ributed across the surface [28] . The high-quality speckle pattern gen-

rated by laser illumination is captured by CCD as the tracing pattern

or DIC. Gao et al. [24] reported that an average 𝐶 ZNSSD ( 𝑝 ) within 0.05

ixel of ZOI is suitable for calculation. As illustrated in Fig. 2 , satisfac-

ory accuracy level of the speckle pattern is achieved with an average

 ZNSSD ( 𝑝 ) of 0.002 pixel determined at each 7 pixels of the image. Be-

ides, average noise level is controlled within 1.5548 grayscale. As in

he enlarged view of one subset sized 69 pixels, the speckle is averagely

ized 3 pixels in sensor format and 3.9 μm in length unit. 

. Experiment 

.1. Experimental setup 

A commercially applicative TEC sized 25 ×25 ×4.0 mm, supplied by

HEMONAMIC CORP, was cross-sectioned while still remaining func-

ional to expose the uppermost row of B i 2 T e 3 pillars as observation

arget. The sectioning was performed with a high-power Delphi laser

nd no polishing or any other surface treatment was given afterwards.

purious effects from vibration were removed by securing the exper-

ment configuration on an optical table. The device was measured in

acuum (0.1Pa) to eliminate the undesired air disturbance, illustrated

n Fig. 3 (a). Furthermore, the temperature of TEC cold side was sta-
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Fig. 2. DIC accuracy analysis of speckle pattern on ther- 

moelectric pillar under microscope (global) and an en- 

largement of speckle pattern in a subset (local). 

Fig. 3. (a) Experimental setup. (b) Configuration inside the vacuum chamber. (c) Schematic diagram of the optical setup. 
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ilized using a TEC controller in feedback with a NTC thermistor (10K,

950) adhered onto its ceramic board. The hot side of the TEC was main-

ained roughly at room temperature by thermally attached to a copper

eat sink. The other thermistor was sandwiched between the ceramic

oard of the hot side and the copper heat sink to monitor the tempera-

ure. 

As TEC was energized to generate certain temperature difference,

ny out-of-plane displacement of the tested surface would result in the

hange of image magnification thus causing additional pseudo strain.

ven worse, it could alter the original laser speckle pattern ruining the

ffectiveness of image matching. Hence, out-of-plane displacement was

inimized to an acceptable level by fitting the pillar surface perfectly

ith the optical window made of PMMA (polymethyl methacrylate) on

he vacuum chamber, as demonstrated in Fig. 3 (b). Sample can be practi-

ally considered adiabatic with negligible thermal exchange in the nor-

al direction due to vacuum chamber and insignificant thermal con-

uctivity [0.14 W/(m 

∗ K)] of PMMA. In practice, TEC was fixed verti-

ally with its underside elastically supported by flexible buffer PDMS

polydimethylsiloxane) with a proper height so that the uppermost pil-

s  

3 
ars extended slightly beyond the sidewall of the chamber. Subsequently

he chamber was sealed off with an optical window pressed against the

ested pillars firmly. Hence, a basic assumption could be made that there

as no obvious out-of-plane displacement on the tested surface of the

illars and was verified in the experiment. 

The optical setup used in the present work is illustrated in Fig. 3 (c).

he sample images were magnified by optical microscope and captured

y a high-resolution CCD (pixel dimensions of 3376 ∗ 2704) routed to PC

isplay. For the whole setup, the comparison is to be made between the

ptical resolution and the imaging spatial resolution (1.3 μm ). 

Optical resolution OR caused by diffraction limit can be determined

y [29] : 

R = 0 . 61 ∗ 𝜆∕ NA = 0 . 61 ∗ 632 mm ∕0 . 3 = 1 . 26 μm (3) 

here 𝜆 denotes the wavelength of emitted laser, NA the numerical aper-

ure objective lens; 

The resolution of the integrated imaging system is limited by the

maller of optical resolution and imaging spatial resolution. It can be

een that the optical resolution is slightly less than the imaging spatial
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Fig. 4. (a) Calibration system. (b) u -displacement and (c) v -displacement obtained in the rigid-body translation. (units in μm). 

Fig. 5. Middle and corner-most TE pillars observed. 
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i  
esolution and therefore the resolution of the whole setup is subjected

o the limitation of the latter. 

.2. Experiment process 

To perform system calibration, a micro-translation platform imposed

 rigid-body translation on the sample TEC as in Fig. 4 (a), which

hould yield a uniform displacement field ideally. The imposed u -and

 -displacements are 0.94 and 4.44 pixels respectively. The chosen sub-

et size is 69 pixels and subsets are distributed at an interval of 7 pixels

n the zone of interest. The actual displacement field is illustrated in

ig. 4 (b) and (c)by cross-correlation of a reference image and a post-

mage, of which the non-uniformity represents the measurement uncer-

ainty. For a 1.8 ×1.0 mm ZOI of the pillar with thickness of 1.0 mm,

alibration results clearly indicate that the maximum deviation and stan-

ard deviation of u-displacement are within 54 nm and 8 nm, which is

ound at the same level as that of the v-displacement. Hence, the un-

ertainty of displacement measurement by laser-speckle-based DIC is

pproximately 0.006 pixel in this study. 

The desirable single heating or cooling intervalwas confined to 10

 considering the decorrelation induced by excessive temperature rise

r drop. For each stage, the pre- and post-deformation images captured

ere correlated to explore the deformation of ZOI using PM Lab soft-

are [30] supplied by Nanjing PMLAB 

∗ Sensor Tech. Co. Ltd. For each

emperature stage, 20 images were captured and averaged into one to

uppress the noise. The right side of the TEC was its hot end fixed on

he heat dissipation copper while the left side was its cold end with a

ontrollable temperature ranging from 273 K to 373 K. The temperature

ifference of the TEC is defined as: ΔT = 𝑇 c - 𝑇 h . Representatively, defor-

ation of the middle pillar and the corner-most pillar in Fig. 5 were both

nvestigated considering that the deformation varies among the pillars. 

. Thermal stress analysis 

Thermal stress, triggered by the temperature gradients, intensively

ccurs where severe mismatch of thermal expansions emerges. Conse-

uent failure of TEC comes with the stress-induced dislocations and

racks. In essential, the magnitude of thermal stress is primarily rele-

ant to displacement, strain, and temperature field. Under the ambient

emperature ( 𝑇 0 = 296 K), the device can be viewed as stress-free, on

hich any thermally induced deformation in this experiment is based. 

It is worth noting that B i 2 T e 3 , like most other thermoelectric ma-

erials, exhibits no signs of plastic deformation and therefore, no yield

trength, similar to ceramic. Given the brittle fracture behavior of this
4 
hermoelectric material, assumptions are made that the thermoelectric

illars deform entirely in the range of elasticity without any non-elastic

ffects such as plasticity or creep. 

The normal and the shear strain can be denoted by the in-plane dis-

lacement in the displacement-strain relations [15] : 

 xx = 

𝜕𝑢 

𝜕𝑥 
, 𝜀 yy = 

𝜕𝑣 

𝜕𝑦 
, 𝛾xy = 

1 
2 

( 
𝜕𝑢 

𝜕𝑥 
+ 

𝜕𝑣 

𝜕𝑦 

) 
(4) 

Assuming the material is uniform and isotropic, in the plane-strain

ase where out-of-plane deformation is assumed to be negligible [31] ,

he dimensionless stress-strain constitutive equation is given by a non-

ymmetrical Jacobian matrix as follows [15] : 

 

 

 

 

 

𝜎𝑥 
𝜎𝑦 
𝜏xy 

⎫ ⎪ ⎬ ⎪ ⎭ = 

𝐸 

( 1 + 𝑣 ) ( 1 − 2 𝑣 ) 

⎡ ⎢ ⎢ ⎣ 
1 − 𝑣 𝑣 0 
𝑣 1 − 𝑣 0 
0 0 1−2 𝑣 

2 

⎤ ⎥ ⎥ ⎦ 
⎛ ⎜ ⎜ ⎜ ⎝ 
⎧ ⎪ ⎨ ⎪ ⎩ 
𝜀 xx 

𝜀 yy 

𝛾xy 

⎫ ⎪ ⎬ ⎪ ⎭ − 

⎧ ⎪ ⎨ ⎪ ⎩ 
𝜀 xx 0 
𝜀 yy 0 
𝛾xy 0 

⎫ ⎪ ⎬ ⎪ ⎭ 
⎞ ⎟ ⎟ ⎟ ⎠ (5) 

here E is the Young’s Modulus of the material, v the Poisson’s Ratio,

𝜀 xx 0 , 𝜀 y y 0 and 𝛾x y 0 are normal and shear strain due to thermal expansion

nder stress free condition, which is dependent on temperature differ-

nce and thermal expansion coefficient 𝛼 [15] : 

 

 

 

 

 

𝜀 x x 0 
𝜀 y y 0 
𝛾x y 0 

⎫ ⎪ ⎬ ⎪ ⎭ = 

⎧ ⎪ ⎨ ⎪ ⎩ 
( 1 + 𝑣 ) 𝛼Δ𝑇 
( 1 + 𝑣 ) 𝛼Δ𝑇 

0 

⎫ ⎪ ⎬ ⎪ ⎭ (6) 

y substituting Eq. (6) into Eq. (5) , the thermal stress distribution can

e obtained. 

. Result and discussion 

.1. Displacement field of middle pillar 

To characterize the deformation of the middle pillar of the TEC, the

old end of the TEC was subjected to a temperature rise of 12 K from

𝑇 0 , so that 𝑇 c = 308 K and 𝑇 h = 296 K. A linear temperature distribu-

ion along the pillar can be observed in Fig. 6 (c) captured by infrared

amera. The resultant displacement fields are shown in Fig. 6 (a)-(b) re-

pectively, where u and v represent the measured displacements in the x

horizontal) and y (vertical) directions as indicated in the images. Rigid-

ody displacement and rotation have been removed assuming right side

f the TEC to be stationary. Therefore, the maximum displacements in x

nd y directions occur at the left side of TEC as can be seen in Fig. 6 (a)-

b) with u max = 205 nm and v max = 271 nm. The u -displacement orients

ackwards in negative x direction indicating an expansion due to the

eating process. The declining displacement amplitude v along x direc-

ion suggests a sheared motion, which is known as a common failure

orm of TECs. 

.2. Displacement field of corner-most pillar 

It has been analytically affirmed that the highest thermal stress ex-

sts in the corner-most thermoelectric pillar [15] , where crack of TEC
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Fig. 6. Temperature and displacement field of the middle TE pillar for heating stage ΔT = 12 K. (a) u -displacement and (b) v -displacement for heating stage ΔT = 12 

K(units in μm). (c) Temperature gradient (units in K). 

Fig. 7. Displacement field of the corner-most TE 

pillar. (a) u -displacement and (b) v -displacement 

for cooling stage ΔT = -10 K. (c) u -displacement and 

(d) v -displacement for heating stage ΔT = 12 K(units 

in μm). 
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Fig. 8. Shear strain field of the corner-most pillar for heating stage Δ𝑇 = 12 K. 
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c  
enerally occurs in the first place. Therefore, thermally induced defor-

ation of the corner-most pillar typically indicates device failure and

ould possibly reveal reliability limit. To quantitatively determine the

hermomechanical limit of the entire TEC, the displacement fields of the

orner-most pillar for both cooling and heating stages are investigated. 

The resultant displacement fields are demonstrated in Fig. 7 (a) and

b) for a cooling stage with a 𝑇 c drop of 10 K ( 𝑇 h = 296 K; 𝑇 c = 286

 ; ΔT = -10 K ) . With the elimination of the rigid body displacements,

t can be seen that the maximum displacement in x direction ( u ) is 412

m, and 254 nm in y direction ( v ). The u -displacement orients forwards

n positive x direction since the cold end undergoes cooling-induced

hrinkage, while the downward orientation of v -displacement could be

nderstood as the marginal contraction of TEC induced by a negative

𝑇 . Meanwhile, the shear tendency remains despite the negative Δ𝑇 . 
Occasions where a TEC is used for heating is by no means less than

ooling. To find out the thermomechanical limit of a TEC, displacement

elds of the corner-most pillar for heating stage are equivalently crucial

s shown in Fig. 7 (c) and (d). Similarly, the maximum displacements in

 and y directions occur at the left side of TEC with u max = 450 nm and

 max = 305 nm. The u -displacement orients backwards more intensively

han that of the middle pillar. The upward orientation of v -displacement

ould be counted as the thermal expansion at the edge of TEC. Further-

ore, compared with the middle pillar, the one at corner suffers more

eformation as expected. 

.3. Strain field and stress concentration of corner-most pillar 

Based on the displacement distribution in both x and y directions,

he distribution of strains 𝛾xy can be achieved as illustrated in Fig. 8 .

t could be found that strain concentration recognizably occurs in the
5 
eighboring region of Cu/ B i 2 T e 3 interface. Maximum shear strain 𝛾max 
p to 224 𝜇𝜀 occurs due to the shear motion. Mismatch of the differ-

nt thermal expansion coefficients results in dislocation of interface and

herefore a shear tendency. It is noteworthy that normal strains occur

ainly due to thermal expansion induced by Δ𝑇 and the corresponding

tresses are not obvious. 

The material properties within a TEC are listed in Table 1 . Negative

hear strain 𝜏xy indicates clockwise warping and twisting. From Eq. (5) ,

he shear stress 𝜏xy can be written as ∶ 

xy = 

𝐸 

2 ( 1 + 𝑣 ) 
𝛾xy (7) 

Eq. (7) indicates that the crucial shear stress and the shear strain con-

entrate at the same location. Therefore, the stress concentration region
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Table 1 

Properties of major component materials in commercial TEC. 

Material Thermal expansion (/K) Young’s modulus (Pa) Poisson’s ratio 

B i 2 T e 3 −3 . 11 × 10 −4 + 3 × 10 −6 𝑇 − 1 . 08 × 10 −8 𝑇 2 + 1 . 9 × 10 −11 𝑇 3 − 1 . 62 × 10 −14 𝑇 4 + 5 . 42 × 10 −18 𝑇 5 10 11 − 3 . 88 × 10 8 𝑇 + 1 . 53 × 10 6 𝑇 2 − 2 . 666 . 67 𝑇 3 + 1 . 67 𝑇 4 0.23 

Cu 1 . 77 × 10 −5 1 . 19 × 10 11 0.326 

A l 2 O 3 8 . 8 × 10 −6 3 . 5 × 10 11 0.3 

Fig. 9. 𝜏xy shear stress concentration of the corner-most pillar for 

heating stage Δ𝑇 = 12 K (units in MPa). 

Fig. 10. Maximum shear strain dependence on Δ𝑇 . 

o  

s  

t  

s  

s

6

 

A  

t  

w

 

m  

t  

f  

m  

w

 

e  

m  

i  

c  

c  

Fig. 11. Shear stress dependence on Δ𝑇 . 

t  

b

τ

a

2  

w

 

w  

c  

s  

d

 

o  

t  

w  

t  

u  

t  

p  

c  

H  

m  

d  

fi  

b  

c  

r  

m  

r  

B  

m  

s  

i  

m  

m

f functioning thermoelectric pillar can also be determined likewise, as

hown in Fig. 9 , where the over-load TEC fractures usually occur. For a

emperature difference across the pillar Δ𝑇 = 12 K, the maximum shear

tress 𝜏max is up to 5.72 MPa according to Eq. (7) based on maximum

hear strain 𝛾max of 224 𝜇𝜀 and the material properties list in Table 1 . 

.4. Maximum strain and stress dependence on ΔT 

For commercial TECs, a maximum Δ𝑇 of 60 K is common in practice.

 thermomechanical diagnostics of B i 2 T e 3 pillars within this tempera-

ure range is illustrated in Fig. 10 , which basically covers all practical

orking conditions for regular commercial TECs. 

For the B i 2 T e 3 pillar, there is obvious linear correlation between

aximum shear strain and Δ𝑇 . The fitting curve of 𝛾max basically passes

hrough the origin, which verifies the presumption that device is stress

ree at initial state ( Δ𝑇 = 0 K). It can be seen that magnitude of the

aximum shear strain 𝛾max is proportional to the temperature gradient,

hich could reach over 1400 με at Δ𝑇 of 57 K. 

The actual normal stress would be substantially smaller with little

ffect on device failure due to the initial normal strain induced by ther-

al expansions ( 𝜀 x x 0 and 𝜀 y y 0 ) ( Eq. (6) ). Considering the B i 2 T e 3 pillar

s the most vulnerable part of the whole device, device-level thermome-

hanical limit of TEC can be determined by the pillar-level thermome-

hanical diagnostics. According to Tresca criterion [31] , the failure of
6 
he device is determined by the maximum shear stress 𝜏max , which can

e calculated by: 

max = 

√ ( σx − σy 
2 

) 2 
+ τxy 2 (8) 

nd should satisfy: 

 𝜏𝐦𝐚𝐱 ≤ [ 𝜎] (9)

here [ 𝜎] denotes the fracture strength. 

Shear stress 𝜏xy up to 36.7 MPa were measured for the B i 2 T e 3 pillar

ithin common working temperature range of 60 K, which is highly

lose to empirical simulation results [15] . As illustrated in Fig. 11 , the

tress level is found to be in linear growth with greater temperature

ifference, which makes the reliability of TECs predictable. 

The doubled maximum shear stress at Δ𝑇 = 57 K is found in excess

f the fracture strength ([ 𝜎] = 62 MPa) of B i 2 T e 3 [ 32 , 33 ]. It can be es-

imated from Fig. 11 , the probability of fracture is substantially higher

hen Δ𝑇 exceeds 50K. After sufficient TEC operation cycles, stress of

his magnitude is likely to trigger continuous device degradation until

ltimate failure. The device-level failure is usually indicated by reduc-

ion in the figure of merit ZT . Substantial degradation of device-level

erformance will occur (a 20% reduction in ZT ) at 40,000 thermal cy-

les before observable defects and eventual fracture of TEC pillars [34] .

owever, an increase in electrical resistance is actually the primary

echanism of performance degradation, which results from microscopic

efects at Cu/ B i 2 T e 3 interface due to interfacial contact. The effective

gure of merit ZT drops by 97% whereas electrical resistance increases

y 30% at 45,000 cycles [34] . Therefore, original performance of TEC

an hardly be maintained under such high stress level for long. In this

egard, TEC performance is simultaneously constrained by not only ther-

oelectrical but also thermomechanical property of TE material, which

eveals the significance of thermomechanical diagnostics of TEC pillars.

riefly, DIC technique based on laser speckle proves applicable for ther-

omechanical diagnostics of TEC pillar. Ongoing work will be empha-

ized on alleviating interfacial thermal stresses while guaranteeing good

nterfacial thermal and electrical conductivity with nanostructured ther-

al interface materials by this digital-image-correlation-based thermo-

echanical diagnostics. 
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. Conclusion 

In this study, a simple and effective laser-speckle-based DIC tech-

ique is validated for TEC thermomechanical diagnostics with high

isplacement accuracy. The proposed method is exempted from com-

lex speckle fabrication and continuity of the displayed displacement

elds evince the effectiveness of the laser speckle pattern. The trade-

ff between adequate sensitivity and sufficient field of view makes this

ethod ideal for global pillar-level scale (1.8 ×1.0 mm) of common com-

ercial TECs. Furthermore, this DIC-based thermomechanical diagnos-

ics reveals full-court pillar-level deformation distribution and locates

he stress concentration region in the neighboring region of Cu/ B i 2 T e 3 
nterface, where fracture is most likely to occur. Meanwhile, thermome-

hanical behavior of the TEC has been experimentally confirmed by the

bvious linear correlation between 𝛾max , 𝜏max and Δ𝑇 , which indicates

hat the magnitude of the shear strain and stress are both proportional

o the temperature gradient. Thus, device-level thermomechanical limit

f TEC can be determined. Maximum 𝛾max and 𝜏max reach up to 1449 με
nd 36.7 MPa at Δ𝑇 of 57 K, exceeding material fracture limit of B i 2 T e 3 ,
hich basically agrees with the operation limit of common commercial

hermoelectric coolers. TEC performance is simultaneously constrained

y thermoelectrical and thermomechanical property of TE material. This

IC-based thermomechanical diagnostics provides potential prediction

f TEC facture behavior and a useful insight to those exploring thermo-

lectric devices from a design and manufacturing perspective. 
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