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Abstract

Thermal expansion is an intrinsic property of metals and alloys, posing a critical challenge for achieving dimensional
stability in lightweight systems where low atomic mass enhances lattice vibrations. Here we present a strain recovery
compensation strategy that achieves three orders of magnitude reduction in thermally induced volume change,
enabling zero thermal expansion (ZTE) in a rare-earth magnesium alloy containing 1.2 vol.% Al-stabilized MnCoGe
particles. The coefficient of thermal expansion is reduced from 28 x 107¢°C! to 0.02 x 10°¢°C™! over 25-150 °C—
the highest thermal stability reported for any alloy. This alloy also retains high compressive strength (424 MPa),
ductility (12%), and ultralow density (1.93 g/cm?®). The ZTE behavior arises from sustained compressive strain,
maintained by reversible martensitic transformation of the embedded particles. Beyond realizing a dimensional stable
lightweight alloy, this work establishes a generalizable principle for achieving thermal dimensional stability in metals

via recoverable strain.

Introduction

Thermal dimensional stability is critical for structural reliability in systems exposed to temperature fluctuations,



such as aerospace, cryogenics, precision instrumentation, and microelectronics manufacturing . Yet all metals
expand upon heating due to anharmonic atomic vibrations, quantified by the coefficient of thermal expansion
(CTE)®. This behavior poses a persistent challenge in maintaining dimensional accuracy under thermal cycling.
One notable exception is Invar alloy (FessNiss), recognized with a Nobel Prize in Physics for achievement zero
thermal expansion (ZTE; CTE < 1.5 x 1076 °C™") between —60 °C and 80 °C due to magnetically driven volume
changes®’. However, such magneto-volume coupling is limited to specific magnetic alloys and is not applicable
to lightweight, non-magnetic metals like magnesium and aluminum, which are increasingly vital in
transportation and aerospace®®. Achieving ZTE in these systems remains an unresolved challenge.
Macroscopic thermal expansion reflects cumulative atomic displacements with temperature, typically
measured via changes in length, volume, or pressure dependent entropy at fixed temperature'®!*. In metals and
alloys, plastic deformation accommodates amounts of defects and residual strains, displacing atoms from their
equilibrium lattice sites'®®, Upon heating, defect migration and interaction can partially relieve these internal
strains, reducing the net dimensional change'**. This defect mediated strain recovery alters both volumetric and

1619 "and thereby causing the CTE to be governed by the competition between thermally

entropic responses
induced atomic displacements and their reduction via preserved strain recovery*?°?!, However, the complex,
nonlinear nature of defect dynamics in strain recovery makes their impact on macroscopic CTE or thermal
stability still elusive.

In this work, we propose that ZTE can emerge when strain contraction precisely offsets thermal expansion
and sustaining this dynamic balance during continuous heating enables ZTE over a broader temperature range
(Figure 1a). Unlike conventional models that treat thermal expansion as a purely elastic lattice response®*?*, the
inherent plastic deformation capabilities of metals and alloys allow them to maintain this balance over broader
thermal intervals. However, strain recovery is irreversible-once released upon heating, it cannot spontaneously
regenerate®®. Herein, we introduce a sustainable strain generation strategy, achieved through engineered
martensitic transformations within a soft metallic matrix, establishing a sustainable and generalizable pathway
to achieve and maintain ZTE across extended temperature ranges. We demonstrate this design strategy in a Mg

alloy (WE43: Mg-4Y-3.3RE (Nd, Gd)-0.5Zr, wt.%) by incorporating 1.2 vol.% Al-stabilized MnCoGe particles.

MnCoGe undergoes a martensitic transformation near 150 °C, producing a ~4% volume change®®?’. The



hexagonal close-packed (HCP) structure of Mg provides high-temperature plasticity but retains substantial
residual strain upon cooling due to limited slip systems?. A remarkable elastic modulus mismatch between
MnCoGe (164 GPa)®® and the Mg matrix (45 GPa)®*® promotes plastic deformation in the matrix during
transformation, thereby generating significant strain. An Al-enriched gradient layer, formed via Al diffusion on

MnCoGe particles (Supplementary Figures 16, 17), stabilizes their reversible martensitic transition.
Results and Discussion

Modulating thermal expansion behavior by strain introduction

We compare WE43 alloys with and without MnCoGe to probe the strain distribution (Figures 1b-¢) by
electron backscatter diffraction (EBSD). The baseline alloy exhibits uniform grains and lacks pronounced
crystallographic texture, indicating minimal residual strain at room temperature. The kernel average
misorientation (KAM) analysis demonstrate that MnCoGe-containing alloys display refined grains and elevated
geometrically necessary dislocation (GND) density (Figures lc, le), reflecting enhanced strain retention. High-
resolution transmission microscopy (HRTEM) further confirms dense dislocation networks (Figure 1f) and
localized lattice distortion near interfaces of particle and matrix (Figure 1g). A few-layer non-coherent interface
concentrates local strain and enables efficient transfer of thermal mismatch stress between the particle and the
Mg matrix (Supplementary Figure 18). Lattice parameter measurements further reveal compression strains near
MnCoGe particles relative to the bulk matrix.

We evaluated the CTE and mechanical performance of the designed Mg alloys (Figures 2a, 2b,
Supplementary Figure 3). The alloy containing 1.2 vol.% Al-stabilized MnCoGe particles exhibits ZTE, with an
ultralow CTE of 0.02 x 107 °C! maintained over 25°C to 150 °C. This value represents a three order of
magnitude decrement compared to the pure WE43 alloy, and a temperature window of 125 °C. Notably, the CTE
value is two orders of magnitude lower than that of Invar alloys, representing a significant enhancement in
thermal dimensional stability. After three thermal cycles under a constant heating/cooling rate of 5 °C min™', the
CTE stabilizes at ~0.2 x 107¢°C™! (Figure 2c¢), indicating the establishment of a steady balance between strain
recovery and thermal expansion following the relaxation of fabrication induced residual strain.

The incorporation of MnCoGe particles simultaneously enhances the mechanical performance. The ultimate
compressive strength increases from 384 to 424 MPa, while ductility remains at ~12%. This strain compensation

approach enables the creation of an ultralight ZTE alloy (1.93 g/cm?), uniquely combining high strength, ductility,



81-42 reveal that

and thermal dimensional stability. Comparative analyses with previously reported ZTE materials
this alloy has the lowest absolute CTE value reported to date (Figure 2d), an order of magnitude lower than most
near-zero-expansion materials, along with a broad ZTE window (~25-150 °C) that far exceeds the effective
temperature ranges of conventional Invar alloys and brittle oxide- or intermetallic-based ZTE materials. This
temperature range coincides with the operational conditions of aerospace structural components, satellite optical
benches, precision actuators, electronic and battery housings, and optical instrument bases, where repeated
thermal cycling can induce dimensional drift and compromise alignment or functional accuracy. As a lightest
(Figure 2e) ZTE alloy, it offers superior dimensional stability, high processing adaptability, and mechanical
robustness, overcoming the limitations of conventional composites or Invar-type alloys. Collectively, these

properties render the 1.2 vol.% Al-stabilized MnCoGe/Mg alloy a suitable candidate for applications requiring

both lightweight design and reliable thermal stability under realistic service conditions.
Tracking the Evolution of Strain

Crucially, the regeneration of the strain upon cooling, driven by reversible martensitic transformation in
MnCoGe, sustains the dynamic equilibrium between thermal expansion and strain contraction. To directly
observe this process, we tracked strain evolution in the Mg matrix using in situ EBSD during thermal cycling
(Figure 3a). At room temperature, grains near MnCoGe particles display significant inter- and intra-granular
strain, reflected by color variations in orientation and misorientation maps (Supplementary Figures 4, 5). KAM
mapping reveals a progressive strain reduction with heating, where highly strained regions nearly vanish above
the martensitic transformation temperature (Figure 3b). Notably, strain reappears upon cooling, further
confirmed by the density of GND, which decreases with increasing temperature and reaccumulates upon cooling
(Figure 3¢, Supplementary Figure 6).

In-situ HRTEM observations at the nanoscale show temperature driven dislocation motion, annihilation,
and redistribution near MnCoGe interfaces (Supplementary Figure 7). Strain recovery is evidenced not only by
changes in dislocation density but also by grain rotation (Supplementary Figure 8), suggesting multiple pathways
for strain relaxation and regeneration. Subsequently, the variation of strain energy* across different temperatures
was calculated (Figure 3d). The results show a continuous decrease during heating and restoration upon cooling,
aligning with the mesoscopic trends observed. High-resolution TEM (Supplementary Figure 10) reveals that the

dislocation networks are dominated by mobile <a> dislocations gliding on basal planes, consistent with the



critical resolved shear stress hierarchy in HCP Mg. The cyclic recovery (Figures 3b-d) thus arises from the
reversible glide and rearrangement of <a> dislocations, enabling temporary strain storage and release.

In situ X-ray diffraction (XRD) analysis further confirms lattice strain variation in thermal cycling. The Mg
matrix exhibits peak shifts toward lower diffraction angles during heating, indicating strain relaxation (Figure 3e,
Supplementary Figure 9). Upon cooling, peaks shift back, reflecting strain reintroduction. Quantitative analysis
using the Williamson—Hall (WH) method** indicates that compressive strains are progressively alleviated during
heating, reaching a minimum near 200 °C, and are reinstated upon cooling (Figure 3f).

Collectively, these multiscale observations demonstrate a dynamic strain self-compensation process that
dislocation mediated relaxation and lattice recovery dominate during heating, while existence of MnCoGe
induced stresses restore strain during cooling. This cyclic strain evolution stabilizes macroscopic dimensions

across thermal cycles, thus underpinning the observed sustainable ZTE behavior.
Strain recovery on thermal expansion

To elucidate the thermodynamic basis of strain recovery induced ZTE, we performed differential scanning
calorimetry (DSC) to track phase transition energetics in the MnCoGe-containing alloy. Unlike conventional
systems, where accumulated matrix strain energy is irreversibly dissipated upon heating and cannot regenerate
upon cooling, our ZTE alloy exhibits a distinct exothermic peak during cooling (Figure 4a)—absent in the pure
WE43 matrix. The enthalpy of this exothermic event exceeds that of intrinsic MnCoGe martensitic
transformation*® (Figure 4b, Supplementary Figure 11), indicating additional energy contributions beyond the
phase change alone. We attribute this anomalous thermal response to constrained interfacial deformation arising
from thermal expansion mismatch between the Mg matrix and MnCoGe particles. This mismatch preserves
residual elastic strain energy®®“® during heating in Mg matrix, which is partially released upon reverse
transformation during cooling. The synergistic interplay between strain coupling and phase transformation
thermodynamics enables a sustainable ZTE behavior, extending the operational temperature window far beyond
that of the intrinsic transformation of MnCoGe.

Classical thermoelastic modeling predicts that 1.2 vol. % MnCoGe can generate cooling induced internal
stresses of ~ 140 MPa (Supplementary Figures 2, 12), exceeding the yield strength of the Mg matrix and inducing
plastic deformation across ~30 vol.% of the matrix. Crystal Plastic Finite Element simulations further show

increasingly heterogeneous strain fields and elastic strain-energy densities with larger or closely spaced particles



(Supplementary Figure 15). Such strain region includes anisotropic compressive or tensile stresses along the c-
axis or the a/b-axes, allowing for the quantification of associated lattice volume changes (Figure 4c). To resolve
how these strain states evolve with temperature, we analyzed their corresponding changes of statistical
probabilities. In the undeformed alloy, strain state probabilities increase with temperature. In contrast, deformed
Mg exhibits a reduction of probabilities in both compressive and tensile strain states during heating, consistent
with strain recovery via defect migration and annihilation (Figure 4d).

Importantly, the recovery of compressive strain in ~30 vol. % of the Mg matrix induces a net negative
thermal expansion of —0.17 x 107¢ °C™! over 25 to 150 °C (Figure 4e, details in Supplementary Note2). A
comparative analysis between fully compressive and tensile strain states highlights the dominant role of
compressive strain recovery in enabling the observed ZTE behavior. Notably, this mechanism is generalizable
in Al alloys incorporating MnCoGe, where the CTE also markedly decreases below the transformation
temperature (Supplementary Figure 13). These findings establish strain recovery driven compensation as a
universal strategy to achieve thermal dimensional stability in lightweight alloys system.

Above all, this strain recovery strategy provides ;'m effective approach to maintain thermal dimensional
stability in lightweight alloys. By quantitatively tracking the statistical evolution of local strain states, we also
establish an interpretive framework linking plastic strain recovery to macroscopic thermal expansion. This
perspective redefines the thermomechanical design rules for achieving ZTE, extending beyond traditional Invar-
type magneto-volume mechanisms. Our findings introduce a paradigm for designing lightweight and ductile
ZTE alloys with broad operating temperature windows, while also advancing fundamental understanding of the

interplay between plasticity, phase transformation, and thermal stability in metallic systems.

Methods

Sample preparation

Equivalent amounts of Mn, Co, and Ge metals were mixed and melted four times in a vacuum furnace. After
natural cooling to room temperature, the samples were collected and ground into powder using a planetary ball
mill at 250 r/min for 5 hours. MnCoGe particles with different mass ratios, Al powder and WE43 powder were
mixed with a planetary ball mill at 80 r/min for 2.5 h. The mixtures were then loaded into a graphite mold and
sintered in a vacuum hot-press furnace under the following conditions: a vacuum of 1x107° Pa, a pressure of 20
MPa, a temperature of 550 °C, and a dwelling time of 1 hour. The samples were then cooled to room temperature.

For comparison, reference samples of pure WE43 and WE43 with only MnCoGe particles added were also



prepared under identical conditions.

Microstructure characterization

EBSD measurements were performed on a field-emission scanning electron microscope (JEOL JSM-7800F)
equipped with an Oxford Instruments EBSD detector. Maps were collected at an accelerating voltage of 20 kV,
with a step size provided in Supplementary Table 3, and the specimen tilted at 70°. Patterns were acquired with
4 x 4 binning and indexed using the Hough transform-based Tru-I indexing routine implemented in the AZtec
software (version 5.0). The mean angular deviation (MAD) was calculated for each indexed point; the average
MAD for the entire dataset was less than 0.45° provided in Supplementary Table 3. No data points were
excluded based on MAD or other quality metrics. The overall indexing rates for EBSD characterizations at
different temperatures are summarized in Supplementary Table 3.

Conventional transmission electron microscopy (TEM) and selected area electron diffraction (SAED) were
carried out using a 200 kV field-emission TEM (TALOS F200X, Thermo Fisher Scientific, USA).
Temperature-dependent X-ray diffraction (XRD) patterns of the ZTE samples were recorded using a D/Max

2500PC diffractometer with monochromatic Cu Ko radiation (A=1.5418 A).
Mechanical properties and thermal expansion performance test

The dimension of the specimens for CTE measurement was @5 mmx3 mm. The linear thermal expansion data
(dL/L) of samples were measured using a NETZSCH 402C Dilatometer under a heating rate of 5 °C/min and
temperature ranging from room temperature to 250 °C. Cyclic thermal expansion tests were conducted over a
temperature interval of 25 °C to 150 °C for a total of nine cycles. The room temperature compressive mechanical
properties were measured by a CMT-5305-300 KN universal testing machine.

Calculations

Thermal stress and elastoplastic deformation generated between the particle and the matrix due to thermal
mismatch were analyzed in this study using a model of a flat plate with a small hole M5!, At the initial
temperature, the radius of the small hole in the matrix is equal to the particle radius. When the system cools to
the target temperature, mutual constraint arises between the matrix and the particle because of the difference in
their thermal expansion coefficients, leading to stress and strain in the matrix. The stress field resulting from the
thermal expansion mismatch (am—0p)AT was derived by solving the stress equilibrium and constitutive equations

in spherical coordinates. Plastic yielding at the interface was determined using the von Mises criterion 21.;

J(@), =@, P+, ~(0,) P+, ~ (), )
(O'e) _ : m m

m

This model provided the spatial stress distribution and the volume fraction of the plastically deformed zone.



The effective coefficient of thermal expansion (CTE) of the composite was calculated using a statistical ensemble
method®®*®°, The matrix was treated as a system containing metastable, strained microstates. Their temperature-

dependent probability p'(T) is governed by the partition function:

GGt

pl = ekaT @)
Where G'(T) is the Gibbs free energy of state i, obtained via first-principles quasi-harmonic approximation (QHA)

calculations. The system's CTE, is then a statistical average:
Wy _ (3N _ym iV P i g
Gr P (aP)T =YLmlp o 5 (V -Vl 3)

Vi and V, are metastable state and steady state volume, respectively.

For more detailed analysis, please refer to the Supplementary Notes 1, 2 in the Supplementary Materials.
Data availability

All data supporting the findings of this study are included in the manuscript or the Supplementary
Information. Source data are provided with this paper, and is available at the cited Figshare repository. [56]
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Figure Legends/Captions
Figure 1 Schematic illustration the strain recovery complementary strategy and the characterization of the strain. a,
Schematic diagram depicting the concept of strain recovery. In the strain recovery stage, the macroscopic volume change (AV) over
a specific temperature range (AT) can approach zero, as the volume/length variation induced by thermal expansion is persistently
offset by the release of stored internal strain. This process primarily involves the dissipation or redistribution of thermal energy
among various defect types, minimizing macroscopic volume expansion. Upon cooling, the significant volume expansion of the
particles due to phase transformation, along with the subsequent unmatched contraction, initiates the reestablishment of strain in
the Mg matrix. The axes are conceptual and not to scale; low/high temperatures represent relative endpoints of the thermal cycle.
Color gradients within grains (indicating matrix strain) are qualitative indicators of strain evolution (white: low strain, red: high

strain). b-e, EBSD orientation maps and KAM diagrams illustrating the strain distribution in the ZTE alloy compared to the WE43



Mg alloy. f-g, HRTEM images detail the dislocation arrays and lattice distortion of Mg matrix close to the MnCoGe particles. h,
SAED pattern of the MnCoGe region in g. i—j, HRTEM images of the Mg matrix indicated by the orange and green boxes in g,
with lattice fringe measurements labeled.

Figure 2 Thermal expansion and mechanical properties. a, Thermal expansion curves comparing pure WE43 and the ZTE
sample at room temperature, highlighting the near-zero thermal expansion behavior. b, Compressive stress-strain curves of the
WE43 and ZTE sample at room temperature, demonstrating its mechanical performance. ¢, Thermal expansion curves of the ZTE
sample over nine cycles from RT to 150 °C. d, Average CTE values obtained from the nine-cycle thermal expansion tests. e-f,
Comparative overview of the logarithmic CTE (Lg (CTE)), temperature range, and density for previously reported alloys,
intermetallic compounds, and composite systems exhibiting ZTE behavior. Source data for (a-f) are provided as a Source data file.
Figure 3 Tracking strain evolution during temperature cycling. a, In-situ EBSD images of the ZTE sample processed by heating
to 300 °C and cooling to 25 °C, showing the distributions of a grain-scaled morphology and orientation. b, KAM images display
the strain evolution during temperature cycling. The appearance of distinct color contrast indicates significant strain, whereas a
reduction in contrast suggests a decrease in strain. ¢, Average geometrically necessary dislocation (GND) density at different
temperatures. GND density was calculated from KAM values obtained via EBSD analysis. Mean values were derived from
statistical histograms of GND distribution. Data are presented as mean + standard error of the mean (error bars). Detailed statistics,
including total pixel counts for each condition, are provided in Supplementary Table 4. d, Stored energy calculated via the KAM
approach, based on local misorientation from EBSD data to estimate GND density. e, In-situ XRD show that the evolution of lattice
parameters of Mg during heating and cooling. f, The variation of strain on the Mg matrix as a function of temperature. Source data
for (c-f) are provided as a Source data file.

Figure 4 The contribution of stain recovery on thermal expansion. a, DSC curves for the ZTE sample during thermal cycling.
b, Comparative DSC curves of the ZTE sample, MnCoGe and the WE43 alloy. The MnCoGe phase transformation is characterized
by an endothermic process during heating. In contrast, the ZTE sample shows exothermic peaks during both heating and cooling,
indicating the different energy transition mechanisms between MnCoGe and ZTE sample. ¢, The volume changes in the Mg unit
cell under varying strain conditions along the c-axis. d, Temperature-dependent evolution and statistical probabilities of
microscopic strain in Mg matrix, with stress applied along the [0001] and [2110] crystallographic directions. e, Comparative
analysis of calculated and experimental CTE, demonstrating the major contribution of compressive stain. Source data for (a-e) are

provided as a Source data file.



Editor's Summary

This work demonstrates that embedding MnCoGe particles within magnesium alloys transforms the

irreversible thermal expansion into a self-compensating behavior, yielding zero thermal expansion from
25 to 150 °C while retaining high strength and ultralow density.
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