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Structural electromagnetic shielding materials are required to withstand
high stress and electromagnetic interference in extreme environments. In
this paper, a nano-magnetic Heusler phase with desired structure parameters
was successfully obtained in a copper matrix by employing a multi-objective
driving design strategy. The resulting copper alloy exhibits a yield strength of
up to 1.5 GPa, and the attenuation degree of electromagnetic wave reaches
99.999999999% (110 dB) within the frequency range of 10 kHz to 3 GHz. The
research suggests that the Ni,MnSn precipitates with optimized structure
parameters (including high number density: 5 x 102 m™, small size: 23 nm,
large aspect ratio: 4, low mismatch: 2.3%, strong bonding: -0.316 eV/atom,
magnetic order: 4.05 pg/f.u.) both reinforce the matrix by strong pinning and
enhance electromagnetic shielding properties through magnetic-electric
coupling. This design method tailored for multiple performance requirements
provides a valuable tool for the development of structure-function integrated

materials.

Electromagnetic shielding materials (EMSMs) with integrated
structure-functionality have been widely employed™?, such as in base
station enclosures®>. With expanding application scenarios of 5G
communication®, military electronic devices, and satellite
technologies®, there is a growing demand for EMSMs that can with-
stand greater stresses while retaining strong electromagnetic shielding
capability. Currently, the design of EMSMs®® often relies on the for-
mation of composites to achieve multiple functionalities. However,
substantial hurdles are encountered to achieve ultra-high strength
(yield strength > 1000 MPa) and ultra-high electromagnetic inter-
ference shielding effectiveness (EMI-SE >100 dB within the GHz fre-
quency range). On one hand, there is insufficient effort to achieve high
mechanical strength by combining multiple strengthening features.
This, in many instances, is attributable to inherent low strength of the
substrate material”'® or weak interfacial bonding" and stress transfer
among different constituents. On the other hand, the dispersion effect

intrinsically reduces the crucial electromagnetic parameters of mate-
rials (such as permeability and dielectric constant) during the propa-
gation of electromagnetic waves, resulting in lower loss capability at
high frequencies.

The size and geometry of ferromagnetic materials are two key
factors for enhancing shielding effectiveness at high frequencies.
Nano-scale magnetic materials boast a higher specific surface area than
their micron-scale counterparts, and therefore enhance interactions
with microwaves. By incorporating shape anisotropy, the shielding
effect at high frequencies can be further enhanced” due to the
increase in resonance frequency™. Therefore, the current
microstructure-design approaches for electromagnetic shielding tend
to obtain magnetic materials with smaller sizes and larger aspect
ratios™'°. Moreover, the dislocation bowing strengthening mechanism
shows that higher degrees of dispersion of particles, i.e., smaller par-
ticle sizes (1-100 nm)" result in greater increases in internal stress.
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Hence, it is crucial to design particles with improved structural para-
meters, including high number density, small size, large aspect ratio,
magnetic order, etc., to realize a combined improvement of strength
and electromagnetic interference shielding effectiveness (EMI-SE).

NiMn-based Heusler compounds have attracted extensive
research interest®?° due to their unique magnetic properties and
highly symmetrical ordered L2; structures. In electromagnetic shield-
ing applications, they exhibit multi-resonance characteristics?* in
magnetic loss factor and significant dielectric relaxation”. However,
their severe grain boundary brittleness has hindered their
applications®.

To overcome the brittleness problem of the NiMn-based Heusler
compounds, we here introduce the constituent elements of the
Heusler phase into a conductive Cu metal matrix and trigger the for-
mation of magnetic precipitates with high aspect ratios through aging
treatment. Previously, Heusler compounds were usually acted as
mechanically strengthened phases when added to metals or solid
solutions. Jang et al.** designed shear band-driven Co-rich Heusler
precipitate in the middle entropy alloy to achieve ultra-high strength
and ductility. J. Milla'n* and Kim*® obtained the dispersion distribu-
tion of coherent ordered Heusler phase in Fe matrix and high entropy
matrix, respectively, through the minimum lattice mismatch, resulting
in high cutting stress. However, we hope that the designed Heusler
compounds can meet multiple objectives at the same time. Han
et al.”?*® formulated different phase design constraint rules for target
properties, realized various phase structure characteristics, and
obtained multi-element alloys with different advantages. Inspired by
this idea, a synergistic enhancement of mechanical strength and EMI-
SE is achieved by controlling the structure parameters of the
Heusler phase.

We propose four rules to be followed in optimizing the structure
parameters: (1) The uniformity of the microstructure and the phase
stability are required. Therefore, the constituent elements of the
Heusler phase have some solubility in the matrix while having a rela-
tively negative formation energy, to enable the formation of a

supersaturated solid solution and subsequent precipitation under
suitable conditions; (2) Lattice mismatch is low, to reduce the forma-
tion barrier’*°, inhibit competitive coarsening”, and form a con-
tinuous lattice to improve interfacial adhesion; (3) The growth of
particles in the matrix has one or two directions of minimal elastic
mismatch while having significantly higher elastic strain energy in
other growth directions, to obtain shape anisotropy morphology fea-
tures; (4) The phase structure possesses a high effective magnetic
moment, to enhance the capacity for magnetic loss.

In this paper, density functional theory calculations and data-
driven screening were employed to identify the Ni,MnX phase, thus
obtaining the optimal alloy composition®. Among the eight elements
(X) capable of forming Heusler compounds, Sn was identified as pre-
ferable to the other elements, as the Ni,MnSn phase was found to
satisfy the requirements of structure parameters. A series of Cu-Ni-Mn-
Sn alloys with ultra-high strength and high EMI-SE were prepared. Well-
controlled particle size distribution was obtained through
composition-process design, ensuring an optimized combination of
high strength, magnetism, and electrical conductivity. The character-
istics of the structure parameters of the Ni,MnSn phase and their
impact on strength and EMI-SE were analyzed using techniques such as
atom probe tomography (APT) and high-angle annular dark-field
(HAADF) imaging. The Maxwell-Garnett theory®’, multi-scale trans-
mission matrix models®** and classical mechanical calculations were
used to elucidate the synergistic enhancement of strength and EMI-SE
via the nano-scale anisotropic magnetic phase.

Results

Data-driven phase screening

The first step of our structure parameters design strategy involves
data-driven phase screening to effectively design magnetic Ni,MnX
Heusler phase in Cu matrix. Figure 1 illustrates a multi-objective
screening scheme for X elements based on density functional theory
calculations. We selected Ga, Sn, In, Sb, Al, Ge, Zn, and Si as the can-
didates according to the color scheme for Heusler compounds
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Fig. 1| Framework for designing the Ni,MnX phase in the Cu matrix. al Can-
didates for X elements showing the electron configurations and (a2) the crystal
structure of Ni,MnX phase. bl Depiction of the multi-objective screening scheme
based on phase stability, anisotropic mismatch and high magnetic moment (see
Supplementary Table 1 for results on magnetic moment) and (b2) schematic
representations of the edge-to-edge* model showing matching atoms for sawtooth

and linear rows. b3 Formation energy of Ni;MnX candidates, where the red series of
bars indicate relatively negative formation energy. b4 The calculated effective
atomic spacing of Ni;MnX candidates along the a, b and c axes, where the stars
indicate strong anisotropy. c1 Construction of a Cu-Ni,MnSn-Cu sandwich interface
model (X=Sn) and (c2, ¢3) verification of the HAADF results by QSTEM** atomic
image simulations. Source data are provided as a Source Data file.
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provided by Tanja Graf *. The solid solubility limits of these elements
(including Ni and Mn) in Cu matrix are all greater than 5 at %. Phase
screening was based on the aforementioned structure parameters
design rules and was conducted by theoretical calculations in the fol-
lowing steps.

Density functional theory calculations were performed to obtain
the enthalpy of formation of the L2;-ordered Ni,MnX phase by con-
sidering EJueCu j e  the chemical potential of X in the Cu solid
solution (Fig. 1bz). The L2; compounds formed by the metallicity-weak
elements Si, Sb, and Sn were found to be more stable. The relatively
large electronegativity differences between each of these three ele-
ments and the Mn elements lead to considerable energy differences
between bonding and antibonding d states, and therefore their strong
bonding. Among them, the chemical potentials (Supplementary
Table 2) of Sb and Sn in the Cu matrix (-3.53 eV/atom and -3.62 eV/
atom, respectively) are more positive compared to those in free space
(-4.01 eV/atom and —4.05 eV/atom, respectively), indicating a greater
tendency for them to depart from the Cu matrix. In addition, the small
mixing enthalpy(-15 kJ/mol-5 kJ/mol**~*®) of atomic pairs formed by Sb,
Sn, and Ni, Mn (Sn-Ni with a AH™ of —4 kJ/mol, Sn-Mn with a AH™ of
-7 kJ/mol, Sb-Ni with a AH™* of 1kJ/mol, and Sb-Mn with a AH™ of
-11 kJ/mol) is more favorable in clustering and crystallization (Sup-
plementary Table 3). (See Methods for detailed computational
procedures.)

Subsequently, the calculated lattice constant of FCC-L2; was taken
as an input parameter to the modified Bramfitt formula® to investigate
the d-value mismatch of the close-packed plane (as detailed in the
Methods and Supplementary Table 4). The only case where the for-
mation of a continuous lattice with Cu occurs was determined, i.e., FCC
{111} /1L2,{220}. Under this condition, most elements were found to
exhibit low mismatch values in the range of 2-2.3%, except for Si
(3.9%). The relatively small lattice mismatch (less than 5%) is in con-
formity with the empirical law*° of forming coherent interfaces.

In the next step, the edge-to-edge model* was used to compute
the elastic mismatch anisotropy (as described in Methods). The
Ni,MnX phases (X=Sn, In and Sb) exhibit similar and significantly
elastic strain inhomogeneity (see Fig. 1b4). Sn, In and Sb are therefore
crystallographically effective to form nanoparticles with a large aspect
ratio on the low-energy crystal plane because of the low mismatch and
elastic inhomogeneity with the Cu matrix. They were selected for
further considerations.

It is noteworthy to point out that X elements themselves con-
tribute minimally to the total magnetic moment. However, they can
indirectly influence the oscillation of Mn atoms’ RKKY interaction
coupling®** by altering the Mn-Mn distances at the third-nearest
neighbor positions and affect the magnetic order. Collinear spin
polarization calculations (Supplementary Table 1) revealed that the
effective magnetic moment is relatively large (> 4 pg/f.u.) where X =Zn,
In, Al, Sn, and Ga. Considering all the screening criteria mentioned
above, Sn was selected as the alloying element to form the Heusler
phase Ni;MnSn, which possesses the advantages of phase stability,
high magnetic moment, low mismatch, and high elastic mismatch
anisotropy.

Three Cu-Ni-Mn-Sn alloys, namely Cu-5.39Ni-2.94Mn-2.71Sn (wt%,
designated as CAl), Cu-9.85Ni-6.02Mn-5.05Sn (CA2) and Cu-14.8Ni-
9Mn-7.3Sn (CA3), were designed and assessed. CA2 was chosen as the
main research focus. It was cast via vacuum induction melting and was
subjected to conventional homogenization and thermomechanical
treatment (Supplementary Fig. 1 and Methods). The aim was to obtain
finely-dispersed, high-density magnetic Ni,MnSn particles through a
rational combination of composition design and process design. Three
possible interface terminations in the Cu-Ni,MnSn-Cu sandwich model
were considered and the most stable interface was obtained through
structural relaxation calculations (see Supplementary Fig. 2 for specific
calculation steps). Figure 1c shows that the relaxed structure along the

Cu [110] zone axis simulated using the QSTEM** software is consistent
with the actual HAADF result.

Microstructure and precipitation behavior

The microstructure of the CA2 sample after thermomechanical treat-
ment, finally aged at 300 °C for 128 h (Supplementary Fig. 1), was
observed at the nanoscale. Figure 2a shows the nanoprecipitates with
well-controlled particle sizes and a homogeneous distribution. The
statistical results show a size distribution ranging from 5 to 60 nm,
with an average diameter of 23 nm (see Supplementary Fig. 3 for
detailed method and results). Locally magnified dark-field microscopic
observations show distinctively oriented Widmanstitten nano-
patterns® after aging (Fig. 2b, the principal orientations are indi-
cated by arrows in different colors). The nano-precipitates exhibit a
predominantly plate-like morphology, with an aspect ratio of
approximately 4:1. The corresponding TEM energy dispersive spec-
troscopy (EDS) analysis (Fig. 2c1-c4 and Supplementary Fig. 4) and
secondary diffraction peaks from XRD (Supplementary Fig. 5) confirm
that Ni, Mn and Sn have strong chemical affinity and tend to form an
ordered phase with an L2; structure.

The composition and 3D structure of the Ni,MnSn phase was
analyzed quantitatively by atom probe tomography (APT) techniques.
Fig. 2d1-d5 show that elements Ni, Mn, and Sn are primarily located in
the L2, precipitates with Sn clearly defining the phase-matrix interface.
The compositions of precipitated phase and matrix are accurately
calibrated through the decomposition of peaks in marked regions of
interest (Supplementary Fig. 6). The variation tendency of composi-
tion from the matrix to the precipitates is depicted by the 1D con-
centration profiles (Fig. 2e). Figure 2f provides 3D reconstructions of 3
at% Sn and 88 at% Cu iso-concentration surfaces, revealing the L2; and
FCC phases, respectively. It shows that the interconnected, disordered
FCC matrix serves as a framework and is filled with the ordered L2;
phase. APT statistical measurements indicate a number density of L2;
precipitates of approximately ~5 x 102 m™. Observations from multiple
angles of the APT tip (Fig. 2f) reveal that most precipitates have an
anisotropic morphology (see Supplementary Movie 1). Figure 2h pre-
sents 2D contour plot of elements Cu, Ni, Mn and Sn, which corre-
spond to the L2;-FCC-L2; region in Fig. 2g, with pink indicating the
highest frequency of enrichment. The distributions show non-abrupt
changes in the concentrations of Cu, Ni, Mn and Sn from the interface
towards the center suggesting the presence of a diffusion interface
between the L2; phase and the Cu matrix.

The TEM and APT results collectively demonstrate the formation
of Ni,MnSn precipitates with excellent structure parameters, including
small size (23 nm), high number density (~5 x 102 m™) and large aspect
ratio (4:1). These results confirm the success and underscore the
importance of the data-driven phase screening, guided by explicit
objectives of ultra-high strength and high EMI-SE.

The spatial configuration of the steady-state Ni,MnSn phase in the
Cu matrix were further investigated at the atomic scale. We employed
high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) to capture the structures of the Ni,MnSn phase
and the interface in the over-aged CA2. Figure 3a and f show the
observations along the [110] ¢.// [111] nizvnsn and [332] cu// [110] Nizmnsn
axes. The atomic structures of the well-matched habit planes can be
clearly seen at the locally magnified images (Fig. 3b, g). The Fast
Fourier Transform (FFT) patterns (Fig. 3c, f) show that the two phases
have clear crystallographic and interfacial orientation relationship,
(111) [110] ¢u// (220) [111] Nizmnsn and (113) [332] ¢/ (112) [110] Nizmnsn
respectively. Fig. 3d1-d4 and Fig. 3i show the atomic column compo-
sitions obtained by atomic-resolution energy-dispersive X-ray spec-
troscopy (EDX). Overlap of Ni, Mn and Sn in the precipitate
(Fig. 3d1-d4) and ordered arrangement of Sn atoms (Fig. 3i) can be
observed. Figure 3j shows the atomic intensity profiles extracted from
the transparent pink area in Fig. 3g. Combining Fig. 3d1-d4, 3i and j
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Fig. 2 | Morphology of the Ni,MnSn phase in the Cu matrix. a Representative
bright-field image of the Cu-Ni-Mn-Sn alloy (CA2) displaying the distribution of
nanoprecipitates. b Locally magnified dark-field image, with colored arrows
showing different orientations of the particles. c1-c4 TEM energy-dispersive spec-
troscopy (EDS) maps from (b). d1-d5 APT reconstructed compositions of the FCC/
L2, phase, where E indicate regions selected for further analysis. e 1D concentration
profiles showing compositional changes across the FCC/L2,/FCC interface, where

C 1 C2

N A
S <o

error bars indicate a standard deviation. f 3D reconstruction of the morphology of
the matrix and the nanoprecipitates via iso-concentration surfaces of Cu (88 at%)
and Sn (3 at%), where G indicate regions selected for further analysis. g A box
containing an L2;-FCC-L2; structure (8 nm x 8 nm x 12 nm). h Corresponding atomic
distributions and 2D contour plot (identical region with (g)). Source data are pro-
vided as a Source Data file.

reveals the ordered characteristic of the L2; phase where the heavier
Sn-rich columns are interspersed with lighter Mn-rich (yellow spheres)
and Ni-rich (green spheres) columns.

We found that the Ni,MnSn phases precipitate along the elasti-
cally soft Cu<100> direction in the early aging period by comparing
selected area electron diffraction (SAED) patterns (Supplementary
Fig. 7) at different aging stages. Lattice distortion and rigid rotation will
occur in the subsequent aging process. The Ni,MnSn phase exhibits a
typical Kurdjumov-Sachs (K-S) orientation relationship with the matrix
(Fig. 3¢) in the steady state, where the closest packing planes remain
parallel. There is an “invariant line vector” (i.e., a special vector that
does not expand, contract, or rotate) across the FCC and L2, lattices, as
indicated by the white arrows in Fig. 3b. It is shown that the pre-
cipitation process of Ni,MnSn obeys the law of crystallographic

representation theory of precipitation phase transition in the FCC/BCC
system. The maximum close-packed plane mismatch, calculated from
the average crystal plane spacing obtained in Fig. 3e is only 2.3%.

The inverse FFT patterns (Supplementary Fig. 8) reveal features of
partially coherent interfaces. These low-mismatch semi-coherent
interfaces have low driving force for migration*, making it difficult for
the Ni,MnSn precipitates to coarsen during the aging process, thus
maintaining their sizes in the nanoscale. Besides the dimension con-
straint imposed by the interface, the geometric asymmetry of Ni,MnSn
phases is achieved by anisotropic elastic strain field. As shown in Fig. 3a
and f, the precipitates are evidently short along the [113] ¢,. From the
viewpoint of invariant line theory*, the rapid growth direction of the
orientation relationship between the phases under the condition of
conforming to the invariant line can be obtained if the rotating
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D FCC/L2,
interface

FCC/1.2,
interface

Fig. 3 | Atomic-scale demonstration of the spatial configuration of the
Ni,MnSn phase. a, f The Ni;MnSn phase viewed along the [110] ¢, and [332] ¢, axes,
respectively. The inset schematic diagram displays the three crystallographic axes
of the matrix. b, g The corresponding (113) ¢,/ (112) niamnsn interface structures. ¢, h
The corresponding Fast Fourier transform (FFT) patterns. d1-d4, i Corresponding
atomic-scale EDX results. e, j Atomic intensity diagrams and interplanar spacing
measurements in the transparent pink regions in (b) and (g). k A HAADF image

Interface (111), //(220),,,

(1101, /11|

FCC

I

|110]l—>|1T3| 1.0 15 2.0

Distance (nm)

25 3.0

i

Interface

320, /1110]

32] FCC

[110]

0.6 0.9

3321 Distance (nm)

showing the interface between FCC and L2, along the easy growth

direction, superimposed with the GPA map (g,y). A zero-strain standard is set

at the bottom-left corner. Purple and blue regions are zoomed in for Burgers
circuit analysis. I Another form of the interface observed along the [110] ¢,
axes, identified by the corresponding FFT inset in the top-right corner. m The
(111) Cu/ (220) Ni;MnSn interface and the atomic column morphology along the
[001] nizmnsn axes.

conjugate plane and the principal strain (2.3%) are determined. The
degree of elastic anisotropy can be quantified by the defined atomic
effective spacing mismatch |5 | (see Methods for mismatch anisotropy
calculations). The atomic effective spacing mismatch for the habit
planes of Cu/Ni,MnSn is small (< 3%) along the two perpendicular in-
plane vectors ([332]cy// [110] izwnsn and [110]cy// [11]niamnsn), but
relatively large (>10%) along the out-of-plane vector. The mismatch
anisotropy leads to a kinetic sluggishness of thickening of the Ni,MnSn
precipitates in the [113]¢, direction and relatively rapid growth along
the lower elastic strain direction.

The growth behavior of the precipitates was further investigated
by analyzing the interfaces along the rapid growth direction using

STEM and geometric phase analysis (GPA) (Fig. 3k). Unlike the flat
slow-growth {113}/ {112}niamnsn interfaces, they exhibit zigzag arrays
of interface dislocations. Internal stresses are mainly concentrated in
these regions, which stabilize the FCC/L2, interface*. Analyses by
Burgers circuit method show that the predominant dislocation con-
figurations include the %<112>cu dislocation (purple region) and Hirth
dislocation loops consisting of two different complete dislocations
on {111} ¢, planes (blue region). The establishment of low-index
nanoledges through dislocation reactions reduces the overall inter-
facial energy*® and compensates for residual mismatch strains with
the matrix. This achieves an optimal balance between increased
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elastic strain energy due to lateral expansion and reduced interfacial
energy resulting from the introduction of periodic ledges.

An interface structure different from Fig. 3a was observed
along the [110] ¢, (Fig. 31). The FFT illustration identifies a remarkable
characteristic that the [100] niavnsn ZONe axis goes through the center
of the square ordered L2, spots. Conjugate spots of Cu (111111) and
Ni,MnSn (220) coincide with each other, forming easily grown planes.
The locally magnified image (Fig. 3m) shows an alternating distribution
of bright Mn-Sn columns and dark Ni columns (Details are shown in
Supplementary Fig. 9). Similar structures captured by HRTEM (Sup-
plementary Fig. 10) may represent the intermediate states of pre-
cipitates, metastable phase, or other variants with K-S crystallographic
orientation relationship.

Mechanical properties

Figure 4a shows the engineering stress-strain curves of CAl, CA2 and
CA3 at room temperature (see Supplementary Fig. 11 and Supple-
mentary Table 5 for detailed aging hardening curves and summaries of
mechanical properties). The mid-alloying CA2 (red curve) exhibits an
exceptional combination of ultra-high strength and good ductility. The
yield strength is 1129 MPa, with an ultimate tensile strength of around
1207 MPa and an elongation of 8.6%. In Fig. 4a, the low-alloying CAl
and the high-alloying CA3, as the contrast samples, are used to explore
the performance range of Cu-Ni-Mn-Sn alloy.
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Fig. 4 | Mechanical behavior and micro-strengthening mechanism of the Cu-Ni-
Mn-Sn alloys. a Engineering stress-strain curves, tensile fracture morphology and
summary of ultimate tensile strength, yield strength and elongation for peak aged
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The CAl exhibits a yield strength of approximately 754 MPa and
an ultimate tensile strength of around 836 MPa, accompanied by an
elongation of 12.4%. The work hardening rate curve (Supplementary
Fig. 12) confirms that CAl maintains a stable strain hardening rate
during plastic deformation. The CA3, has a yield strength of
approximately 1506 MPa, which is nearly twice that of CAl, reflecting
the strengthening upper limit of Ni;MnSn. However, compared with
CAl and CA2, its work hardening ability drops sharply, which is
related to the grain boundary embrittlement and strain inhomo-
geneity caused by local competitive coarsening of the Ni,MnSn
precipitates. This has been confirmed by the corresponding fracture
morphology (Supplementary Fig. 13) and microstructure (Supple-
mentary Fig. 14). The fracture morphologies of CAl and CA2 (Fig. 4a
inset and Supplementary Fig. 13(d-i)) show fine dimples, indicating
typical ductile fracture, while CA3 shows brittle cleavage fracture
(Supplementary Fig. 13(a-c)). It is worth noting that the Cu-Ni-Mn-Sn
alloys sit at the upper limit of the comparison diagram (Fig. 4b)
among the currently reported high-strength Cu-based alloy (Sup-
plementary Table 6).

The nanoprecipitate-dislocation interaction in CA2 after 8%
strain was characterized by TEM, in order to reveal the strengthening
and toughening mechanisms of Cu-Ni-Mn-Sn alloys. Figure 4c shows
that dislocations are pinned at the interface of Cu/Ni,MnSn and bow
out between the adjacent phases. The refined nanoparticles increase

" Elasticfstress-field
W10 nm & ’ ooy

dislocation configuration after 8% plastic deformation, with gold triangles
marking Orowan bowing, red triangles marking interface plugging of
dislocations and red lines representing the {111} plane of the matrix. e HRTEM
image of Ni-Mn-Sn phase co-deformed with matrix. Source data are provided
as a Source Data file.
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the total interface area, restricting the motion of dislocations within
high-density nanoarrays and forming dislocation pile-up groups.
Furthermore, due to the strong bonding at the Ni,MnSn/Cu semi-
coherent interface and the high aspect ratio of precipitates triggered
by the mismatch anisotropic effect, dislocation glide along the {111}
primary slip planes must overcome longer interfacial lattice resis-
tance, as shown in Fig. 4d. Meanwhile, the strong Ni,MnSn/Cu semi-
coherent interface facilitates dynamic strain/stress distribution
during loading*®, reducing the likelihood of strain localization due
to lattice/elastic modulus mismatch and thus enhancing the co-
deformation capability of the material because strain localization can
lead to crack nucleation. Figure 4e shows that some stacking faults
exist on the side of the dislocation pile-up, indicating that local
stresses are relieved through stacking fault reactions near the inter-
face to accommodate the co-deformation of the precipitates and the
matrix. These features enhance the storage capacity of dislocations
and shorten the average free path of dislocation motion*, resulting
in an effective combination of strain hardening and Orowan
strengthening.

There are multiple strengthening mechanisms taking effect in
the Cu-Ni-Mn-Sn system. In addition to the strong pinning effect of
Ni,MnSn nanoprecipitates, they also include deformation-induced
high-density dislocations®>*?, the solute drag effect of atomic scale
heterogeneity®****, and lattice dislocation obstruction caused by
micron-scale grain boundaries®*. To quantify the strengthening
capability of different mechanisms, we estimated the contributions
of solid solution 4o, dislocation substructure 4o, precipitation
strengthening Aop, and grain boundary strengthening Adog; to
the total yield strength o, by classical mechanical calculations
(Supplementary Note. 1). For CA2, the values of Aop, 40, 40, and
Aog are 716 MPa, 113 MPa, 198 MPa and 106 MPa respectively (Sup-
plementary Table 8), giving o, of 1193 MPa, which is consistent
with the experimental value of 1129 MPa. Among the different
mechanisms, the strengthening contribution brought by the
Ni,MnSn nanoprecipitates accounts for 60% of the total yield
strength.

Electromagnetic shielding performance

Figure 5a shows the frequency response curves of EMI-SE for CAl, CA2
and CA3 with a thickness of 2 mm in the range of 10 KHz-3 GHz. The
average EMI-SE of CA2 reaches 110 dB in the whole test frequency
band, which meets the performance target of the military shielding
chamber (=100 dB). In order to achieve a systematic understanding of
the shielding mechanism of the Cu-Ni-Mn-Sn alloy, we analyzed the
experimental results using the classical electromagnetic theory and
established a multi-scale transmission matrix model*** to explain the
shielding mechanism below skin depth.

The experimental hysteresis loop(M-H) results show that all
samples show soft magnetic characteristics (Fig. 5b). From CAl to
CA2 and then to CA3, the saturation magnetization Ms of the Cu-Ni-
Mn-Sn alloys increased from 2.2emu-g™ to 5.8 emu-g™, and then to
10.3emu-g™ and the initial permeability (p;=x+1) increased from
1.25t01.82, and then to 2.54. This trend is largely due to the change in
the structure parameters. Fig. 5d1-d3 show that the morphology of
the particles in CAl, CA2 and CA3 gradually changes from near-
spherical morphology (aspect ratio of 1:1~2:1) to anisotropic flaky
morphology (aspect ratio of about 4:1~ 6:1), resulting in reduction of
the demagnetization factor Ng. The fine and near-spherical pre-
cipitates in CAl are likely due to the insufficient growth driving force
of this low supersaturation alloy. When the radii of the precipitates
become larger than the critical value, as likely in the cases of CA2 and
CA3, the elastic strain energy can dominate the morphology and
induce them to grow in the optimal direction’. Meanwhile, increas-
ing the contents of the Ni, Mn and Sn alloying elements increases the
volume fraction of Ni;MnSn (V). According to the Maxwell-Garnett

mixing law*%

o= (Hnippmnsn — DV +1 O
Unipmnsn — DA = V)Ng +1

the promotion of 1; can be attributed to the increased number density

and aspect ratio (Ng decline) of the Ni,MnSn precipitates.

It should be pointed out that increasing the contents of the
alloying elements also increases their contents in solid-solution
simultaneously*’, which leads to a larger lattice distortion and raises
the electron scattering probability (resistance rise). In other words,
enhancement of the soft magnetic properties of the alloy is associated
with declining of the electrical conductivity (Fig. 5a inset). Therefore, it
is necessary to consider conductivity and permeability at the same
time, in order to obtain a favorable shielding attenuation coefficient.
The illustration in Fig. 5a shows that CA2 possesses the best combi-
nation of conductive and magnetic properties, i.e., the best EMI-SE. It is
demonstrated that the shape anisotropy of precipitates and lattice
distortion of the matrix of the Cu-Ni-Mn-Sn alloy can be controlled
cooperatively by adjusting the contents of alloying elements, and an
optimized electromagnetic loss performance can be realized.

We subsequently established a multi-scale electromagnetic
numerical simulation model to quantitatively evaluate the main influ-
ence of the structure parameters of Ni,MnSn on frequency-shielding
effectiveness response, based on the Maxwell equation, Drude model*”
and transmission matrix theory*. As shown in Fig. 5f, the attenuation
process of electromagnetic waves in the alloy can be described as the
product of the wave energy(E, , Ey) and repeated propagation matrix
units with different thickness represented by Cu (M), Ni-MnSn (M),
and their interfaces (M ¢ n) or M o, ). The propagation matrix for each
unit was defined by the electromagnetic parameters, thickness (dg, or
dnizvinsn), penetration angle(d;), and the frequency of the electro-
magnetic waves. The energy of the incident wave was attenuated to
E, ., through absorption loss (SEA), reflection loss (SER), and multiple
reflections in this process. The propagation characteristic matrix of the
entire sample was subsequently used to calculate the EMI-SE (see
Supplementary Note. 2 for details).

The simulation results are in good agreement with the experi-
mental data of the Cu-Ni-Mn-Sn alloys in Fig. 5e. Separating different
components of the EMI-SE data of the model shows that the ratio of
SEA to SER is close to 6:4 (Fig. 5e inset). Given constant electro-
magnetic parameters, the parameter simulation results (Supplemen-
tary Fig. 15) show that, with the increase of the particle size and number
density, SET and SEA increase, while SER changes little. It suggests that
increasing particle size and number density is an effective method to
prolong the path of electromagnetic wave penetrating the alloy, as
high-density precipitates are beneficial to the formation of multiple
alternating electrical and magnetic network structures™*, The wave
interacts with multiple nano-interfaces, resulting in additional
attenuation of absorption® and leading to the improvement of SEA. In
contrast, SER mainly depends on the wave impedance mismatch
between the sample surface and free space, so it is not influenced
much by the internal microstructure.

Figure 5e compares the Cu-Ni-Mn-Sn alloys with the existing
metal-based structural EMSMs in EMI-SE and ultimate tensile strength.
Their product of EMI-SE and ultimate tensile strength are above all the
other structural EMSMs, underscoring the excellent comprehensive
mechanical and electromagnetic shielding properties of the current
alloy system. In addition, the Cu-Ni-Mn-Sn alloys show a higher Curie
temperature (Tc) than bulk Ni;MnSn alloys (Fig. 5c). The high Tc is
likely due to the chemical pressure effect®® in Cu matrix or the change
of valence electron concentration(e/a)** caused by antisite defects.
This characteristic reveals their excellent anti-magnetization loss
behavior at higher temperatures, which is beneficial to applications at
elevated-temperatures.
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Fig. 5 | Electromagnetic properties and electromagnetic shielding mechanism
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thickness of 2 mm in the range of 10 kHZ-3000 MHz with the inset showing the
saturation magnetization Ms (emu-g™) and electrical conductivity EC (S-m™) in the
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EMSMs and current work. Detailed performance and literature are summarized in
Supplementary Table 7. Source data are provided as a Source Data file.

To sum up, our work represents an effective method to
achieve multi-objective properties of alloys through the design of
precipitate structure parameters. By introducing the NiMnSn
Heusler phase in Cu matrix and designing the nanoparticles with
optimized structure parameters, ultra-high mechanical properties
(yield strength = 0.71-1.50 GPa, ultimate tensile strength =
0.78-1.58 GPa) and excellent electromagnetic shielding effective-
ness (100-110 dB at 10 kHz -3 GHz) are achieved. We show that the
characteristics of low mismatch, high number density, small size,
large aspect ratio, magnetic order and strong bonding of pre-
cipitates in the matrix are effective ways to realize a strong dis-
location pinning effect and high-efficiency electromagnetic
wave loss mechanism simultaneously. The approach of combining
data-driven screening, multi-scale simulation and practical
experiments is shown to be efficient and effective in developing
precipitation-strengthened structural-functional alloys. It is worth
noting that the current alloy system can be prepared by the tradi-
tional casting process, so it has great prospects for industrial
applications.

Methods

Sample preparation

The Cu-9.85Ni-6.02Mn-5.05Sn alloy (CA2) was prepared by casting and
subsequent thermomechanical treatment. The raw metallic materials
were melted in a vacuum induction melting furnace in an argon
atmosphere. The melt was poured into a graphite mold with a size of
130 mm x 130 mm x 100 mm and an 8 kg ingot was produced. The
ingot was homogenized at 920 °C for 8 hours to eliminate dendrite
segregation before cold-rolling by 50% (the 50% thickness reduction
was completed in 6-7 passes, with each pass reducing by approxi-
mately 10%). Solid solution treatment was carried out at 850 °C for
1hour to obtain a monophase structure. Multiple thermomechanical
treatments (repeated 50% cold rolling and aging) were then carried out
twice to obtain high-density Ni,MnSn precipitates. After 50% cold
rolling for the third time, the samples with the final thickness of 2 mm
were subjected to isothermal aging heat treatment at 300 °C-450 °C
for different times (0 h, 8 h,24 h, 48 h, 96 h, 128 h, 160 h) to explore the
aging condition for the best particle size distribution. (Supplemen-
tary Fig. 1).

Nature Communications | (2024)15:10494


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54904-9

Mechanical properties test

The micro-Vickers hardness was measured on an HV-5 low-load Vickers
hardness tester, with a load of 3 kg and loading time of 10s. A dog-
bone tensile-test sample with a thickness of 1 mm, a width of 5 mm and
a parallel section length of 30 mm was cut along the rolling direction
by WEDM. The tensile test was conducted at room temperature on an
INSTRON 1346 hydraulic universal testing machine, with a strain rate of
1x103s™,

Electromagnetic performance test

The resistance values of the samples were measured by a QJ36s DC
resistance tester using cuboid specimens with a dimension of 50 mm x
3 mm x 1 mm (length x width x thickness). The average value of three
measurements was used to calculate the conductivity.

The hysteresis loop (M-H) test and the Curie temperature test (M-T)
were performed by SQUID-VSM (MPMS-3). Cubic specimens of dimen-
sions 2 mm x 2 mm x 2 mm were used for the measurements. The M-H
was tested at room temperature in the magnetic field range of +3 T, and
the M-T was tested at 300K-600 K in a magnetic field set to 0.1T.

The sample for the EMI-SE test has length and width of 20 mm,
and thickness of 2 mm. EMI-SE was measured by a DR-SO4 micro-
coaxial shielding effectiveness testing device, with the scanning fre-
quency ranging from 10 kHz to 3 GHz.

Microscopic characterization

TEM analyses were conducted on the peak-aged samples. Discs with a
diameter of 3 mm and a thickness of 0.3 mm were cut from the sam-
ples by WEDM. They were ground with 800, 1200 and 1600 mesh SiC
sandpapers in sequence and then polished with a diamond solution. A
Gatan 695 ion thinning instrument, with an ion beam energy of 5 KeV
and an ion gun angle of +8°, was used to thin the discs. The nano-to-
atomic phase structure was characterized by an FEL Talos F200X
transmission electron microscope.

The STEM-HAADF specimen was prepared by a SEM microscope
equipped with a Ga focused-ion beam (FIB, 30 kV, Thermo Scientific
Scios 2). In-situ sampling method was not used because the precipitates
were evenly dispersed. The polished specimen was fixed, the front and
back sides were hollowed out at random positions, and the remaining
areas were U-cut. The thin sheet was taken out via Easylift and welded
to a sample column on a copper net. lon beam currents of 0.5nA,
0.3 nA, 0.1nA and 10 pA were used in sequence to further mill the piece
into electron-transparent slices with a thickness of 70 nm. STEM-
HAADF atomic images were captured by a Spectra300 double spherical
aberration electron microscope at an accelerated voltage of 300 KV.
Combined with the Super X energy spectrum module, the atomic-scale
EDX analysis was carried out. GPA analysis®* was based on the FFT of the
STEM-HAADF atomic images, focusing a small aperture around a strong
reflection, and performing IFFT. The phase component of the obtained
complex images gave the local displacement information of the atomic
plane, and the local strain component was obtained through calcula-
tion. QSTEM* image simulation was carried out by adopting a relaxed
supercell, based on a multi-layer slicing algorithm, and the frozen
phonon approximation method was used for analysis.

The atom probe tomography (APT) measurements were con-
ducted by a local electrode atom probe (LEAP 5000XR) under UV laser
pulsing at a pulse energy of 40 pJ, a pulse repetition rate of 200 kHz
and a target evaporation rate of 0.5% per pulse at 50 K. The APT tip was
also prepared by Ga-FIB milling. 3D reconstruction and component
analysis of the APT data were conducted by CAMECA visualization and
the analysis software AP Suite 6.3.0.90.

First-principles calculation of enthalpy of formation and
magnetic moment

The phase stability and effective magnetic moment calculations were
carried out using the VASP® software package. The interaction

potential between ions and valence electrons was described by the
projected augmented wave (PAW) method®*®. The exchange corre-
lation function was described by the generalized gradient approx-
imation proposed by Predew, Burke, and Ernzerhof (GGA-PBE)®°. The
electron wave function was expanded in reciprocal space via the
plane wave basis vector group. For calculating the bulk properties of
FCC-Cu, the cut-off energy was set to 500 eV and the k-point was
taken as the 11 x 11 x 11 Monkhorst-Pack grid. For calculating the bulk
properties and magnetic moment of the L2; structure, the collinear
spin polarization effect was considered. The plane wave cut-off
energy was set to 500 eV, and the k-point was a 7 x 7 x 7 Monkhorst-
Pack grid. The energy convergence value was less than 1 x 10°eV/
atom. The Hellmann-Feymann net force convergence standard of
each atom was set to 0.01eV/A. After relaxation, the lattice para-
meters, static energy, total magnetic moment My, and local mag-
netic moment My, of Mn were obtained. The formation enthalpy of
each atom of all candidates was calculated based on the following
formula®:

(Enigmngxs — 16EN; — 8Ey, — BER"CY)
32

)

AHdiIuteCu -

where Ey; yn x,» Eni and Ey, are the static energies of Ni;MnX phase,
the Ni element and the Mn element in the most stable state, respec-
tively. E§UeC is the chemical potential of the X element in a dilute FCC
Cu matrix. The lower the enthalpy of formation, the more stable the
compound formed.

Prediction matching interface via d-value mismatch

The modified Bramfitt formula® which is suitable for heterogeneous
systems with FCC-BCC crystal structures, was used to calculate
the d-value mismatch of the closest or near-closest pack planes:

2t~

(it )
lipMn; u
Ni,MnX and Cu, respectively. Only one possibility was found: the Cu
(111) plane matches the Ni;MnX (220) plane, i.e., the closest pack
planes of the two phases were parallel to each other (Supplementary
Table 4). This finding is consistent with typical characteristics of most
FCC-BCC systems?. In this matching mode, the d-value mismatch of
almost all X elements was found to be in the range of 2%-2.3%, except
for Ni,MnSi, which is 3.9%.

ik injok . .
, where d;‘,’}z Wy and d2" are the interplanar spacing of

Prediction of morphology via mismatch strain anisotropy

Previous investigations®”*® have shown that the influence of modulus
inhomogeneity on the morphology of precipitates is not significant,
even if the ratio of the elastic modulus of precipitate to matrix is large.
For simplicity, we thus ignored the difference in elastic modulus and
mainly considered the influence of mismatch strain anisotropy. In
addition, we considered the phase interface mismatch anisotropy in
the most stable Kurdjumov-Sachs(K-S) configuration, according to the
common orientation relationship in the FCC-L2;(BCC) system. It
should be noted that although the combination of the closest pack
planes of Cu and Ni;MnX under the K-S relationship is atomically flat®®,
the closest pack plane here is not necessarily equivalent to the habitual
plane. Therefore, we used the edge-to-edge model* to determine the
“most favorable” region for atomic matching. This region satisfies a set
of linear atomic rows and sawtooth atomic rows matching each other
(directions a and b in Fig. 1b2). The c¢ direction was obtained by the
cross product of the a and b vectors. A constrained elastic mismatch
parameter |6], which is defined as the relative difference of effective
atomic spacing between precipitate and matrix lattice along a, b and ¢
directions, was obtained from the density functional theory calcula-
tion. The interface matching region of two phases satisfying the K-S
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relationship was obtained from the edge-to-edge model. The effective
atomic spacing ay; yingx,» Acur Onighngxsr Deur Chigmngxs Ccu iN three
vertical directions of a, b, and ¢ was measured by the VESTA”® software.

|61in a direction was calculated by |6,|=|

AniggMngxg —Acu
ANijgMngXg

|, and the same

method applies to b and c directions.

Data availability

All data generated or analyzed during this study are included in this
published article (and its supplementary information files). All raw data
in table format are available at https://doi.org/10.6084/m9.figshare.
27246936. Source data are provided with this paper.
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